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ATAXIA

Reduced cerebellar rhythm by climbing fiber
denervation is linked to motor rhythm deficits in mice
and ataxia severity in patients
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Cerebellar ataxia results from various genetic and nongenetic disorders and is characterized by involuntary move-
ments that impair precision and motor rhythm. Here, we report that climbing fiber (CF) denervation is a common
pathophysiology underlying motor rhythm loss in cerebellar ataxia. By examining cerebellar pathology in pa-
tients with spinocerebellar ataxia (SCA) types 1, 2, and 6 and multiple system atrophy, we identified CF degenera-
tion with synaptic loss as a shared pathophysiology. Optogenetic silencing of CF synaptic activity in mice induced
ataxia-like motor dysfunctions and loss of motor precision. In addition, CF silencing resulted in cerebellar and
motor rhythm loss, another core feature of ataxia. This rhythm loss was predominantly CF dependent and resis-
tant to Purkinje cell-specific lesioning by diphtheria toxin. Correspondingly, two patients with inferior olive pa-
thology, the brain site that provides CFs to Purkinje cells, presented with ataxia and cerebellar rhythm loss.
Patients with genetic or nongenetic cerebellar ataxia exhibited cerebellar rhythm loss that correlated with the
Scale for the Assessment and Rating of Ataxia. Chemogenetic stimulation of CFs improved cerebellar and motor
rhythms as well as motor performance in the SCA type 1 mouse model of ataxia. These results suggest that CF-
dependent cerebellar rhythm loss occurs across different types of cerebellar ataxia, contributing to motor impre-

cision and motor rhythm loss, two defining features of ataxia.

INTRODUCTION

Ataxia is defined as a lack of movement coordination associated
with loss of motor rhythm (dysrhythmia). It consists of disabling
clinical symptoms of imbalance, frequent falls, and loss of fine motor
control. These symptoms can arise from various genetic and nonge-
netic causes of cerebellar dysfunction (1, 2). Although gene thera-
pies and other treatments aim at slowing or halting the progression
of cerebellar ataxia, they do not address the immediate ataxia symp-
toms that patients experience (3). In addition, a large portion of pa-
tients with cerebellar ataxia do not have identifiable genetic causes,
posing challenges to therapeutic development in this population.
Therefore, identifying and targeting the common brain circuit al-
terations in cerebellar ataxia could potentially yield circuit-based
therapies to alleviate symptoms.
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Studies in animal models of cerebellar ataxia have delineated the
process of Purkinje cell (PC) degeneration. Initially, PCs lose their
excitatory synapses, including climbing fiber (CF)-to-PC synapses,
followed by subsequent PC death in various genetic models of cer-
ebellar ataxias (4-6). However, it remains unclear whether CF syn-
aptic loss occurs in human cerebellar ataxic disorders and how this
loss of synaptic activity contributes to the loss of motor rhythm and
precision. This gap in understanding represents an important bot-
tleneck for developing synaptic interventions and therapies.

The overarching aim of this study was to investigate the potential
roles of CFs in ataxia pathophysiology. Specifically, we aimed to
study the impact of CF loss in dysrhythmia, which separates it from
other cerebellar dysfunctions like essential tremor, a gain of rhythm
disorder with excessive olivocerebellar oscillations (7, 8). We found
CF synaptic loss in postmortem human brains of donors with cere-
bellar ataxia and showed that reduced cerebellar rhythm correlated
with the severity of clinical symptoms. Inhibition of CF synapses
disrupted cerebellar rhythm and induced ataxia-like behavior in
wild-type (WT) mice, whereas CF stimulation could improve cere-
bellar rhythm and motor function in an ataxia mouse model. Our
study indicates that CF synaptic loss and reduced cerebellar rhythm
are common pathological features of cerebellar ataxia, suggesting
CF stimulation as a potential therapeutic target.

RESULTS

CF synaptic retraction is a shared pathological feature in
cerebellar ataxia

We first examined the postmortem human cerebellar tissue from
controls and patients with cerebellar ataxia including spinocerebellar
ataxia (SCA) types 1, 2, and 6 and the cerebellar type of multiple system
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atrophy (MSA-C) (table S1). We found that ~60% of PCs were gone
in the brains of patients with cerebellar ataxia (41.5% remaining PCs
in patients with cerebellar ataxia compared with those in controls;
table S1). However, the remaining PCs in patients were not entirely
normal but showed lower CF synaptic density (Fig. 1, A to F, control
versus cerebellar ataxia: 21.2 + 1.1 versus 15.0 + 4.7 puncta/100 pm,
P < 0.001; please refer to data file S1 for all data points, quantitative
statistic results, and effect sizes in this and the following figures). We
next examined the distribution of CF synapses in the postmortem
cerebellum. Normally, CFs arise from the inner part of the molecular
layer and extend distally to the outer part to form CF synapses (9, 10).
However, when we examined the outer 20% portion of the molecular
layer, patients with cerebellar ataxia showed CF synaptic regression
(Fig. 1G, control versus cerebellar ataxia: 22.3 + 2.9% versus
11.3 +5.8, P < 0.001).

Only a small proportion of CFs reaches the outer 20% of the mo-
lecular layer in healthy individuals, making the outer 20% measure-
ment more suitable to describe CF overgrowth (as seen in essential
tremor) than CF loss. To faithfully reveal the CF retraction in pa-
tients with ataxia, we also calculated the synaptic density in the
outer 50% of molecular layers and again found reduced percentages

Fig. 1. Pathological features in the cerebella
of patients with various causes of cerebellar
ataxia. (A to E) Representative images of vesicu-
lar glutamate transporter type 2 (VGlut2) immu-
nohistochemistry visualizing CFs in postmortem
parasagittal cerebellar tissue from a control indi-
vidual (A), a patient with SCA1 (B), SCA2 (C), SCA6
(D), and MSA-C (E). The upper line marks the outer
20% of the molecular layer, and the lower line
marks the 50% point of the molecular layer. Scale
bars, 50 pm. (F) CF synaptic density (puncta/100 pm)
in control individuals versus patients. (G) Percent-
ages of CFs in the outer 20% of the molecular
layer. (H) Percentages of VGlut2 CF puncta in the
outer 50% of the molecular layer. (Iand J) Correla-
tions between PC density and CF density in outer
20 or 50%, respectively (n = 20 control partici-
pants and n = 20 patients). CA, cerebellar ataxia;
Ctrl, control; ML, molecular layer; PCL, Purkinje
cell layer. Data are presented with box and whis-

of CF synaptic puncta (Fig. 1H, controls versus cerebellar ataxia:
89.1 +4.9% versus 70.3 + 14.1%, P < 0.001). To investigate whether
age and gender contribute to the pathological changes described
above (CF density, CFs at outer 20% of the molecular layer, and CFs
at outer 50% of the molecular layer), we performed multivariable
linear regression analyses with age, sex, and diagnosis (control or
cerebellar ataxia). The differences in the CF distribution at the outer
20 or 50% of the molecular layer between cerebellar ataxia and con-
trol remained after adjusting for age and sex (table S2). The CF re-
gression was not correlated with PC loss, suggesting that the CF
pathology is not an epiphenomenon reflecting PC density (Fig. 1,
and J). We further investigated whether CF synaptic retraction is a
common observation in genetic versus nongenetic causes of cere-
bellar ataxia and found similar CF synaptic density in both genetic
(SCA types 1, 2, and 6) and nongenetic (MSA-C) cerebellar ataxias
(fig. S1, A to C).

Silencing CF activity leads to cerebellar ataxia-like

motor deficits

To assess the changes in motor function after the loss of CF
activity, we acutely suppressed CF activity in WT mice with intact
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cerebellar circuitry. AAV9-CaMKIIa-stGtACR2-FusionRed (I11)
was delivered to the inferior olive (IO), the origin of CFs, to ex-
press a light-activated chloride channel under the calcium- and
calmodulin-dependent protein kinase IIa (CaMKIla) promoter
(Fig. 2, A and B). We then applied cannula-guided blue light to
bilateral IOs and evaluated its impact on ataxia-related motor per-
formance using balance beam tests, video-based gait analysis, and
reaching kinematics. Optogenetic 1O silencing increased the beam
traversal time and the number of slips in mice (Fig. 2, C to E, and
movie S1). Video-based gait analysis (Fig. 2, F to I, and movie S2)
also revealed a deterioration in gait precision, affecting stride length
and its variability (Fig. 2, ] to M). Stimulation with nonactivating
light did not induce motor deficits, ruling out nonspecific thermal
effects (fig. S2, A to J). IO silencing also caused unstable limb trajec-
tories (fig. S3, A to C) during skilled reaching movements (movie
S3), as documented by angle analysis along the moving trajectories
(fig. S3, D to F) without changing moving speed (fig. S3, G and H).

In theory, optogenetic silencing of IO may also affect intra-IO
axons in addition to silencing CF activity. To achieve specific ma-
nipulation of CF synaptic activity, we used another optogenetic
approach targeting synaptic vesicle release at CF axonal terminals
onto PC dendrites. Through intra-IO adeno-associated virus (AAV)
transduction, a fusion protein of synaptophysin, mini singlet oxy-
gen generator (miniSOG), and citrine (SYP-miniSOG-citrine) was
expressed at CF axonal terminals (fig. S4, A and B). When exposed
to blue light (473 nm), miniSOG generates free radicals that destroy
adjacent SNARE (soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptor) proteins, thereby interfering with synaptic
vesicle release (12), resulting in CF synaptic inhibition, as validated
in our previous work (8). Similar to the results of IO silencing, CF
synaptic silencing also led to ataxic-like motor deficits and motor
imprecision (fig. S4, C to N). Nonactivating light did not alter the
motor performance (fig. S5, A to H). Together, the loss of CF activ-
ity, whether through IO silencing or disruption of CF synaptic re-
lease, led to ataxic-like motor behaviors in mice.

Silencing CF activity disturbs motor rhythm in mice
Video-based gait analysis also allowed us to quantify the temporal
precision of coordinated movement between limbs (Fig. 2N). Nor-
mal mice had highly coordinated limb movements, but IO silencing
disturbed the coordination, documented by reduced phase stability
of interlimb motions (Fig. 2, O to Q) that can be quantified by polar-
ity index, a numerical parameter between 0 (purely random) and 1
(completely phase-locked). Similar gait dysfunctions were also ob-
served after miniSOG-based CF synaptic silencing (fig. $4, L to N).
The phase instability suggests that there may be unstable rhythm
control of motion, the other core feature of ataxia apart from im-
paired motor precision.

To quantify motor rhythm, we evaluated the frequency spectrum
of freely moving mice with a pressure-sensing force plate, which has
been validated as a reliable tool for tracking motor kinematics in
both normal and tremor mice (7, 8, 13). The intrinsic oscillatory
property (IOP) of the force plate allowed us to calibrate overall mo-
tor kinetic energy to peak IOP (fig. S6, A to G) (13). We first evalu-
ated the spectral features of freely moving behaviors in WT mice.
Consistent with previous studies (8, 14), this open-field behavior
exhibited a physiological motor rhythm with a slight elevation of the
power spectrum density (PSD) peak around 10 Hz. Next, we in-
vestigated the impact of optogenetic IO silencing on motor rhythm

Lin et al., Sci. Transl. Med. 17, eadk3922 (2025) 26 February 2025

(Fig. 3, A and B, and movie S4). 10 silencing acutely and reversibly
disrupted this 10-Hz peak of innate motor rhythm and caused
rhythm loss (Fig. 3, C to F). CF synaptic silencing showed a similar
motor rhythm loss (fig. S7, A to F). Nonactivating light on CF (fig.
S7G) or 10 (fig. S8, A to G) did not affect motor rhythm.

To understand whether the motor rhythm loss also exists in
mouse models of ataxia, we evaluated the cerebellar histopatholo-
gy and motor behaviors in the SCA1[82Q] mouse model that ex-
presses the human ATXNI gene with polyglutamine expansion
(82Q) (4, 15-19). The SCA mice developed modest PC loss and CF
retraction in the cerebellum (fig. S9, A to E) and typical behavioral
deficits in the balance beam test (fig. S9F). Compared with WT
mice, the SCA1 mice showed reduced motor rhythm around 10 Hz
(fig. S9, G to L).

In summary, loss of CF activity disturbs motor precision and
causes motor rhythm loss, thus generating both core features of
ataxic behaviors. SCA1 mice with modest CF retraction also devel-
oped similar but less severe rhythm loss.

Silencing of CF activity leads to cerebellar rhythm

loss in mice

CFs are known to control the rhythmic firing patterns of PCs (20, 21),
and the olivocerebellum plays a central role in tremor-related cere-
bellar oscillations (7, 8). Therefore, we next measured cerebellar local
field potentials (LEPs) to study the effects of CF inhibition on the
rhythmicity of cerebellar activity (Fig. 3, G and H). Similar to the
motor rhythm, the cerebellar LFPs in WT mice showed a mild
increment of oscillatory strength around 10 Hz (Fig. 3I), on top of the
roughly 1/frequency (1/f) physiological LFP noise due to the popu-
lational neuronal activities with Poisson distribution at the back-
ground (22-24). Optogenetic 10 silencing reversibly suppressed this
10-Hz LFP feature in the cerebellum (Fig. 3I). The 1/f LFP back-
ground in the spectral diagram is a decremental shape with higher
power at the lower frequencies, which may bias the LFP peak detec-
tion to lower frequencies. To make the peak measurement more reli-
able under the 1/f background, we also subtracted the mean of the
baseline LFP spectrums (Fig. 3]) from each LFP spectrum (Fig. 3K).
Both the raw (Fig. 3, L and M) and adjusted (Fig. 3, N and O) spec-
tral diagrams confirmed that IO silencing suppressed the 10-Hz
peak of cerebellar rhythms and reduced overall cerebellar rhythms.
To exclude the possibility that cerebellar rhythm loss is an epiphe-
nomenon due to reduced motility in ataxic mice (fig. S10, A to
D), we further analyzed the LFPs in moving epochs with matched
moving velocities. After calibrating the moving velocities, IO silencing
still revealed cerebellar rhythm loss (fig. S10, E to G). Besides IO
silencing, CF synaptic silencing also revealed similar effects on LFP
suppression (fig. S11, A to G). Consistent with the results of motor
rhythm, nonactivating light did not alter the cerebellar oscillatory
patterns (S11, H and I).

PC lesioning in the motor cerebellum does not alter

motor rhythm

CF retraction and PC loss are shared pathophysiologies across atax-
ic syndromes. We next investigated whether PC loss can generate
similar ataxic-like motor deficits in precision and rhythm. We chose
an AAV carrying Cre-inducible constructs generating diphtheria
toxin and injected the virus into the cerebellar cortices of PCP2-cre
mice, a PC-specific reporter line (Fig. 4A). This manipulation led
to ~65% of PC-specific lesioning in the motor cerebellum with
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Fig. 2. Silencing of CF activity results in motor deficits similar to cerebellar ataxia in mice. (A) Schematic representation of viral transduction with stGtACR2-
FusionRedinthelOandsubsequentoptogeneticsilencing.(B)Representativeimagesillustrating |0 expression of stGtACR2-FusionRed. DAPI,4’,6-diamidino-2-phenylindole.
(C to E) Motor performance before and during silencing of CF activity in a balance beam test. (C) Quantification of traverse time to cross the beam (D) and the number of
foot slips on the beam (E) (n = 6 mice). (F and G) Motor coordination before and during silencing of CF activity was evaluated by video-based gait analysis. (H and I) Rep-
resentative limb trajectories before (H) and during (I) optogenetic silencing of the 0. (J) Schematic of stride length based on limb position and time. (K to M) Statistical
analysis of the mean stride length (K), SD (L), and coefficient of variation (CV) (M) in the left and right forelimbs, before and during optogenetic stimulation. (N) lllustration
of the step phases in the right and left forelimbs, calculated using the Hilbert phase of contralateral limb-based motor kinematics. (O) Representative polar histograms
and polarity indexes of the step phases. (P and Q) Statistical analysis of the step phase polarity index (P) and SD (Q) on the left and right forelimbs (n = 10 mice). Data are
presented with box and whisker plots. *P < 0.05; **P < 0.01, Wilcoxon signed-rank test.

self-produced diphtheria toxin in transfected PCs (Fig. 4, B and C),
comparable to PC loss of end-stage patients at autopsy (table S1).
Consistent with previous studies (25, 26), PC lesioning led to ataxia-
like motor deficits (fig. S12, A to G, and movie S5). In contrast with
our prediction, such massive PC loss did not cause motor rhythm
loss (Fig. 4, D to H). We further analyzed the cerebellar LFPs in
these PC-lesioned mice, which showed cerebellar oscillatory pat-
terns similar to those of control mice (Fig. 4, I to M, and fig. S13, A
to G). In contrast with motor precision, which is sensitive to both
CF manipulation and PC loss, motor rhythm is predominantly con-
trolled by a CF-dependent mechanism resistant to ~60% of PC
loss in mice.

Lin et al., Sci. Transl. Med. 17, eadk3922 (2025) 26 February 2025

Patients with 10 degeneration show cerebellar rhythm loss

Next, we wanted to investigate whether cerebellar rhythm loss
can also be observed in patients with cerebellar ataxia. As a proof
of principle, we first recorded cerebellar electroencephalography
(EEG) (7, 8, 27) (Fig. 5A) in two patients with IO degeneration
and ataxia symptoms (patient 1: 71-year-old male; patient 2:
72-year-old female) with no identifiable pathology from brain mag-
netic resonance imaging (MRI) except for IO hyperintensity of the
T2-weighted images (Fig. 5, B and C). Such a finding suggests
prior damage of the IO with subsequent gliosis. As compared
with the cerebellar oscillatory features in an age-matched control
(72-year-old female) (Fig. 5D), the patients with IO degeneration
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Fig. 3. Optogenetic silencing of the 10 results in loss of motor and cerebellar rhythm in mice. (A) Schematic representation of viral transduction of stGtACR2-
FusionRed in the |0 and optogenetic silencing. (B) Experimental setup for motor rhythm recordings. (C) Detected motion and corresponding time-frequency plot of
the recorded motion rhythms during trials of optogenetic manipulation in a representative mouse. Motion was quantified by force plate-based intrinsic oscillations (fig.
S6). (D) Normalized power spectral diagram (nPSD) of recorded motor rhythms during a sequence of light on and off trials. Each nPSD line was from one trial of (C). (E and
F) Group analysis of the peak nPSDs and the area under the curve of nPSDs between 5 and 20 Hz during light off and on (n = 10 mice, five trials per mouse per group).
(G) Schematic representation of cerebellar LFP recordings in freely moving mice. (H) Representative time-frequency plot of cerebellar LFPs and corresponding motion
under optogenetic manipulation. (I) nPSDs corresponding to individual light-on and -off trials in (H). (J) Mean nPSD of light-off trials in (I). (K) Mean nPSDs subtracted from
nPSDs in (J). (L to O) Group analysis of nPSD peaks and the area under the curve (5 to 20 Hz) of nPSDs from (J) [(L) and (M)] or (L) [(N) and (O)] (n = 10 mice, five sections
per mouse per group). Data are presented with box and whisker plots. *P < 0.05; **P < 0.01; ***P < 0.001, Wilcoxon signed-rank test.
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showed reduced cerebellar oscillatory patterns toward the 1/fback-
ground (Fig. 5, E to G).

Cerebellar rhythm loss is a shared feature observed in
cerebellar ataxia of various causes

Although the data from patients with IO damage provided valuable
information, pure IO degeneration is extremely rare and unlikely to
be systemically studied. Given that we observed CF synaptic loss in
different causes of cerebellar ataxia (Fig. 1, A to J), we next asked
whether loss of cerebellar rhythm could be a shared electrophysio-
logical signature in patients with various causes of cerebellar ataxia.
Cerebellar EEG was recorded from healthy volunteers and patients
with cerebellar ataxia with diverse genetic and nongenetic causes
(Fig. 6, A to C; demographics in table S3). We observed a reduction
in cerebellar rhythm (Fig. 6C) and a significant reduction in nor-
malized PSDs (Fig. 6D, gray-shaded window: 4 to 15 Hz, P < 0.05)
in patients with ataxia as compared with healthy controls. We then
measured the cerebellar rhythm index (CRI) by detecting the re-
gional minimum of normalized PSD (see Materials and Methods).
We found that the CRI was significantly lower in patients with cer-
ebellar ataxia compared with control participants (Fig. 6E, control
versus cerebellar ataxia: 1.35 + 0.79 versus 0.84 + 0.53, P < 0.05),
indicating a reduction (or loss) in cerebellar rhythm. We next vali-
dated the cerebellar oscillatory features with patients with essential
tremor as a positive control group known to have increased cerebel-
lar oscillations (fig. S14, A to C) (7, 8, 27). CRI, which is designed
to detect a regional minimum of PSD patterns, reliably detected

Fig. 5. Reduced cerebellar rhythms in EEG of A
patients with 10 degeneration. (A) lllustration
of the locations of sub-inion electrodes (yellow
dots) and applied bipolar electrodes (red circles)
for cerebellar EEG. (B and C) T2-weight brain MRI
images from two patients with IO degeneration
(I0-1 and 10-2). The insets demonstrated T2 hy-
perintensity in 10s, consistent with hypertrophic
degeneration. 10s are circled in the insets. Scale
bars, 1 cm. (D to F) Normalized spectrograms of the
cerebellar EEG recordings from an age-matched
control participant (D) and two patients, 10-1
(E) and 10-2 (F). (G) nPSDs of cerebellar EEG re-
cordings of all three individuals [(D) to (F)].

cerebellar rhythm loss in patients with ataxia. On the other hand,
the cerebellar oscillatory index (COI), which is designed to detect
regional oscillatory peaks, reliably contrasted tremor groups from
the other two groups.

We next investigated whether cerebellar rhythm loss is a general
phenomenon across various causes of cerebellar ataxia. Patients di-
agnosed with SCA or non-SCA showed a similar degree of cerebel-
lar rhythm loss (Fig. 6F). Such a reduction can be seen in patients
with SCA, MSA-C, and ILOCA (idiopathic late-onset cerebellar
ataxia) (fig. S15, A to C). These data suggested that loss of cerebellar
rhythm is a common physiological change in cerebellar ataxia.

Loss of cerebellar rhythm correlates with clinic

ataxia severity

We next asked whether CRI reflects clinical severity by examining
the relationship between the CRI and disease severity rated by the
Scale for the Assessment and Rating of Ataxia (SARA) scores. We
found that the CRI negatively correlated with the clinical severity of
ataxia measured by the SARA scale [Fig. 6G, correlation coefficient
(r) = —0.514, P = 0.021]. The correlation was mainly driven by the
axial components (Fig. 6H, r = —0.587, P = 0.006) but not the
appendicular assessments of the SARA scale (Fig. 61, r = —0.217,
P =0.359). In addition, the CRI did not correlate with disease dura-
tion (fig. S16A, r = 0.234, P = 0.322) or age of onset (fig. S16B,
r = —0.203, P = 0.390). These data further support that cerebellar
rhythm loss directly reflects the underlying cerebellar circuit dys-
function and clinical severity.

®° — 10-1
9) — 10-2
o —— Age-matched control
0+ 7 T ]
0 10 20 30
Frequency (Hz)

Lin et al., Sci. Transl. Med. 17, eadk3922 (2025) 26 February 2025

7of 11

G202 ‘22 Ateniged uo A1SiBAIUN Ueme | [eUOITEN Te BI08ous 105 MMM//SAY WO ) Papeo luMoQ



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

Fig. 6. Cerebellar EEG features in patients with A
cerebellar ataxia. (A and B) Representative 60-s raw
traces (A) and zoomed 1-s segments (B) of bipolar
EEG recordings from a healthy control (Ctrl) and a
patient with cerebellar ataxia (CA). (C) Spectrogram
calculated from the corresponding raw traces in
(B). (D) Average nPSDs from control participants
and patients with cerebellar ataxia (n = 20 for both

Ctrl H

50 pv |

Wwwwmww

B

N
o

Ctrl

50 pv|

Frequency (Hz)

S PSD (uV#Hz)

groups). The shaded colors marked the range of
SEM. The gray-shaded window encompasses the
frequency band where the PSD at each frequency
was statistically significantly lower in patients 7
with CA (P < 0.05). (E) CRI in CA and Ctrl. (F) Aver-
age nPSDs derived from EEG recordings of patients
with SCA and non-SCA patients (n = 10 for each
group). (G to I) Correlation between SARA scores
and CRIs, including total scores (G), axial subscores
(H), and appendicular subscores (I) [the same 0

Time (s)

Ctrl (n=
—CA(n=

Time (s) 0 Time (s)

- — SCA(n

20) - (n=10)
—— Non-SCA (n'= 10)

20)

CRI

20 patients in (E)]. Data are presented with box 0
and whisker plots. *P < 0.05, Mann-Whitney U
test (E), and linear regression [(G) to (I)].

Frequency (Hz)

R=-0514
P =0.021

CRI

30 Frequency (Hz)

R=-0.217
P =0.359

CRI

0 T T
0 10 20
Total SARA

In summary, cerebellar rhythm loss is a shared electrophysiolog-
ical feature in patients with various causes. The rhythm loss is not
driven by causes, disease onset, or disease duration but a neurophys-
iological reflection directly linked to disease severity.

Chemogenetic 10 stimulation shows therapeutic

effects in mice

To explore whether modulation of CF activity could potentially
ameliorate cerebellar ataxia, we injected a lentiviral vector with the
sequence of an activating designer receptor [hM3D(Gq)] under an
10-specific promoter Htr5b(3.7) (28) into the IOs of SCA1 mice
(fig. S17A). Intraperitoneal injection of clozapine N-oxide (CNO) to
chemogenetically activate the IO improved the motor performance
in the balance beam test (fig. S17B) and shifted the peak motor
rhythm toward 10 Hz (fig. S17, C to F). Video-based gait analysis
did not reveal significant gait deficits in SCA1 mice (P > 0.05), with
or without CNO administration (fig. S18, A to E). Chemogenetic
activation of CF activity improved cerebellar and motor rhythm as
well as some metrics of motor performance in ataxic mice.

DISCUSSION

In this study, we identified CF synaptic loss as a common pathologi-
cal feature and reduced cerebellar rhythm as a common physiologi-
cal attribute in patients with cerebellar ataxia. We found that patients
with different causes of cerebellar ataxia developed cerebellar
rhythm loss, which correlated with clinical severity. Optogenetic
suppression of CF synaptic activity in mice reduced cerebellar
rhythm and triggered ataxia-like behaviors including motor rhythm

Lin et al., Sci. Transl. Med. 17, eadk3922 (2025) 26 February 2025

1 0
30
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o 4
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loss and impaired motor precision. Chemogenetic activation of CF
improved both motor rhythm and precision in a SCA1 mouse mod-
el. Collectively, our study established a framework for common cir-
cuit changes in cerebellar ataxia and suggests CF as a therapeutic
target for cerebellar ataxia. The results are summarized in fig. S19.

One of our key findings is that reduced cerebellar rhythm corre-
lates with ataxia severity (Fig. 6) but not with causes, age of onset, or
disease duration. This suggests that the cerebellar rhythm reflects
the circuit integrity of cerebellar ataxia. Although it is still unclear
how loss of cerebellar rhythm progresses over time in patients, this
measurement may have the potential to track disease progression.
Incorporating such an objective parameter will be crucial in clinical
trials developing therapies for cerebellar ataxia. Of note, cerebellar
oscillations can be altered in other diseases, such as essential tremor
(7, 8, 27, 29) and Parkinson’s disease (30-32). The measurement of
cerebellar rhythm reduction should be applied for evaluating pa-
tients with a confirmed diagnosis of cerebellar ataxia but not used as
a biomarker for differential diagnosis.

Several recent studies have shown that frequency-dependent
stimulations to the deep cerebellar nuclei (DCN) can improve mo-
tor function in rodent models of cerebellar ataxia (33, 34). For ex-
ample, Anderson et al. showed that stimulating the dorsal dentate
nucleus at 30 Hz effectively reduced motor symptoms in Shaker rats
(33). Miterko et al. demonstrated that beta-frequency stimulation at
the interposed nucleus improved motor behavior in Car8 mice (34).
Although the stimulations in these studies were not directly targeted
to the CFs, DCN is the major final output of the cerebellum; there-
fore, stimulation at DCN, which is downstream of CF synapses,
likely overrides the aberrant activities originating from the cerebel-
lar cortex, achieving a therapeutic effect. Consistent with the idea of
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normalizing cerebellar physiology, noninvasive neuromodulation,
such as transcranial direct current stimulation, has been shown to
improve cerebellar ataxia (35-40). Cerebellar EEG technique and
monitoring cerebellar rhythm are likely to guide the creation of
more effective stimulation paradigms and allow a close-loop stimu-
lation design.

CFs form thousands of synaptic contacts with each PC, facilitat-
ing reliable signal transmission from IO neurons (41). IO neurons
have intrinsic oscillatory properties (42, 43) and achieve interneuro-
nal synchrony by direct electrical coupling through gap junctions
(44, 45). These characteristics may be crucial for generating the cer-
ebellar oscillations necessary for coordinating daily movements, pro-
viding a potential explanation for the severe ataxia and rhythm
disturbances observed in this study when IO activity is disrupted. In
SCA1[82Q] mice, there is a marked reduction in PC responses to CF
activation (4). Direct lesioning or silencing of IO can cause various
motor deficits in cats (46, 47). Conversely, excessive I0-to-PC syn-
chrony due to CF overgrowth can lead to an abnormal amplification
of cerebellar rhythms, resulting in conditions such as essential trem-
or (7, 8, 48). When CF-to-PC activity is normal, lesioning up to 60%
of PCs in WT mice did not cause cerebellar or motor rhythm deficits
(Fig. 5, A to O), suggesting a strong reserve of PCs for motor rhythm
generation. When CF-to-PC activity is reduced (in ataxia) or exces-
sive (in tremors), the cerebellum generates abnormal rhythms that
directly affect motor rhythms and cause coordination deficits.

This study has limitations. Because of the small sample size for each
type of patient with cerebellar ataxia, further studies of larger sample
sizes in different types of cerebellar ataxia are needed to clarify the de-
tailed relationship between loss of cerebellar rhythm and individual
causes of cerebellar ataxia. However, the loss of cerebellar rhythm ap-
pears to be a shared physiological feature across the various causes of
cerebellar ataxia tested, indicating a common circuit mechanism. In
the mouse investigations, we did not address the laterality issue of IO-
to-PC transmissions. IO is a midline structure, and illuminating the
highly sensitive stGtACR2 from either side prompts inhibition of bilat-
eral I0s. Cranial window-based miniSOG activation can affect wide-
spread CF synapses, with a drawback of suboptimal focality. Further
studies are required to unravel the laterality effect. We did not record
single-unit activities during optogenetic manipulations. How the neu-
ronal activity changes lead to cerebellar local field changes requires
further investigation. We did not collect simultaneous single-unit ac-
tivities of the IOs in CF-silencing mice or SCA1 mice. Further studies
are required to understand IO neuronal firings and the spatiotemporal
assembly of populational neuronal activities, which may be different in
each goal-directed movement. The information is critical to optimiz-
ing CF-related therapy in a motion-specific manner.

In conclusion, CF synaptic loss contributes to cerebellar ataxia
symptoms and thus may be considered a therapeutic target. Whether
loss of cerebellar rhythm, a shared physiological feature, could be used
as a marker to monitor the cerebellar circuit responses to therapies war-
rants further studies. The presented findings will allow us to support
the design of future synaptic intervention trials for cerebellar ataxia.

MATERIALS AND METHODS

Study design

This study investigated CF pathophysiology and its contributions to
ataxic symptoms across mice and patients with various etiologies.
In vivo electrophysiological recordings, combined with optogenetic

Lin et al., Sci. Transl. Med. 17, eadk3922 (2025) 26 February 2025

or chemogenetic manipulations, were conducted in WT and SCA1[82Q)]
ataxic mice. The mice performed tasks such as balance-beam walking,
video-based gait analysis, or force plate motor rhythm tracking. To
manipulate CF-to-PC activity and assess its contribution to cerebellar
rhythm alterations and ataxic behaviors, optogenetic silencing of IO
or CF synapses was applied using virally transfected tools. Chemo-
genetic activation of IO neurons was performed in SCA1 mice as a
proof of concept to improve ataxia-related motor rhythms and motor
performance. All experiments in mice adhered to the Animal Re-
search: Reporting of In Vivo Experiments (ARRIVE) guidelines and
were approved by the Institutional Animal Care and Use Committee in
Columbia University (no. AABI3610) and National Taiwan University
(no. B202000003). Cerebellar EEG recordings were also obtained
from healthy individuals and patients diagnosed with SCA1, SCA2,
SCAG6, dentatorubral-pallidoluysian atrophy (DRPLA), MSA-C, or
IO degeneration. We examined the loss of cerebellar rhythms and
their correlation with clinical ataxia severity, measured by the SARA
score. All experimental protocols and sample sizes in both mice and
human studies were reviewed and approved by ethical committees on
the basis of power analysis. The human-arm investigation followed
the Strengthening the Reporting of Observational Studies in Epide-
miology (STROBE) guidelines of cross-sectional studies. All the
clinical procedures were approved by the institutional review board
at Columbia University (no. AAAU0162) and National Taiwan Uni-
versity Hospital (no. 201801032RINB). All participants signed the
informed consent approved by the Institutional Review Board of
Columbia University or National Taiwan University Hospital. All
animal and human trials, except for chemogenetic experiments, were
analyzed in a single-blind design, where the evaluators were unaware
of the experimental manipulations or patient diagnoses. Optogenetic
manipulations were self-controlled within a single session without
randomization. Chemogenetic manipulations, involving CNO or
saline controls, were double blinded with randomized administration.
All experimental mice had proper signal qualities (for electrophysiol-
ogy) and expression of viral constructs (for optogenetics and chemo-
genetics), and we included all data points. We also included all data
points of human participants.

Statistical analysis

Statistical analyses were performed with the SciPy package from
Python or with Matlab. Descriptive data are presented as means +
SEM. Each variable was tested for normal distribution using
Kolmogorov-Smirnov tests. For two-group comparisons, Student’s ¢
tests were used to compare the normally distributed variables. Mann-
Whitney U tests and Wilcoxon signed-rank tests were used to compare
the variables that are not normally distributed. Spearman’s correla-
tion analyses were used to test the correlation between nonparametric
variables. Two-tailed P values of less than 0.05 were considered statis-
tically significant. Effect size was calculated by the Matlab “meanEffect-
Size” function.
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