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NEUROSCIENCE

Aberrant outputs of glutamatergic neurons in deep
cerebellar nuclei mediate dystonic movements

Xue-Mei Wu'#3t, Bin Lu't, Jun-Yan He'?, Yu-Xian Zhang’, Zhi-Ying Wu?, Zhi-Qi Xiong1’2’3’5*

Dystonia, characterized by repetitive twisting movements or abnormal postures, has been linked to the deep cer-
ebellar nuclei (DCN). However, the specific roles of distinct neuronal populations within the DCN in driving dys-
tonic behaviors remain unclear. This study explores the contributions of three distinct groups of DCN neurons in
an animal model of paroxysmal dystonia harboring a mutation in the proline-rich transmembrane protein 2 (Prrt2)
gene. We observed sustained calcium activity elevation across glutamatergic, glycinergic, and GABAergic inferior
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olive (I0)-projecting neurons within the DCN during episodes of dystonia in Prrt2-mutant mice. However, only the
optogenetic activation of DCN glutamatergic neurons, but not glycinergic or GABAergic 10-projecting neurons,
elicited dystonia-like behaviors in normal mice. Selective ablation of DCN glutamatergic neurons effectively elimi-
nated aberrant cerebellar DCN outputs and alleviated dystonia attacks in both Prrt2-associated and kainic acid-
induced dystonia mouse models. Collectively, our findings highlight the pivotal role of aberrant activation of DCN
glutamatergic neurons in the neuropathological mechanisms underlying cerebellar-originated dystonia.

INTRODUCTION

Dystonia, the third most common movement disorder behind es-
sential tremor and Parkinson’s disease, is characterized by involun-
tary, sustained, or intermittent muscle contractions that result in
repetitive twisting movements or abnormal postures (I). Tradition-
ally, dystonia was regarded as a disorder of the basal ganglia (2-6).
However, recent studies have implicated cerebellar dysfunction in
the pathophysiology of dystonia (7-14).

In the cerebellum, the deep cerebellar nuclei (DCN) serve as a cen-
tral information hub that integrates inputs from the cerebellar cortex
and extracerebellar brain regions and sends primary outputs to motor
control systems (15). Accumulating evidence supports the involve-
ment of DCN neurons in dystonic movements. In animal models of
dystonia, DCN neurons often exhibited erratic firing patterns during
attacks (7, 9, 10, 12, 13, 16, 17). Lesion or targeted interventions in the
DCN such as deep brain stimulation (DBS) or pharmacological mod-
ulation alleviate dystonia symptoms (11, 12, 16, 18-20). In wild-type
mice, both intense activation and inhibition of DCN neurons by artifi-
cial manipulations can directly induce dystonia-like behaviors (16, 17),
supporting their dominant role in generating dystonic movements.

The DCN are composed of at least three neuronal populations, in-
cluding glutamatergic, glycinergic, and y-aminobutyricacid (GABA)-
releasing neurons (21, 22). Although the circuit connections of these
neurons in the DCN have been mapped (23, 24) and the neuronal
functions in motor coordination were partially elucidated (25-27),
their exact roles in mediating dystonic movements remain unclear.

In the present study, we used an animal model of paroxysmal dys-
tonia, Prrt2-mutant mice, to dissect the roles of distinct DCN neuronal
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groups in dystonia. These mutant mice harbor a premature termina-
tion codon in exon 2 of the proline-rich transmembrane protein 2
(Prrt2) gene, which mirrors the PRRT2 mutation identified in human
patients with paroxysmal kinesigenic dyskinesia (PKD). They exhibit
dystonic episodes partially recapitulating the involuntary movements
and abnormal postures observed in patients with PKD (28). Our pre-
vious studies have shown that spontaneous dystonic episodes in
Prrt2-mutant mice are exceedingly rare, but these symptoms can be
reliably induced by localized cerebellar stimulation (17, 28), making
the Prrt2-mutant mice a valuable and inducible model for paroxys-
mal dystonia research.

Here, using cell-type-specific fiber photometry recording, opto-
genetic manipulation, and selective neuron ablation, we investigated
the causal relationships between the activities of different DCN neu-
ronal groups and dystonic movements and further identified the po-
tential targets for the prevention of dystonia attacks in animal models
of paroxysmal dystonia.

RESULTS

DCN neurons with sustained elevated activities during
episodes of dystonia

In Prrt2-mutant mice, the deficiency of PRRT2 increases the excit-
ability of cerebellar granule cells, rendering the cerebellar cortex
more susceptible to the generation of spreading depolarization (SD)
(17). Localized cerebellar stimulation, such as epidural KCl applica-
tion or optogenetic stimulation, has been effectively used to induce
cerebellar SD. This event is considered a pivotal trigger for paroxys-
mal dystonia in Prrt2-mutant mice, as demonstrated in previous
studies (17). In this study, electrostimulation was used to induce dys-
tonic movements in Prrt2-mutant mice by triggering a slowly propa-
gated SD in the cerebellar cortex, as indicated by the direct current
(dc)-shift signals detected through full-band electrocorticographic
(ECoG) recording (fig. S1, A to C). Metal electrodes were implanted
into the seventh cerebellar lobule (Cb) to deliver the stimulation
(Fig. 1A). Following a 2.5-s pulsed electrostimulation at 200 pA
(1-ms pulse width at 20 Hz), paroxysmal dystonia was observed in all
Prrt2-mutant mice, but not in their wild-type counterparts (Fig. 1, B
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and C). These dystonic behaviors are distinct from seizures, as no
epileptic activity was detected in ECoG recording in the cerebral
cortex during dystonic movements (fig. S2, A to D). The episodes in
Prrt2-mutant mice were characterized by generalized dystonia, in-
cluding rigid forelimbs, slow elevation of the tail, flattening of the
trunk, excessive extension of the hindlimbs, and backward stretch-
ing of the ears (movie S1). Notably, the dystonic movements or pos-
tures often occurred after a variable latent period (86.6 + 4.9 s) and
lasted for ~2 min (135.2 + 12.1 s) (Fig. 1, D and E), consistent with
previous reports (17). Quantitative assessment of dystonia severity,
as outlined in Materials and Methods, highlighted the characteristic
dystonia attacks in Prrt2-mutant mice (Fig. 1F).

Furthermore, we confirmed that dystonic behaviors could be elic-
ited in Prrt2-mutant mice by applying electrostimulation to the fourth
and fifth Cbs (fig. S3, A to F). The latency to the onset of dystonic be-
haviors was shorter compared to that observed in Prrt2-mutant mice
receiving electrostimulation in the seventh Cb (Fig. 1D and fig. S3D).
These findings indicate that dystonic behaviors can be triggered by
stimulation across various cerebellar regions, with variable latency. In
the subsequent experiments, considering factors such as physical in-
terference between the stimulation electrode and the fiber cannula, we
selected seventh Cb as the target for cerebellar stimulation. This choice
ensured the effective induction of dystonia in Prrt2-mutant mice with-
out compromising the recording configuration.

In cerebellar circuits, the cerebellar cortex does not directly in-
fluence motor effectors. Instead, its output converged at the level of
the DCN, which are situated beneath the cerebellar cortex. Rather
than functioning merely as a passive relay, the DCN integrate inhibi-
tory inputs from Purkinje cells and excitatory inputs from mossy
fibers originating in precerebellar regions (29-32), thereby shaping
both the temporal and spatial dynamics of cerebellar signaling (33-
35). On the basis of this central integrative role, we hypothesized
that neuronal activity within the DCN may be altered during epi-
sodes of dystonia in Prrt2-mutant mice.

To test this idea, fiber photometry was used to monitor popula-
tion calcium signals in DCN neurons. Adeno-associated virus (AAV)
containing the human synapsin promoter (hSyn)-GCaMP6f con-
struct was injected into the DCN, where GCaMP6f was selectively
expressed in the neurons under the control of the human synapsin
promoter. We targeted the optical fiber to the interposed nucleus
(IN), which is centrally located within the DCN. The stimulating
electrode was positioned on the seventh Cb to avoid potential physi-
cal interference with the fiber cannula (Fig. 1, G and H). Cerebellar
electrostimulation induced substantial elevations in calcium signals
in head-restrained awake Prrt2-mutant mice, but not in the control
group of wild-type mice (Fig. 1, I and J). Detectable elevation of cal-
cium signals was often observed preceding the initiation of dystonia
attacks, reaching peak intensity during severe dystonia attacks (Fig. 11
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Fig. 1. DCN neurons with sustained elevated activities during episodes of dystonia. (A) Schematic showing electrostimulation in the localized area of the seventh Cb
in mice. (B) Representative postures of wild-type (top) and Prrt2-mutant mice (bottom) following electrostimulation. Red arrowhead indicates dystonic movements.
(C) Percentage of occurrence of dystonia triggered by electrostimulation in wild-type (n = 4 mice) and Prrt2-mutant mice (n = 6 mice). **P < 0.01, Fisher’s exact test (two
sided). (D) Average latency of dystonia onset after electrostimulation in Prrt2-mutant mice (n = 6 mice). (E) Average duration of dystonia induced by electrostimulation in
Prrt2-mutant mice (n = 6 mice). (F) Quantification of dystonia score in wild-type (n = 4 mice) and Prrt2-mutant mice (n = 6 mice). *P < 0.05, Mann-Whitney U test. (G) II-
lustration showing the detection of calcium signals in the DCN. IN, interposed nucleus. LED, light-emitting diode. (H) Representative histological image indicating
GCaMP6f expression in the DCN. Solid white column marks the location of the implanted fiber. FN, fastigial nucleus; DN, dentate nucleus. (I and J) Top: Representative
calcium traces of DCN neurons in Prrt2-mutant (1) and wild-type (J) mice received electrostimulation in the local cerebellar cortex. Dark gray shade marks the duration of
dystonia. Scale bars, 50 z-score by 100 s. Bottom: Heatmaps illustrating the calcium responses in DCN neurons of Prrt2-mutant (n = 24 trials from four mice) (I) and wild-
type (n = 24 trials from four mice) (J) mice before and after the electrostimulation. The signals were aligned to the onset of dystonia. The red lines indicate the time of
electrostimulation. The long dark gray lines mark the initiation of the attack in Prrt2-mutant mice (1) or the hypothetic onset time in wild-type mice (J). The short dark gray
lines indicate the offset of dystonia. (D to F) Data were represented as means + SEM.
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and fig. S4, A and B). The increase in calcium signals endured for
more than 60 s, followed by a recovery in fluorescence intensity con-
current with the alleviation of dystonia attacks (Fig. 1I and fig. S4A).
These findings confirm the disrupted activation of DCN neurons dur-
ing episodes of dystonia in Prrt2-mutant mice, suggesting a distinct role
of DCN neurons in the manifestation of dystonic movements.

Increased activity in DCN'S"*2 heurons during

dystonic episodes

Given the crucial role of glutamatergic neurons in the excitatory pro-
jection from the DCN, we examined the cellular activities of these neu-
rons in the DCN using fiber photometry. Glutamatergic neurons are
dispersed across all three nuclei of the DCN, namely, the fastigial, in-
terposed, and dentate nuclei (21). Therefore, we recorded calcium sig-
nals in the DCN without discriminating among individual nuclei. In
this experiment, we injected an AAV virus containing the hSyn-double
floxed inverse orientation (DIO)-GCaMP6f construct into the fasti-
gial nucleus (FN) or IN of DCN (Fig. 2A). The expression of GCaMP6f
in DCN glutamatergic neurons was controlled by Cre recombinase in
vGlut2-cre mice (36), where Cre recombinase expression was driven
by the vesicle glutamate transporter 2 (vGlut2) promoter (vGlut2-cre:
DIO-GCaMPé6f) (Fig. 2, A and B).

After applying electrostimulation to the local cerebellar cortex, a
substantial elevation in Ca®* levels was observed in DCN glutama-
tergic neurons in all tested Prrt2-mutant mice (Prrt2-mutant;vGlut2-
cre:DIO-GCaMPé6f) (Fig. 2C). Aligning the fluorescence signals
with the initiation of dystonic behaviors revealed a pronounced in-
crease in calcium signals coinciding with the attacks, persisting for a
duration exceeding 60 s (Fig. 2C). In a control group of wild-type
mice (wild-type;vGlut2-cre:DIO-GCaMP6f), identical stimulation
failed to provoke dystonic movements, and no comparable pattern
of calcium signal changes was observed (Fig. 2D). These results sug-
gest that the aberrant activity of DCN glutamatergic neurons is as-
sociated with episodes of dystonia.

Glutamatergic neurons within the DCN project widely to multi-
ple brain regions, including the diencephalon, brainstem, and spinal
cord, and they also send collateral outputs to several extracerebellar
targets (23, 27, 37). To further assess the altered outputs of DCN
glutamatergic neurons, we specifically monitored neuronal activity in
one of their major targets, the ventrolateral nucleus of the thalamus
(VL thalamus), as an indirect readout of DCN glutamatergic output
changes during dystonic episodes.

Using calcium fiber photometry, we recorded neuronal responses
in the VL thalamus of Prrt2-mutant mice (Fig. 2, E and F). We found
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Fig. 2. Increased activity in DCN'®"“*2 neurons and their downstream targets during dystonic episodes. (A) Schematic of viral strategy and experimental setup for
fiber photometry recording in DCN glutamatergic neurons. FN, fastigial nucleus; IN, interposed nucleus. (B) Representative histological image indicating AAV-mediated
GCaMPé6f expression (green) in DCN glutamatergic neurons. The white column denotes the location of the tip of the implanted fiber. Hoechst, blue. Scale bar, 200 pm.
(C and D) Top: Representative calcium traces of DCN glutamatergic neurons in Prrt2-mutant;vGlut2-cre (C) and wild-type;vGlut2-cre (D) mice. The red signs indicate the
electrostimulation in seventh Cb. The dark gray shade marks the duration of dystonia. Scale bars, 20 z-score by 100 s. Bottom: Heatmaps visualizing GCaMP6f signals
aligned to the initiation of dystonia in Prrt2-mutant;vGlut2-cre (n = 14 trials from three mice) (C) and wild-type;vGlut2-cre mice (n = 14 trials from four mice) (D). Red lines
indicate the time of electrostimulation, and dark gray lines mark the initiation of attack in Prrt2-mutant mice (C) and the hypothetic onset time in wild-type mice (D).
(E) Schematic of fiber photometry setup for calcium signal recording in VL of the thalamus. VL, ventral lateral nucleus; RN, red nucleus; SC, spinal cord; DCN, deep cerebel-
lar nuclei. (F) Representative image of coronal slice displaying GCaMP6f expression (green) in the thalamus. Solid white column marks the tip site of the implanted fiber.
VPL, ventral posterolateral nucleus. Hoechst, blue. (G and H) Top: Representative Ca®* traces of the VL thalamic neurons in Prrt2-mutant (G) and wild-type (H) mice. Scale
bars, 20 z-score by 100 s. Bottom: Heatmaps illustrating calcium signals aligned to dystonia initiation in Prrt2-mutant mice (n = 18 trials from three mice) (G) and wild-type
(n = 18 trials from three mice) (H).
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that cerebellar electrostimulation induced an increase in VL calcium
signals (Fig. 2G), which exhibited a more rapid decline after reach-
ing peak amplitude compared to calcium dynamics in DCN gluta-
matergic neurons (Fig. 2, C and G). In contrast, the same cerebellar
electrostimulation did not induce substantial calcium fluctuation in
the VL nucleus of wild-type mice, nor did these mice display dys-
tonic movements (Fig. 2H). Notably, during dystonic episodes, the
increase in neuronal activity in the VL thalamus of Prrt2-mutant
mice may be driven by direct inputs from glutamatergic DCN neu-
rons or by indirect inputs from other brain regions that are influ-
enced by disturbed cerebellar outputs.

As an additional control, we recorded neuronal activity in the ret-
rosplenial granular cortex (RSG) of Prrt2-mutant mice, a brain re-
gion that does not receive direct DCN projections (fig. S5, A and B).
We found that RSG neurons did not exhibit a noticeable increase in
activity following cerebellar cortex stimulation or during dystonic
episodes in Prrt2-mutant mice (fig. S5, C and D). Together, these
findings indicate that DCN glutamatergic neuronal activity is ele-
vated during episodes of Prrt2-associated dystonia.

Increased activation of GABAergic 10-projecting and
glycinergic DCN neurons during dystonic episodes
GABAergic neurons represent the second most prominent neuronal
population in the DCN, participating in various essential cerebellar

efferent pathways (22, 23). Among these, GABAergic neurons con-
centrated in the interposed and dentate nuclei project densely to the
inferior olive (I0) nuclei, forming nucleo-olivary projections that play
an important role in motor learning and movement direction (38-42).

Previous studies have established that efferent projections from
the interposed and dentate nuclei of the DCN to the IO nuclei are
exclusively GABAergic, while those from the fastigial nucleus are
primarily excitatory (40, 42). In this study, the GABAergic nature of
the IO-projecting neurons in the dentate nucleus was further confirmed
(fig. S6, A and B). To focus on whether GABAergic I0-projecting
neurons are affected during episodes of dystonia in Prrt2-mutant
mice, we detected changes in calcium signals in the interposed and
dentate nuclei using fiber photometry. We delivered AAV/Retro-
hSyn-Cre into the IO nuclei to enable the expression of Cre recom-
binase in IO-projecting neurons in the DCN (Fig. 3A). We then
injected AAV2/8-hSyn-DIO-GCaMPéf into the contralateral inter-
posed and dentate nuclei to specifically express GCaMP6f in DCN
GABAergic I0-projecting neurons under the control of Cre recom-
binase (Fig. 3, A and B). An optical fiber was also targeted to the
DCN injection site to record calcium signals from these neurons
(Fig. 3, A and B). In Prrt2-mutant mice, after delivering electrical
stimulation to the cerebellar cortex (seventh Cb), we observed an
increase in calcium signals in DCN GABAergic neurons targeting
IO nuclei (Fig. 3C). No substantial elevation of calcium signals was
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Fig. 3. Increased activation of GABAergic 10-projecting and glycinergic DCN neurons during dystonic episodes. (A and E) Schematics of viral strategy and experi-
mental setups for fiber photometry recording in GABAergic 10-projecting neurons (A) and glycinergic neurons (E) of the DCN. FN, fastigial nucleus; IN, interposed nucleus;
DN, dentate nucleus; |0, inferior olive. (B and F) Representative images indicating AAV-mediated GCaMP6f expression (green) in GABAergic 10-projecting neurons (B) and
glycinergic neurons (F) of the DCN. The dotted lines outline the DCN, and solid white columns mark the tip site of implanted fibers. Hoechst, blue. Scale bars, 200 pm.
(C and D) Top: Representative calcium traces of DCN GABAergic 10-projecting neurons in Prrt2-mutant (C) and wild-type (D) mice. The red signs indicate the time of elec-
trostimulation in seventh Cb. Dark gray shade marks the duration of dystonia. Scale bars, 20 z-score by 100 s. Bottom: Heatmaps of GCaMP6f signals of DCN GABAergic
10-projecting neurons aligned to the initiation of dystonia in Prrt2-mutant (n = 15 trials from four mice) (C) and wild-type mice (n = 15 trials from four mice) (D). Red lines
indicate the time of electrostimulation, and dark gray lines mark the initiation of attack in Prrt2-mutant mice (C) and the hypothetic onset time in wild-type mice (D).
(G and H) Top: Representative Ca®* traces of DCN glycinergic neurons in Prrt2-mutant;GlyT2-cre (G) and wild-type;GlyT2-cre (H) mice. Bottom: Heatmaps of GCaMP6f sig-
nals aligned to the initiation of dystonia in Prrt2-mutant;GlyT2-cre (n = 14 trials from four mice) (G) and wild-type;GlyT2-cre mice (n = 17 trials from four mice) (H).
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recorded in wild-type mice, which received electrostimulation to
the cerebellar cortex and showed no dystonic movements (Fig. 3D).

In addition to glutamatergic and GABAergic neurons, there is a
third group of glycinergic neurons in the DCN. Specifically, glyciner-
gic neurons projecting to extracerebellar regions are mainly distribut-
ed in the fastigial nucleus (24). We applied a similar strategy to assess
the responses of these neurons during episodes of dystonia. AAV-
hSyn-DIO-GCaMP6f was injected into the fastigial nucleus of the
DCN for the selective expression of GCaMP6f in glycinergic neurons
in both wild-type (wild-type;GlyT2-cre:DIO-GCaMP6f) and Prrt2-
mutant (Prr2-mutant;GlyT2-cre::DIO-GCaMP6f) mice (Fig. 3, E and
F). After applying electrostimulation to the cerebellar cortex (seventh
Cb), we identified an elevation in the activities of DCN glycinergic
neurons in Prrt2-mutant mice, but not in wild-type mice (Fig. 3, G and
H). Dystonic movements were exclusively observed in Prrt2-mutant
mice but not in wild-type mice, as mentioned earlier. Collectively, our
results showed that three types of DCN neurons examined in this
study all experienced sustained activation during episodes of dystonia
in Prrt2-mutant mice, indicating a widespread activation of DCN neu-
rons during dystonic episodes.

Reduced cerebellar Purkinje cell output to the DCN during
episodes of dystonia

The DCN receive massive afferents from a widespread range of brain
regions (29). The projections from the Purkinje cells in the cerebellar
cortex serve as a dominant source of inhibitory inputs in the DCN,
connecting with all major groups of DCN neurons (30, 31). A previous
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study has demonstrated cerebellar SD induced by KCI stimulation
suppresses the firing of Purkinje cells (17). We have confirmed in this
study that electrostimulation can also induce SD in Prrt2-mutant
mice (fig. S1, A to C). On the basis of these observations, we hypoth-
esized that the inhibitory transmission from Purkinje cells to DCN
neurons would be reduced in Prrt2-mutant mice suffering from
cerebellar SD. This reduction might, in turn, disinhibit several groups
of DCN neurons, leading to a sustained increase in activation of DCN
neurons in Prrt2-mutant mice as aforementioned.

To examine this hypothesis, we recorded calcium signals in the
axon terminals of Purkinje cells within DCN. The AAV2/8-PCP2/L7-
GCaMPé6f virus was used for selective expression of GCaMP6f in Pur-
kinje cells, driven by a minimal PCP2/L7-6 promoter (43). To avoid
potential contamination from the Purkinje somatic calcium signals, we
injected the virus into the fourth and fifth Cbs. These injection sites
are anatomically farther from the DCN, thereby reducing the risk of
unwanted Purkinje somatic calcium signals being detected by an op-
tical fiber. We targeted the optical fiber to the DCN, where the axon
terminals of Purkinje cells project (Fig. 4, A and B). Unexpectedly,
after applying electrical stimulation to the seventh Cb, a biphasic
change in calcium signals in the axon terminals of Purkinje cells was
observed in Prrt2-mutant mice (Fig. 4C). By aligning calcium signal
data with the initiation of dystonia, we found that the decrease in cal-
cium signals in the axon terminals of Purkinje cells most often oc-
curred during the episodes of dystonia and lasted for about 60 s,
while the moderate increase in calcium signals was observed be-
fore and after the dystonia attacks in Prr2-mutant mice (Fig. 4C). In
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Fig. 4. Reduced cerebellar Purkinje cell output to the DCN during episodes of dystonia. (A) Schematic of viral strategy and experimental setup for fiber photometry
recording in the axon terminals of Purkinje cells. IN, interposed nucleus. (B) Representative images showing GCaMP6f expression (green) in Purkinje cells. The white
dashed lines outline the DCN. The white columns mark the tip site of implanted fibers. The areas in the white box are magnified on the right, showing the distribution of
GCaMPé6f in axon terminals of Purkinje cells within the DCN. Hoechst, blue. Scale bar, 200 pm. (C and D) Top: Representative calcium traces of the axon terminals of Pur-
kinje cells in Prrt2-mutant (C) and wild-type mice (D). The red signs mark the electrostimulation. The dark gray shade indicates the duration of dystonia. Scale bars, 5 z-
score by 100 s. Bottom: Heatmaps of GCaMP6f fluorescence changes which are aligned to the initiation of dystonia in Prrt2-mutant (n = 30 trials from five mice) (C) and
wild-type mice (n = 18 trials from three mice) (D). The red lines indicate the time of electrostimulation. The dark gray lines denote the initiation of attack in Prrt2-mutant
mice (C) and the hypothetic onset time in wild-type mice (D). (E) Top: Representative EGFP trace of the axon terminals of Purkinje cells in Prrt2-mutant mice. Scale bar, 5
z-score by 100 s. Bottom: Heatmap illustrating EGFP signals aligned to the initiation of dystonia in Prrt2-mutant mice (n = 18 trials from three mice).
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wild-type mice, stimulation of the cerebellar cortex did not elicit a
comparable biphasic change in calcium signals nor dystonic move-
ments (Fig. 4D). Furthermore, in an additional control group with
enhanced green fluorescent protein (EGFP) expressed at the axon ter-
minals of Purkinje cells in Prrt2-mutant mice, we observed no com-
parable pattern of reduction in fluorescent signals during periods of
dystonia (Fig. 4E). In contrast, a slight decrease was detected imme-
diately after cerebellar stimulation (Fig. 4E), likely resulting from the
pH changes in Purkinje cells undergoing SD (44, 45). These findings
help eliminate the possibility that motion artifacts account for the re-
duction in calcium signals in the axon terminals of Purkinje cells ob-
served during dystonic movements.

Given that SD-induced suppression of Purkinje cells leads to aber-
rant activity in DCN neurons, which is involved in dystonic movements
of Prrt2-mutant mice, we sought to determine whether direct, large-
scale suppression of Purkinje cells in wild-type mice could similarly
induce dystonia-like behaviors. To achieve widespread Purkinje cell
suppression, we injected AAV2/9-PCP2/L7-soma-targeted Guillardia
theta anion-conducting channelrhodopsin 2 (stGtACR2)-mCherry
particles into the fourth to eighth Cbs of wild-type mice. A glass win-
dow was placed over the sixth to eighth lobules, and a wide-field light
source was used to engage a large cerebellar region (fig. S7, A and B).
Upon continuous blue light illumination, all stGtACR2-expressing
mice exhibited dystonia-like behaviors during optogenetic inhibi-
tion (fig. S7, C and D), whereas control EGFP-expressing mice main-
tained normal behavior under identical conditions (fig. S7, C and
D). Together, these results suggest that the disinhibition resulting
from suppression of Purkinje cells inhibitory output may contribute
to the widespread increase in DCN neuronal activity observed during
dystonic episodes.

Optogenetic stimulation of DCN glutamatergic neurons
inducing dystonia-like movements

The observation that three groups of DCN neurons in Prrt2-mutant
mice exhibit increased activity during dystonic movements raises
the question of whether the heightened activity of each group of
DCN neurons contributes to dystonia attacks. Here, we combined
selective optogenetic stimulation with behavioral assessments to ad-
dress this issue in freely moving wild-type mice. We opted to use
wild-type mice for these experiments to ensure that the motor con-
trol system was unaffected by the PRRT?2 deficiency, thereby providing
a more straightforward context for evaluating the direct behavioral
consequences of light stimulation of each neuronal population
in the DCN.

We first investigated whether optogenetic activation of DCN
glutamatergic neurons could induce dystonic movements. To selec-
tively target the DCN glutamatergic neurons, we injected an AAV
virus containing the elongation factor 1o promoter (EF1a)-DIO-
channelrhodopsin 2 (ChR2)-mCherry construct into the IN of the
DCN in vGlut2-cre mice and implanted an optical fiber above the
injection site (Fig. 5, A and B). Upon the delivery of continuous or
30-Hz pulsed blue light (470 nm, 4 mW, 20 s) into the DCN, all
vGlut2-cre animals expressing ChR2-mCherry in DCN glutamatergic
neurons (DCN"“*2.ChR2-mCherry) immediately exhibited dystonia-
like postures, characterized by prolonged elevation of limbs (Fig. 5,
C and D; fig. S8, A to C; and movie S2). In contrast, control mice
expressing EGFP in DCN glutamatergic neurons (DCN"**2_EGFP)
did not exhibit dystonia-like behaviors when identical blue light
stimulation was delivered (fig. S8, D to F). As an additional control,
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wild-type mice were injected with the AAV-hSyn-ChR2-mCherry
virus into the RSG (fig. S9, A and B). These mice showed no
dystonia-like behaviors during either continuous or pulsed optoge-
netic stimulation (fig. S9, C and D).

Subsequently, we explored whether dystonic movements could
be triggered by optogenetic activation of GABAergic I0-projecting
neurons within the DCN. To selectively express ChR2 in these neu-
rons, we injected AAV-EF1a-DIO-ChR2-mCherry virus into one side
of the interposed and dentate nuclei of the DCN in wild-type mice
and injected AAV/Retro-hSyn-Cre virus into the contralateral 10
nuclei of the same animals (Fig. 5, E and F). Intriguingly, mice ex-
pressing ChR2-mCherry in DCN GABAergic IO-projecting neu-
rons (DCN'O P8 ChR2-mCherry) did not exhibit dystonia-like
behaviors upon continuous or 30-Hz pulsed blue-light stimulation
(Fig. 5, G and H; fig. S10, A to C; and movie S3), similar to the ob-
servation in the control mice (DCNOPriecting_E GEp) receiving iden-
tical light stimulation (fig. S10, D to F).

Last, we examined whether optogenetic stimulation of DCN gly-
cinergic neurons could induce dystonic movements. We injected
AAV-EF1a-DIO-ChR2-mCherry virus into the fastigial nucleus of
the DCN in GlyT2-cre mice to allow selective expression of ChR2-
mCherry in DCN glycinergic neurons (Fig. 5, I and J). When con-
tinuous or 30-Hz pulsed blue-light stimulation was delivered to the
fastigial nucleus, mice expressing ChR2-mCherry in DCN glyciner-
gic neurons (DCNGlyTZ—ChRZ—mCherry) exhibited a brief loss of
balance at stimulation onset but immediately recovered without dis-
playing any further dystonia-like postures during the stimulation
(Fig. 5, K and L; fig. S11, A to C; and movie S4). We did not classify
this instantaneous fall as a dystonia-like behavior as it did not meet
the criterion, requiring abnormal postures to persist for at least 2 s
during stimulation (see Materials and Methods). In the control
group (DCN®YT2_EGFP), the mice displayed no abnormal move-
ments or postures during identical blue-light stimulation (fig. S11,
D to F). Together, these findings suggest that the activation of DCN
glutamatergic neurons, rather than GABAergic IO-projecting neu-
rons or glycinergic neurons, is primarily responsible for the genera-
tion of dystonia-like behaviors in mice.

Ablation of DCN glutamatergic neurons mitigating dystonic
movements in mice

Our results have indicated that aberrant activation of DCN gluta-
matergic neurons is involved in the genesis of dystonic movements
(Figs. 2, A to D, and 5, A to D). To further investigate whether the
disturbed activity in these glutamatergic neurons is crucial for the
manifestation of dystonic movements, we selectively ablated DCN
glutamatergic neurons in Prrt2-mutant mice (Prrt2-mutant;vGlut2-
cre) by injecting the taCaspase 3 (taCasp3)-encoding AAV particles
into bilateral DCN sites, including the fastigial, interposed, and den-
tate nuclei (Fig. 6A). The co-expression of pro-taCasp3 and tobacco
etch virus protease (TEVp) was Cre-dependent, and, once the pro-
taCasp3 was proteolyzed by TEVp in cells, taCasp3 effectively in-
duced neuronal apoptosis (46). Three weeks after virus injection, we
observed a substantial reduction (~98%) in DCN glutamatergic neu-
ron counts in the Casp3 group compared to the mCherry group
(Fig. 6, B and C). Ablation of DCN glutamatergic neurons did not
impair locomotor activity (fig. S12, A to D), although it did lead to
mild ataxia and impaired motor coordination, reflected by slightly
reduced performance on rotarod tests and decreased performance
on the beam walking tests (fig. S12, E and F). These mild motor
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Fig. 5. Optogenetic stimulation of DCN glutamatergic neurons inducing dystonia-like movements. (A and B) Diagrams of viral strategy (A) and representative his-
tological image of coronal slice depicting the expression of ChR2-mCherry (red) in DCN glutamatergic neurons (B). Dotted lines delineate the DCN outlines, and solid
white column denotes the location of implanted fiber. Hoechst, blue. IN, interposed nucleus; DN, dentate nucleus. Scale bar, 200 um. (C) Representative postures of ChR2-
expressing vGlut2-cre mice before and during light activation. Red arrowhead indicates dystonic movements or postures, like the stiff limbs. (D) Percentage of vGlut2-cre
mice (n =4 mice) displaying dystonia-like behaviors. (E and F) Diagrams of viral strategy (E) and representative histological image of the expression of ChR2-mCherry (red)
in DCN GABAergic |0-projecting neurons (F). Scale bar, 200 pm. (G) Representative postures of mice before and during light activation on DCN GABAergic 10-projecting
neurons. (H) Percentage of wild-type mice (n = 4 mice) exhibiting dystonia-like behaviors before and during light stimulation. (I and J) Diagrams of viral strategy (I) and
representative histological image of the expression of ChR2-mCherry (red) in DCN glycinergic neurons (J). FN, fastigial nucleus. Scale bar, 200 pm. (K) Representative
postures of ChR2-expressing GlyT2-cre mice before and during light activation. (L) Percentage of occurrence of dystonia-like behaviors or instantaneous fall without
dystonia-like behaviors in GlyT2-cre mice (n = 4 mice) before and during light stimulation.

deficits following DCN glutamatergic neuron ablation align with  contrasts with the observations in the mCherry-expressing Prrt2-mutant
previous findings (47), possibly due to compensatory functional ad-  mice, which were subjected to identical cerebellar electrostimulation

aptations within the brain (48). and displayed dystonic movements accompanied by elevated calcium
Upon delivering electrical stimulation to the cerebellar cortex  signals in the VL thalamus (Fig. 6H).
(seventh Cb) of Prrt2-mutant mice with DCN glutamatergic neuron Additionally, we further examine the roles of GABAergic 10-

ablation (Prrt2-mutant;vGlut2-cre:DIO-Casp3), we observed mini-  projecting and glycinergic DCN neurons in Prrt2-associated dystonia
mal dystonic movements in these mice (Fig. 6, D and E, and movie by ablating these neuronal populations, respectively, in Prrt2-mutant
S5). In contrast, mCherry-expressing Prrt2-mutant mice (Prrt2- mice using a Casp3-mediated ablation strategy. Specifically, to ablate
mutant;vGlut2-cre:DIO-mCherry) with intact glutamatergic DCN  GABAergic 10-projecting neurons, we injected the Cre-dependent
neurons exhibited severe dystonia attacks in response to identical taCasp3-encoding AAV particles into the dentate nucleus of DCN in
cerebellar electrostimulation (Fig. 6, D and E, and movie S5), con-  Prrt2-mutant mice, along with an AAV/Retro-Cre virus into the IO
sistent with our aforementioned observations. nuclei of the same animals (fig. S13, A to E). For DCN glycinergic

In an additional experiment, we evaluated the effects of glutamater-  neuron ablation, we delivered the same AAV-DIO-Casp3 virus into
gic DCN neuron ablation on neuronal responses within the VL thala-  the fastigial nucleus of Prrt2-mutant mice (Prrt2-mutant;GlyT2-
mus, one of the targets of DCN glutamatergic neurons, in Prrt2-mutant ~ cre::DIO-Casp3) (fig. S13, F to J). Neither of these specific ablations
mice (Fig. 6F). We observed that electrical stimulation of the cerebellar ~ reduced dystonia severity following cerebellar electrostimulation in
cortex (seventh Cb) neither evoked a pronounced calcium signal in-  Prrt2-mutant mice (fig. S13, D to E and I to J). These findings rein-
crease in the VL thalamus nor induced severe dystonia in Prrt2-  force the notion that DCN glutamatergic neurons, rather than gly-
mutant mice with glutamatergic DCN neuron ablation (Fig. 6G). This  cinergic or GABAergic 10-projecting neurons, mediate dystonic
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Fig. 6. Ablation of DCN glutamatergic neurons mitigating dystonic movements in mice. (A) lllustration showing targeted ablation of DCN glutamatergic neurons in
Prrt2-mutant mice. (B) Representative images showing vGlut2 mRNA signals in the DCN. Scale bars, 200 um. (C) Quantification of numbers of glutamatergic neurons in the
DCN of mCherry mice (n = 4 mice) and Casp3 mice (n = 3 mice). **##P < 0.0001, Unpaired Student’s t test. (D) Representative postures in mice following electrostimula-
tion. Red arrowheads mark dystonic postures. (E) Dystonia score comparison between mCherry/Prrt2-mutant (n = 3 mice) and Casp3/Prrt2-mutant mice (n = 5 mice).
*P < 0.05, Mann-Whitney U test. (F) Schematic diagram for viral strategy and fiber photometry recording in the VL thalamus. (G and H) Top: Representative traces showing
changes in GCaMP6f fluorescence. Gray shade marks the duration of dystonia. Scale bars, 10 z-score by 100 s. Bottom: Heatmaps illustrating the calcium response of VL
neurons in Casp3/Prrt2-mutant mice (n = 17 trials from three mice) (G) and mCherry/Prrt2-mutant mice (n = 16 trials from three mice) (H). The red lines mark the time of
electrostimulation. The gray lines denote the hypothetic attack onset time in Casp3/Prrt2-mutant mice (G) and the initiation of attack in mCherry/Prrt2-mutant mice (H).
(I) Schematic illustrating the viral strategy and KA microinjection in vGlut2-cre mice. KA, kainic acid. (J) Representative postures in mice following KA microinjection.
(K) Quantification of dystonia score in mCherry (n = 4 mice) and Casp3 mice (n = 4 mice). *P < 0.05, Mann-Whitney U test. (L) The cumulative duration of dystonia attacks
in mCherry (n = 4 mice) and Casp3 mice (n = 4 mice) during the period (40 to 70 min post-KA microinjection). **P < 0.01, Unpaired Student’s t test. (C, E, K, and L) Data
were represented as means + SEM.

movements triggered by cerebellar electrical stimulation in Prrt2-
mutant mice.

consistent with previous observations (14). dc-ECoG recording
from the cerebellar cortex revealed two distinct stages following kai-

To expand on our findings, we investigated the role of DCN glu-
tamatergic neurons in a classical model of cerebellar-originated dys-
tonia, induced by localized kainic acid injection into the cerebellar
cortex of wild-type mice (14). Unlike the dystonic movements ob-
served in Prrt2-mutant mice following cerebellar electrostimula-
tion, kainic acid-treated mice exhibited recurrent dystonia attacks
of exceptionally prolonged duration (lasting more than 2 hours),
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nic acid injection (fig. S14, A and B). In the early stage, repetitive
dystonic movements occurred without detectable SD events, reflected
by the absence of dc-shift signals. However, in the late stage, dystonic
behaviors coincided with SD-like events in the cerebellar cortex (fig.
S14, A and B). To investigate glutamatergic DCN neuronal activity
during these dystonic episodes, we performed fiber photometry
calcium imaging in the IN of vGlut2-cre mice (fig. S14, C and D).
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Following localized kainic acid injection into the cerebellar cortex,
Ca®" levels increased in these neurons during bouts of dystonia in
both early and late stages (fig. S14, E and F). These findings further
confirm the close association between the aberrant activity of gluta-
matergic DCN neurons and dystonic behaviors.

Last, to directly examine the role of glutamatergic DCN neurons
in kainic acid-induced dystonia, we selectively ablated these neu-
rons using the aforementioned strategy (Fig. 6I). Three weeks post-
ablation, kainic acid was delivered to the fourth and fifth Cbs of mice
(Fig. 61), followed by comparative analyses of dystonic behaviors. We
found that vGlut2-cre mice with DCN glutamatergic neuron abla-
tion displayed reduced dystonia attacks compared to those in the
mCherry group (vGlut2-cre:DIO-mCherry) (Fig. 6,] to L, and mov-
ie S6). This reduction was characterized by a substantial decrease in
both the severity and cumulative duration of dystonic behaviors
(Fig. 6, Kand L), echoing results obtained in Prrt2-mutant mice with
the deletion of glutamatergic neurons in the DCN. Together, these
findings provide compelling evidence that DCN glutamatergic neu-
rons are essential for dystonic movement expression, and their dis-
rupted activity mediates cerebellar-originated dystonia.

DISCUSSION

The DCN play a pivotal role in cerebellar functions and have been impli-
cated in the pathophysiology of dystonia. Previous studies using in vivo
extracellular recordings delineated irregular firing patterns of DCN neu-
rons in various mouse models of dystonia (9, 10, 12). However, these
methods lacked the resolution to differentiate the contributions of spe-
cific neuronal populations in dystonia. In this study, through fiber pho-
tometry recordings, cell-type-specific optogenetic manipulations, and
targeted neuronal ablations, we highlight the critical role of glutamater-
gic DCN neurons in mediating dystonic movements in Prr2-mutant
mice. This role of glutamatergic DCN neurons is likely crucial not only
in Prrt2-associated dystonia but also in other cerebellar-originated dys-
tonic conditions, such as kainic acid-induced dystonia models.

The etiology of dystonia is multifaceted, encompassing inherited
mutations in genes, such as mutations in TORIA, ATPIA3, GANL,
IP3R1, CACANIA, and PRRT?2 (49-54), as well as acquired factors
including infections, drugs and brain injuries (I). Researchers have
used various genetically engineered and chemical-induced animal
models to investigate mechanisms of dystonia (55). These studies
have revealed that multiple motor-associated brain regions were in-
volved in dystonic movements, including the cerebellum, motor cor-
tex, basal ganglia, thalamus, spinal cord, and interconnected neural
circuits (10, 14, 16-18, 56-60).

Previous studies indicated that enhanced cerebellar susceptibility
to SD underlies Prrt2-associated dystonia (17). PRRT2 acts as a regu-
lator of voltage-dependent sodium channels (Nav channels), modu-
lating neuronal excitability by reducing the availability of functional
Nav channels (17, 61, 62). Loss of PRRT2 increases excitability in
cerebellar granule cells, facilitating cerebellar SD in Prrt2-mutant
mice (17). In Prrt2-mutant mice, the onset of dystonia was notably
delayed relative to the elevation of calcium signals in the DCN in-
duced by localized cerebellar stimulation. This phenomenon is likely
attributed to slow SD propagation and cerebellar circuit organization.

When the SD was initiated by localized cerebellar stimulation in
Prrt2-mutant mice, it propagates slowly through the cerebellar cortex
at ~1.6 mm/min (17). Initially, only a limited portion of the cerebellar
cortex was affected by the SD, exerting a moderate influence on DCN

Wuetal,, Sci. Adv. 11, eadp2377 (2025) 9 May 2025

neurons that was insufficient to trigger dystonic behaviors. As SD
expanded, it progressively engaged a larger extent of the cerebellar
cortex, likely involving critical motor-associated regions, such as the
anterior Cbs (63). Once accumulated aberrant inputs exceeded a crit-
ical threshold, the activity of glutamatergic DCN neurons became
sufficiently disrupted, triggering dystonic behaviors through down-
stream premotor circuits. This progressive recruitment process with-
in the DCN might account for the relatively long latency of dystonia
observed in Prrt2-mutant mice.

In contrast, direct optogenetic stimulation of glutamatergic DCN
neurons in wild-type mice mimicked the abrupt calcium activity in-
crease observed during dystonic episodes in Prrt2-mutant mice, by-
passing the slower upstream processes in cerebellar cortex, and
resulted in immediate dystonia-like behaviors during stimulation.
The direct activation experiments support the hypothesis that DCN
glutamatergic neurons critically mediate dystonic behaviors.

DCN neurons exhibit spontaneous firing, and their activity is
modulated by various inputs, including inhibitory inputs from Pur-
kinje cells and excitatory inputs from mossy fibers (29-31). Our
findings revealed a two-phase increase in calcium signals in DCN
glutamatergic neurons, characterized by an initial mild elevation
followed by an abrupt rise in intracellular Ca** levels. The moderate
calcium elevation in DCN neurons occurred shortly after cerebellar
stimulation and preceded the onset of dystonic episodes in Prrt2-
mutant mice. Notably, a simultaneous increase in calcium signals
was also observed in the axon terminals of Purkinje cells. This con-
current activation of Purkinje cells and DCN neurons appears para-
doxical, given their inhibitory relationship. We propose that cerebellar
stimulation initially activates precerebellar systems, possibly through
a feedforward mechanism, resulting in the simultaneous excitation
of both Purkinje cells and DCN neurons via excitatory mossy fi-
ber inputs.

Subsequently, as SD progressively affected a greater number of
Purkinje cells arranged across multiple Cbs (64, 65) and drove them
into a depressed state, their tonic inhibition inputs to DCN neurons
were diminished. This disinhibition led to a rapid and pronounced
increase in DCN neuronal activity, which was then followed by de-
polarization block (17). At the level of individual DCN neurons,
this sequence of initial hyperactivity followed by depolarization
block reflects severe firing irregularities during dystonic episodes,
aligning with findings from previous studies (9, 10, 12). It is worth
noting that, during depolarization block, neurons are unable to ef-
fectively generate action potentials despite maintaining elevated in-
tracellular calcium levels (62). This may explain the discrepancy
between electrophysiological recordings of firing activity (17) and
calcium signal dynamics in the DCN during dystonic episodes in
Prrt2-mutant mice.

Glutamatergic neurons within the DCN project widely to the
thalamus, red nucleus, spinal cord, and brainstem targets (23).
Several thalamic nuclei, including the ventral lateral, ventral medial,
centrolateral (CL), and parafascicular nuclei, receive excitatory
DCN projections via the ascending pathway (23, 66). Previous stud-
ies have implicated the DCN-CL thalamus pathway in animal mod-
els of ouabain-induced dystonia and DYT25 dystonia (11, 58),
although the contributions of other thalamic nuclei to dystonia re-
main unclear. Given that the projections from the DCN to the CL
thalamus are excitatory (35, 67), it is postulated that glutamatergic
neurons in the DCN contribute to the animal model of cerebellar-
induced dystonia.
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Notably, excitatory DCN neurons project with collateralization
across multiple motor-related extracerebellar regions (23, 27, 37).
This projection pattern suggests that stimulation of DCN glutama-
tergic neurons may concurrently activate multiple downstream cir-
cuits through both ascending and descending pathways, thereby
inducing dystonic behaviors. This hypothesis aligns with the motor
network disorder theory of dystonia (68-70).

Glycinergic neurons within the DCN primarily project to the
cerebellar cortex and ipsilateral brainstem regions, specifically the
vestibular nuclei (VN) and the medullary reticular formation
(MedRF) (24, 71). The VN are renowned for their involvement in
tasks such as maintaining balance, spatial orientation, and gaze sta-
bilization (72, 73), while the MedRF typically orchestrates functions
related to head movements and gaze holding (74). Our study revealed
that activation of DCN glycinergic neurons in mice led to a momen-
tary loss of balance rather than lasting dystonia-like behaviors. It is
plausible that activation of glycinergic VN-projecting neurons in
the DCN causes the instantaneous fall in the mice. Overall, on the
basis of the evidence from the experiments of optogenetic stimula-
tion and ablation of glycinergic neurons, we suggested that glyciner-
gic neurons in the fastigial nucleus play a minor role in the generation
of dystonia.

In the DCN, a group of GABAergic neurons is primarily located
in the interposed and dentate nuclei, projecting to the IO nuclei in
the medulla oblongata (39). Recent studies have reported that ge-
netic elimination of the transmission from the IO to Purkinje cells
leads to reliable and nonreversible dystonic behavior in Ptf1a“"**;
Vglut2™°% mice (12). In this study, we hypothesized that stimulat-
ing GABAergic IO-projecting neurons in the DCN would enhance
inhibitory transmission in the IO nuclei, thereby reducing the excit-
atory outputs of IO neurons to Purkinje cells and disturbing mouse
movements. Unexpectedly, dystonia-like behavior was absent dur-
ing the activation of DCN GABAergic 10-projecting neurons. This
outcome suggests that the activation of these DCN neurons may not
sufficiently disturb the activity of enough IO neurons to induce dys-
tonic movements, as reported in mice entirely lacking fast glutama-
tergic neurotransmission in climbing fibers (12). In addition, recent
studies have shown that the IO nuclei receives both excitatory and
inhibitory projections from the fastigial and dentate nuclei, respec-
tively (40). Our study did not separately explore the excitatory
IO-projecting DCN neurons, and, while our findings suggest that
GABAergic IO-projecting neurons in the dentate nucleus play a lim-
ited role in generating dystonia-like behaviors compared to the
DCN glutamatergic neurons, they do not exclude the potential in-
volvement of the nucleo-olivary pathway in dystonic behaviors.

In addition to GABAergic IO-projecting neurons, the DCN
also contain a substantial population of local GABAergic inter-
neurons, as well as GABAergic projection neurons that target nu-
clei associated with motor and sensory functions (22, 23). Recent
work identified five inhibitory cell types within the DCN, distin-
guished by specific expression of characterized genes (21). How-
ever, at present, we still lack the available tools to selectively target
these distinctive groups of GABAergic neurons in the DCN. Further
investigation is warranted to understand the roles of various
GABAergic neuronal subpopulations in the DCN and their contribu-
tions to dystonia.

Abnormal outputs from the DCN have been considered a potent
target for the treatment of dystonia (7, 11, 12, 16-20). Several strate-
gies have been developed to modulate the dysregulated DCN
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outputs in dystonic animals. For example, cerebellar nucleus lesion
or cerebellectomy demonstrated efficacy in diminishing dystonic move-
ments in genetically dystonic rats (19, 20). The disconnection of the
link between the DCN and basal ganglia proved to be effective in
alleviating dystonia in ouabain-treated mice (11). Silencing of the
DCN using osmotically delivered lidocaine effectively eliminated
dystonia-associated tremors in Ptf1a“"**; Vglut2 "M mice (12).
Additionally, systematic treatments with anti-convulsant drugs, such
as carbamazepine or lacosamide, exhibited benefits in relieving
Prrt2-associated dystonia, which was associated with aberrant ac-
tivities in the DCN (17). Most recently, DBS has shown promising
results in animal models of dystonia. Targeting the DBS specifically
to the DCN of Ptf1a“™*;Vglut2"*M°* mice resulted in remarkable
immediate improvements in dystonic behaviors (7, 12). In this
study, we confirmed that ablation of DCN glutamatergic neurons
could potentially ameliorate dystonic movements in both the Prrt2-
associated dystonia model and the kainic acid-induced dystonia
model. This finding indicates the pivotal involvement of DCN gluta-
matergic neurons in the dystonia across different etiologies. In addition
to the ablation strategy, modulating the activity of DCN glutamatergic
neurons to intervene in dystonia attacks is promising (12, 75). How-
ever, it remains technically challenging to target and manipulate these
neurons specifically and effectively across all three DCN nuclei.

There were several limitations in this study. First, while our re-
sults confirm that abnormal outputs from DCN glutamatergic neu-
rons mediate dystonic behaviors, it remains unclear how distinct
subpopulations of these neurons, such as those projecting to the
thalamus, brainstem, and spinal cord, interact to modulate the dys-
tonic movements. Second, while we proposed sequential changes in
activity within the cerebellar circuit based on our observations of
calcium signals in axon terminals of Purkinje cells and DCN neu-
rons, the propagation characteristics of cerebellar SD, coupled with
the inherent temporal limitations of fiber photometry, make it chal-
lenging to accurately determine the precise sequence of neuronal
activity changes across these nodes. Third, in this study, we focused
on the role of DCN neuronal groups projecting outside the cerebel-
lum in dystonia. However, there are several subgroups of DCN neurons
sending projections to the cerebellar cortex, forming nucleo-cortical
pathways (26, 71, 76). These DCN neurons, such as DCN glyciner-
gic cells projecting to the granule cell layer of the cerebellar cortex
and forming synaptic connections with Golgi cells (71), were not
selectively explored in this study. Collectively, our findings delineate
the pivotal role of DCN glutamatergic neurons in the pathogenesis
of dystonia and may guide the development of targeted therapies for
cerebellar-originated dystonia.

MATERIALS AND METHODS

Experimental design

In this study, we devised a series of experiments to elucidate the role
of three distinct populations of neurons within the DCN in dysto-
nia. The Prrt2-mutant mice and a kainic acid-induced dystonia ani-
mal model were used in this study. First, we used cell-type-specific
targeting and calcium signal recording techniques to monitor the
activity of three neuronal populations in DCN during episodes of
dystonia in Prrt2-mutant mice. Then, optogenetic manipulations
were used to determine whether the activity of three types of DCN
neurons contributed to dystonia attacks. Last, we used a selective
ablation strategy to probe whether the aberrant outputs from DCN
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glutamatergic neurons were necessary for the dystonia attacks in
Prrt2-associated and kainic acid-induced dystonia animal models.

Animals

C57BL/6] mice were purchased from the Shanghai Laboratory Ani-
mal Research Center. vGlut2-cre (JAX: 016963) mice were obtained
from the Jackson Laboratory. GlyT2-cre (RBRC: 10109) mice were
acquired from RIKEN BRC.

In this study, Prrt2-mutant mice harboring premature stop co-
don in exon 2 of the proline-rich transmembrane protein 2 (Prrt2)
gene were used (28). These mice were bred for more than 10 genera-
tions on a C57BL/6] background. To specifically monitor calcium
signals in distinct neuronal populations in the DCN, Prrt2-mutant;-
vGlut2-cre mice and Prrt2-mutant;GlyT2-cre mice were generated
by crossing Prrt2-mutant mice with two Cre-driver mouse lines,
respectively: vGlut2-cre mice and GlyT2-cre mice. In these lines,
Prrt2 mutation resulted in the loss of PRRT2 protein expression in
the mouse brain, while Cre recombinase was specifically expressed
in glutamatergic and glycinergic neurons, respectively.

Mice were subjected to a 12-hour light/dark cycle (light on at
7:00 a.m.) with ad libitum food and water. All experimental proce-
dures conducted in this study were approved by the Animal Care
and Use Committee of the Center for Excellence in Brain Science and
Intelligence Technology, Chinese Academy of Sciences, Shanghai,
China (approval number, NA-009-2022). Both male and female ani-
mals aged 8 to 16 weeks were used in this study.

Viruses

In this study, the following viral tools were applied: AAV2/9-hSyn-
GCaMP6f-WPRE-pA (2.22 X 10" vector genomes (v.g.)/ml; Shanghai
Taitool Bioscience, no. S0536-9-H20), AAV2/8-hSyn-DIO-GCaMP6f-
WPRE-pA (4 X 10" v.g./ml; Institute of Neuroscience Gene Editing
Core, no. GP80), AAV2/8-PCP2/L7-GCaMP6{-WPRE-pA (1.47 X
10" v.g./ml; Shanghai Taitool Bioscience, no. S0664-8), AAV2/9-
PCP2/L7-stGtACR2-mCherry-WPRE-pA (1.73 X 10" v.g./ml;
Shanghai Taitool Bioscience, no. S1393-9-H20), AAV2/8-PCP2/L7-
EGFP-WPRE-pA (1.31 x 10" v.g./ml; Shanghai Taitool Bio-
science, no. WY3091), AAV2/9-hEF1a-DIO-EGFP-WPRE-pA (1.14 X
10" v.g./ml; Shanghai Taitool Bioscience, no. $0270-9-H20), AAV2/
9-EF1a-DIO-hChR2(H134R)-mCherry-WPRE-pA (1.15 x 10" v.g./ml;
Institute of Neuroscience Gene Editing Core, no. 20297), AAV2/
9-hSyn-hChR2(H134R)-mCherry-WPRE-pA (1.28 x 10" v.g./ml;
Shanghai Taitool Bioscience, no. S0165-9-H20), AAV2/9-CAG-DIO-
taCaspase3-TEVp-WPRE-pA (1.08 x 10" v.g./ml; Shanghai Taitool
Bioscience, no. $0236-9-H20), scAAV2/2Retro-hSyn-Cre-pA (1.65 X
10" v.g./ml; Shanghai Taitool Bioscience, no. $0292-2R-H20), and
AAV2/8-EF1a-DIO-mCherry-WPRE-pA (1.43 x 10" v.g./ml; Insti-
tute of Neuroscience Gene Editing Core, no. 50462). Viruses were
aliquoted and stored at —80°C until use.

Surgery

Mice administered meloxicam (5 mg/kg, subcutaneously) 30 min
before surgery for intraoperative analgesia. Mice were anesthetized
with isoflurane (4% for induction and 2% for maintenance) and
placed on a stereotaxic frame (David Kopf Instrument, Model 942).
Body temperature was maintained using a heating pad throughout
the surgery. To keep the eyes moist, erythromycin eye ointment
(Front Pharmaceutical Co. Ltd) was applied. For perioperative anal-
gesia, mice received 2% lidocaine injections at incision sites every
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30 min during the surgery. After that, a midline incision was made
to expose the skull, and 2% hydrogen peroxide was used to clean the
connective tissue on the skull surface. A custom-made head plate
was attached to the skull using light-curing self-etch adhesive (3M
ESPE Single Bond Universal) and dental cement. Subsequently, a
portion of the skull above the target area was carefully removed with
a surgical drill.

For virus and drug injection, a Nanoject III (Drummond Scien-
tific Company) was used to deliver the substance into the target at a
speed of 1 nl/s. Each 20 nl of injection was followed by a 15-s pause
interval. After the finish of injection, the glass pipette was kept in
place for an additional 10 min before being retracted. In the case of
chronic implantation, optical fibers and metal electrodes were posi-
tioned in the target brain area and secured to the skull using dental
cement. Postoperatively, mice received meloxicam (5 mg/kg, subcu-
taneously) every 24 hours for 3 days for analgesia, and a recovery
period of at least 2 weeks was allowed to recuperate and enable
AAV-mediated transgene expression.

Electrostimulation

Mice were anesthetized and prepared in accordance with the proce-
dures outlined in the surgery section. Specifically, two small holes
spaced 1.5 mm apart were drilled into the skull at the seventh Cb or
fourth and fifth Cbs [anterior-posterior (AP), —6.48 mm; medial-
lateral (ML), 0 mm; and dorsal-ventral (DV), —1 mm)] to facilitate
the insertion of two metal electrodes (100 pm in diameter, California
Fine Wire). These electrodes were implanted at a depth of —0.45 mm
from the dura and secured in place using dental cement.

One week post-surgery, the mouse was affixed to a custom-
designed head plate holder. The pre-implanted metal electrodes
were connected to a stimulus isolator (AMPI, ISO Flex). The electri-
cal stimulation (200 to 500 pA) was delivered through the isolator,
featuring a frequency of 20 Hz and a pulse width of 1 ms, lasting for
25t05s.

ECoG recording in the cerebral cortex

To investigate whether the attacks in Prrf2-mutant mice are associ-
ated with epileptiform activity, ECoG recording was performed in
the cerebral cortex. Two metal electrodes (100 pm in diameter,
California Fine Wire) were bilaterally implanted in the motor cortex
(AP, —0.34 mm; ML, +1 mm; and DV, —0.6 mm) of Prrt2-mutant
mice. One week after surgery, the mice were habituated to a head-
fixed condition for 1 hour before recording. ECoG signals (1 to 300 Hz)
were amplified 100X using an alternating current (ac)/dc differential
amplifier (Model 3000, A-M Systems) and digitized at 1 kHz with a
Digidata 1332A (Molecular Devices). Recordings lasted 10 min per
mouse. Electrical stimuli were applied to the seventh Cb immedi-
ately following a 2-min baseline period. Animal behavior was simul-
taneously recorded using a camera. After a 1-day recovery period,
mice received an intraperitoneal injection of pentylenetetrazol
(60 mg/kg) to induce tonic-clonic seizures, and ECoG signals were
recorded for 30 min.

dc-ECoG recording in cerebellar cortex

To investigate whether SD occurs in the cerebellar cortex of Prrt2-
associated and KA-induced dystonia animal models, we conducted
dc-ECoG recordings in the cerebellar cortex. Recording electrodes
(33 pm in diameter, California Fine Wire) were implanted in the
fourth and fifth Cbs of mice, with a reference electrode implanted in
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the motor cortex. One week after surgery, following a 1-hour head-
fixation acclimation, recordings were performed. ECoG signals (dc to
1000 Hz) were amplified 100X with an ac/dc differential amplifier and
sampled at 1 kHz through a digitizer.

Ablation of DCN neurons

For the ablation of DCN glutamatergic neurons, 360 nl of AAV par-
ticles (AAV2/9-CAG-DIO-taCaspase3-TEVp-WPRE-pA or AAV2/
8-EF1a-DIO-mCherry-WPRE-pA) were bilaterally injected into the en-
tire DCN (AP, —6.48 mm; ML, +0.95 mm; and DV, —2.45 mm; AP,
—6.36 mm; ML, +1.5 mm; and DV, —2.45 mm; and AP, —6 mm, ML,
+2.15 mm; and DV, —2.45 mm) of Prrt2-mutant;vGlut2-cre and
vGlut2-cre mice.

For the ablation of DCN glycinergic neurons, 200 nl of AAV par-
ticles were bilaterally injected into the fastigial nucleus (AP, —6.48 mm;
ML, +0.95 mm; and DV, —2.45 mm) of Prrt2-mutant;GlyT2-cre
mice. To ablate DCN GABAergic I0-projecting neurons, 300 nl of
AAV particles were bilaterally injected into the dentate nucleus (AP,
—6 mm; ML, +2.15 mm; and DV, —2.45 mm), with an additional
200 nl of AAV particles (scAAV2/2Retro-hSyn-Cre-pA) injected
into the IO (AP, —6.96 mm; ML, +0.38 mm; and DV, —5.5 mm) in
Prrt2-mutant mice.

Kainic acid microinjection
To further explore the potential alleviation of dystonic behaviors
through the ablation of glutamatergic neurons in the DCN in other
animal models of dystonia, a cerebellar-originated dystonia mouse
model induced by injecting kainic acid in the cerebellum was used.
The kainic acid monohydrate (Sigma-Aldrich, no. K0250-10MG)
used in our study was dissolved in 0.9% sterile saline, with the pH
adjusted to 7.4. A 10 mM solution of kainic acid, with a volume of
23.4 nl, was administered to the fourth and fifth Cbs (AP -6.48 mm,
ML 0 mm, DV -1 mm) in vGlut2-cre mice.

After the injection, the mice were securely fixed on a custom-
designed head plate holder. Behavioral observations were systemati-
cally conducted and recorded using a camera for at least 2 hours.

Fiber photometry recording in the DCN

In this study, the rationale for targeting specific nuclei in DCN was
based on the distribution features of the neuronal populations of
interest. To determine the activities of DCN neurons during epi-
sodes of dystonia in Prrt2-mutant mice, we used fiber photometry
to monitor calcium signals in the IN of DCN. AAV2/9-hSyn-
GCaMP6f-WPRE-pA virus (200 nl; 2 X 1012 v.g./ml) was unilater-
ally injected into the DCN (AP, —6.36 mm; ML, 1.5 mm; and DV,
—2.45 mm).

To assess alterations in calcium signals within DCN glutamater-
gic neurons of Prrt2-associated and KA-induced dystonia animal
models, 200 nl of AAV2/8-hSyn-DIO-GCaMP6f-WPRE-pA virus
was injected into either the right IN (AP, —6.36 mm; ML, 1.5 mm;
and DV, —2.45 mm) or left fastigial nucleus (AP, —6.48 mm; ML,
—0.95 mm; and DV, —2.45 mm) of Prrt2-mutant;vGlut2-cre and
vGlut2-cre mice.

For the observation of calcium signals in DCN glycinergic neu-
rons, 200 nl of AAV2/8-hSyn-DIO-GCaMP6{-WPRE-pA virus was
injected into the right fastigial nucleus (AP, —6.48 mm; ML, 0.95 mm;
and DV, —2.45 mm) of Prrt2-mutant;GlyT2-cre and GlyT2-cre mice.

To record calcium signals in DCN GABAergic I0-projecting
neurons, 300 nl of AAV2/8-hSyn-DIO-GCaMP6{-WPRE-pA virus
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was injected into the right interposed and dentate nuclei (AP, —6 mm;
ML, 2.15 mm; and DV, —2.45 mm), and 200 nl of scAAV2/2Retro-
hSyn-Cre-pA virus was injected into the left IO nuclei (AP, —6.96 mm;
ML, —0.38 mm; and DV, —5.5 mm) of Prrt2-mutant and wild-
type mice.

Subsequently, fiber-optic cannulas (Shanghai June Bio Tech, no.
LC20040na0.37P) were implanted with the end of the optical fiber
targeted to 0.15 mm above the injection sites of the DCN. Two metal
electrodes were implanted in the seventh Cb of the animals 1 week
later. Fiber photometry recordings were performed 3 weeks after vi-
rus injection to ensure sufficient viral expression.

During fiber photometry recordings, animals were head restrained,
and the implanted optical fiber was connected to a fiber photometry
system (RWD life science, no. R820) via a low-fluorescence optical
fiber patch cord (outer diameter of 200 pm, 0.37 numerical aperture,
length of 2 m). A two-channel model was used in this experiment.
The fluorescent signals were simultaneously acquired using light at
470 and 410 nm with time-division multiplexing (77). Calcium-
dependent signals were recorded at 470 nm, while the signals at 410 nm
(an isosbestic point for GCaMP) provided a readout insensitive
to calcium concentration (activity-independent signal), which allowed
us to monitor and correct motion artifacts. For the Prrt2-associated
dystonia animal model, calcium signals were recorded over a 10-min
duration in each trial. Electrical stimuli, triggered by digital output
signals from the fiber photometry system, were delivered to a local-
ized region of the seventh Cb immediately following a 4-min pre-
stimulation baseline phase. Animal behaviors were simultaneously
recorded by a camera. Each animal underwent three to six trials,
with a 1-day recovery period between trials to ensure mice could re-
cover from dystonia attacks. For the KA-induced dystonia animal
model, calcium signals were recorded for a 20-min baseline period.
Subsequently, KA solution was injected in the seventh Cb and cal-
cium signals were continuously recorded for 2 hours.

Fiber photometry recording in the VL nucleus of the
thalamus and RSG

To evaluate neuronal activities in the ventrolateral (VL) nucleus of
the thalamus, fiber photometry was used to detect calcium signals in
both Prrt2-mutant and wild-type mice. In each experimental group,
200 nl of AAV particles (AAV2/9-hSyn-GCaMP6f-WPRE-pA) were
injected into the left VL nucleus (AP, —1 mm; ML, —1.2 mm; and
DV, —3.3 mm).

To record calcium signals in the RSG, 200 nl of AAV2/9-hSyn-
GCaMP6f-WPRE-pA virus was injected into the right RSG (AP,
0.3 mm; ML, —2.92 mm; and DV, —0.9 mm) of Prrt2-mutant and
wild-type mice.

Subsequently, an optical fiber was implanted, targeting 0.15 mm
above the injection site. Following a 1-week recovery period, metal
electrodes were implanted into the seventh Cb of the mice. Three
weeks after surgery, fiber photometry recordings were conducted in
accordance with the aforementioned procedures.

Fiber photometry recording at the axon terminals of
Purkinje cells

To investigate calcium activities at the axon terminals of Purkinje
cells, fiber photometry was used. A total of 300 nl of AAV2/8-PCP2/
L7-GCaMP6f-WPRE-pA virus was injected into the fourth and fifth
Cbs (AP, —6.36 mm; ML, —2 mm; and DV, —0.45 mm) in both Prrt2-
mutant and wild-type mice. For control, the same volume of AAV2/8-
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PCP2/L7-EGFP-WPRE-pA virus was injected into the fourth and
fifth Cbs of Prrt2-mutant mice. Subsequently, an optical fiber was
implanted into the IN (AP, —6.36 mm; ML, —1.5 mm; and DV,
—2.3 mm) to monitor calcium signals from the axon terminals of
Purkinje cells. One week following the viral delivery and optical fi-
ber implantation, metal electrodes were implanted into the seventh
Cb according to the procedures outlined in the electrostimulation
section. Fiber photometry recordings were performed 3 weeks after
virus injection, following previously described methodologies.

Optogenetic activation of DCN

To investigate the involvement of distinct neuronal populations
within the DCN in dystonic behaviors, optogenetic manipulation
experiments were conducted. For the stimulation of DCN gluta-
matergic neurons, 200 nl of AAV particles [AAV2/9-EF1a-DIO-
hChR2(H134R)-mCherry-WPRE-pA or AAV2/9-hEFla-DIO-
EGFP-WPRE-pA] were injected into the right IN (AP, —6.36 mm;
ML, 1.5 mm; and DV, —2.45 mm) of vGlut2-cre mice. Similarly, for the
stimulation of DCN glycinergic neurons, 200 nl of AAV particles
were injected into the right fastigial nucleus (AP, —6.48 mm; ML,
0.95 mm; and DV, —2.45 mm) of GlyT2-cre mice. In the case of ma-
nipulating DCN GABAergic I0-projecting neurons, 300 nl of AAV
particles were injected into the right interposed and dentate nu-
clei (AP, —6 mm; ML, 2.15 mm; and DV, —2.45 mm), and, simulta-
neously, 200 nl of AAV particles (scAAV2/2Retro-hSyn-Cre-pA)
were injected into the left IO (AP, —6.96 mm; ML, —0.38 mm; and
DV, —5.5 mm) of wild-type mice.

After a recovery period of 2 to 3 weeks, optogenetic stimulation
was executed in freely moving mice. A laser (ADR-700A, Shanghai
Laser & Optics Century Co. Ltd.) was used to generate 473-nm
light, which was transmitted to the target region in the DCN through
a patch cable. The end of the patch cable was connected to the mice
by a fiber cannula previously implanted. Continuous or pulsed blue
light (10-ms pulse width at 30 Hz), with an approximate power of
4 mW at the fiber tip, was administered to the free-moving mice for
a duration of 20 s. We selected a 20-s stimulation duration to mimic
the sustained calcium signal increase in DCN neurons observed
during dystonia and minimize potential damage from continuous
light exposure. It is worth noting that continuous stimulation may
cause initial excitation followed by depolarization block in DCN
neurons (78), mirroring the responses of the DCN neurons ob-
served in Prrt2-mutant mice during dystonic episodes (17). Con-
currently, the behavioral responses of the mice were recorded with
a camera.

Optogenetic activation of RSG

To examine the role of RSG neurons in dystonic behaviors, 200 nl of
AAV2/9-hSyn-hChR2(H134R)-mCherry-WPRE-pA virus was in-
jected into the right RSG (AP, 0.3 mm; ML, —2.92 mm; and DV,
—0.9 mm) of wild-type mice. An optical fiber was then implanted
0.2 mm above the injection site. Optogenetic stimulation was con-
ducted 3 weeks postinjection using previously established protocols.

Optogenetic inhibition of Purkinje cells

To investigate whether reduced Purkinje cell output contributes to
dystonic episodes, optogenetic manipulation experiments were per-
formed. To achieve large-scale inhibition of Purkinje cells, AAV2/9-
PCP2/L7-stGtACR2-mCherry-WPRE-pA virus (200 nl per site) was
injected into the fourth to eighth Cbs at depths of 0.5 and 1 mm. A
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glass window (1.8 mm in diameter) was positioned over the brain
surface, covering portions of the sixth to eighth Cbs. Three weeks
postinjection, mice were head restrained, and continuous blue light
(14 mW, 20 s) was delivered via a wide-field microscope to inhibit
the targeted neurons. Behavioral responses were simultaneously re-
corded using a camera.

Open-field test

To evaluate locomotor activity, the open-field test was conducted
3 weeks after injection of taCasp3- or mCherry-encoding AAV parti-
cles. Mice were individually placed in a square arena (40 cm by 40 cm
by 60 cm) and allowed to explore freely for 10 min. Their move-
ments were recorded via an overhead camera connected to the Etho-
Vision XT11.5 tracking system (Noldus), which automatically quantified
the total distance traveled using its analysis software.

Rotarod

To assess motor coordination and balance, a rotarod apparatus (Ugo
Basile, Italy) was used 3 weeks after delivery of taCasp3- or mCherry-
encoding AAV particles. Mice were placed on a rotating rod starting
at a speed of 4 revolutions per minute (rpm), which gradually in-
creased to 40 rpm over 5 min. The latency to fall, defined as the time
the mouse remained on the rotarod without falling, was recorded
for each trial. Mice underwent a single day of training on the appa-
ratus, followed by testing on the subsequent day.

Beam walking

Motor coordination was assessed via beam walking test at 3 weeks
after injection of AAV particles encoding taCasp3 or mCherry. The
apparatus consisted of a horizontal wooden beam (1 m in length,
15 mm in diameter), elevated 50 cm above a thick blanket to cush-
ion any falls. A black box was placed at the end of the beam, serving
as a safe zone for the mice. Before testing, the mice were habituated
to the beam by allowing free exploration for 5 min daily over 2 con-
secutive days. On the day of testing, each mouse was placed at the
starting point of the beam, and the time taken to reach the black box
was recorded. Each mouse completed two trials, with a 5-min rest
between trials to minimize fatigue. All sessions were video recorded
for later analysis. The average latency to cross the beam was calcu-
lated from the two trials for each mouse.

Behavioral analyses

Behavior observations were monitored and recorded using a video
camera (MV-SUA502C-T, MindVision Technology) at a frame rate
of 30 frames per second (fps). Mice were acclimated to the custom-
built head plate holder for 30 min daily over 3 days before behav-
ioral tests. Dystonia attacks were defined according to established
criteria in previous studies (17). In brief, the onset of an attack was
identified when dystonic behaviors persisted for more than 5 s. The
termination of an attack was determined when the mice returned to
normal posture. In this study, dystonic behaviors were systematically
identified by the presence of any of the following specific abnormal
movements or postures, which include rigid forelimbs or prolonged
elevation of the forelimbs, held slowly raised and sustained in mid-air;
persistent backward stretching of the ears, remaining tightly pressed
against the skin; elongated trunk posture, with the abdomen close to
the ground and sometimes the back noticeably arched; prolonged el-
evation or excessive extension of hindlimbs; and slow, rigid elevation
of the tail.
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After the application of local stimulation to the cerebellar cortex,
Prrt2-mutant mice exhibited generalized dystonia, characterized by
abnormal postures in five distinct body parts: forelimbs, hindlimbs,
tail, trunk, and head. To quantify the severity of dystonia, a rating
method was used with a scale ranging from 0 to 5: A score of 0 indi-
cates no dystonic movements; 1 represents dystonic movements in
one body part; 2 in two parts; 3 in three parts; 4 in four parts; and 5
indicates dystonia affecting all five parts of the body.

To ensure objectivity and reduce potential bias, the behavioral as-
sessments focusing on the occurrence and severity of dystonia were per-
formed by experimenters who were blind to the conditions of the mice,
including the genotype and the specific types of AAV virus injected.

In optogenetic stimulation experiments, behavior is classified as
dystonia-like if it resembles one observed in Prrt2-mutant mice, oc-
curs exclusively during optogenetic stimulation, and lasts longer
than 2 s. For instance, optogenetically induced prolonged elevation
of a forelimb or hindlimb in wild-type mice qualifies as dystonia-
like behavior under these criteria.

To analyze the severity of the dystonia in kainic acid-treated
mice, the same rating method (scale ranging from 0 to 5) used in the
Prrt2-associated dystonia model was used. Given the distinct char-
acteristics of dystonia attacks in kainic acid-treated mice, where
dystonic movements occur repeatedly after injection of kainic acid
into the local cerebellar cortex, the cumulative duration of dystonic
movements within 30 min (from 40 to 70 min postinjection) was
analyzed. This specific time frame was chosen because it typically
encompasses the most pronounced dystonic behaviors, consistent with
the findings from previous studies (14).

Immunofluorescence staining

To assess the expression of GCaMP6f, EGFP, and mCherry, as well
as to identify the localization of optical fiber tracks, brain sections
from experimental animals were subjected to staining procedures.
Mice were anesthetized with pentobarbital (80 mg/kg, intraperito-
neal) and then perfused with phosphate-buffered saline (PBS) fol-
lowed by 4% paraformaldehyde (PFA). Following perfusion, the
brain tissues were carefully removed and postfixed in 4% PFA at 4°C
for 6 hours. The fixed tissues were then transferred to a 30% sucrose
solution (w/v in PBS) at 4°C for dehydration. Coronal sections (25 pm)
were cut at —20°C using a Cryostat microtome (Leica, no. CM1950).
Subsequently, the brain sections were blocked with blocking solu-
tion (3% BSA and 0.3% Triton X-100 in PBS) for 1 hour at room
temperature. Following the blocking step, the sections were incu-
bated with Hoechst (1:5000) for 2 hours at room temperature, washed
three times in PBS for 5 min each, and mounted onto slides.

To assess the expression of vesicular GABA transporter (vGat),
brain slices were prepared as described previously. After the block-
ing step, the slices were incubated overnight at 4°C with mouse anti-
vGat antibody (Abcam, no. ab211534). Following this, the slices
were washed three times in PBS and incubated for 2 hours at room
temperature with donkey anti-mouse antibody conjugated to Alexa
Fluor 647 (Invitrogen, 1:2000) and Hoechst (1:5000). Last, the slices
were washed three times in PBS for 5 min each and then mounted
onto slides. Fluorescence images were captured using a fluorescence
microscope (Olympus, no. VS120) equipped with a 10X objective.

RNAscope
To determine the mRNA level of vGlut2, vGat, and GlyT2 in the
DCN, in situ hybridization (ISH) was performed on cerebellar slices.
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Following anesthesia, mice were perfused with diethyl pyrocarbon-
ate (DEPC)-treated PBS and, subsequently, with 4% PFA. The brains
were postfixed in 4% PFA at 4°C for 6 hours and then transferred to
a30% DEPC-treated sucrose solution at 4°C for 3 days. Coronal sec-
tions (16 pm) were prepared as previously outlined and mounted on
SuperFrost Plus slides (Thermo Fisher Scientific, no. 12-550-15).
The mouse vGlut2 probe (Advanced Cell Diagnostics, no. 319171-
C2), vGat probe (Advanced Cell Diagnostics, no. 319191-C2), and
GlyT2 probe (Advanced Cell Diagnostics, no. 409741-C3) were used
in these experiments, and the ISH procedure was executed in ac-
cordance with the manufacturer’s instructions for RNAscope Multi-
plex Fluorescent Assays (Advanced Cell Diagnostics, no. 323110).
Fluorescence images were captured using a fluorescence microscope
(Olympus, no. VS120) equipped with a 10X objective. Glutamater-
gic neurons in DCN were manually counted. For each animal, im-
ages encompassing the three nuclei of the DCN were captured. The
average count of DCN neurons from both hemispheres in each
image was recorded to evaluate the effects of ablation. The count-
ing of cells was performed by experimenters blinded to the treat-
ment conditions.

Fiber photometry data analysis

The data were analyzed using a customized script written in MAT-
LAB software (MATLAB R2020a), following the method previously
described (77). Briefly, within individual trials, the fluorescence sig-
nals from the 470-nm channel were normalized to the rescaled sig-
nals from the 410-nm channel to eliminate the nonspecific responses.
The fluorescence change value (z-score) was then calculated as (F —
Fy)/o, where Fy and ¢ were defined as the mean value and SD,
respectively, of signal intensity recorded 120 s before electrostimula-
tion in Prrt2-associated dystonia animal model and during the 20 min
baseline period in the KA-induced dystonia animal model. To de-
termine the onset and cessation of increased calcium signals in each
trial, a threshold was set at two times the SD. Data were aligned to
the onset of dystonia or the stimulation for analyzing fluorescence
dynamics in relation to induced behavior responses. For the control
group, the average onset time of dystonic episodes observed in the
Prrt2-mutant group was adopted as a hypothetical reference point
for alignment.

Statistical analysis

The statistical analyses were performed using GraphPad Prism 6
(GraphPad Software Inc., La Jolla, US). To assess the proportion of
mice displayed dystonic movements across different groups, we used
Fisher’s exact test (two sided) to establish statistical significance. To
compare dystonia scores, the Mann-Whitney U test was used. To
compare the motor coordinate behaviors, attack durations, and the
number of three distinct populations of neurons in the DCN be-
tween two groups, unpaired Students t tests were used. Sample sizes
were not predetermined using any statistical methods. The results were
presented as means + SEM in all figures. Statistical significance was
defined at P < 0.05. Further details regarding the statistical tests used
and the sample sizes are available in the figure legends.

Supplementary Materials
The PDF file includes:

Figs.S1to S14

Legends for movies S1 to S6

Legend for data S1
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