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Abstract

Essential tremor (ET) is one of the most common movement disorders and the prototypical 

disorder for abnormal rhythmic movements. However, the pathophysiology of tremor generation in 

ET remains unclear. Here, we used autoptic cerebral tissue from patients with ET, clinical data, 

and mouse models to report that synaptic pruning deficits of climbing fiber (CF)-to-Purkinje cell 

(PC) synapses, which are related to glutamate receptor delta 2 (GluRδ2) protein insufficiency, 

cause excessive cerebellar oscillations and might be responsible for tremor. The CF-PC synaptic 

pruning deficits were correlated with the reduction in GluRδ2 expression in the postmortem ET 

cerebellum. Mice with GluRδ2 insufficiency and CF-PC synaptic pruning deficits develop ET-like 

tremor that can be suppressed with viral rescue of GluRδ2 protein. Step-by-step optogenetic or 

pharmacological inhibition of neuronal firing, axonal activity, or synaptic vesicle release 

confirmed that the activity of the excessive CF-to-PC synapses is required for tremor generation. 

In vivo electrophysiology in mice showed that excessive cerebellar oscillatory activity is CF 

dependent and necessary for tremor and optogenetic-driven PC synchronization was sufficient to 

generate tremor in wild-type animals. Human validation by cerebellar electroencephalography 

confirmed that excessive cerebellar oscillations also exist in patients with ET. Our findings identify 

a pathophysiologic contribution to tremor at molecular (GluRδ2), structural (CF-to-PC synapses), 

physiological (cerebellar oscillations), and behavioral levels (kinetic tremor) that might have 

clinical applications for treating ET.

INTRODUCTION

Essential tremor (ET) is the most common movement disorder (1) and a prototypical disease 

model for human motor rhythm control (2). However, the pathophysiology of ET remains 

poorly understood, probably due to its complex etiology. Genome-wide association studies 

revealed several candidate genes but lacked consistent results across sites (3–6). 

Environmental toxins, such as β-carboline alkaloids, also play a role in ET (7–10). The 

complicated genetic-environmental interactions in ET pose a major obstacle to generate 

animal models to probe ET pathophysiology (11). There is an unmet need for an animal 

model that can capture the adult-onset, chronic, and progressive action tremor that is 

observed in patients with ET (12).

Despite the complex etiology, the consistent core clinical feature of ET is a kinetic tremor 

that is likely to reflect common underlying brain circuitry alterations. In Parkinson’s disease 

(PD), the discovery of dopamine neuronal loss and α-synuclein aggregation greatly 

advanced the therapeutic paradigm and provided the conceptual framework for the 

subsequent genetic and microbiome studies (13, 14). Therefore, studying structural and 

molecular substrates by detailed postmortem pathological examination may offer invaluable 

information to understand the pathophysiology of ET.

Recently, we observed the pruning deficits of climbing fiber (CF)-to-Purkinje cell (PC) 

synapses in the postmortem ET cerebellum (15, 16). Specifically, cerebellum from patients 

with ET showed an increased number of CF synapses on the PC dendrites within the parallel 
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fiber synaptic territory, which is normally more distally situated than the CF synaptic 

territory (17). The excessive CF-PC synapses are a prominent pathological feature observed 

in ET and not in other cerebellar degenerative disorders (15). Moreover, the CF-PC synaptic 

pathology is consistently observed in ET with varying clinical features (such as independent 

of family history or age of onset) (18), suggesting that this synaptic pathology, among 

others, might be a core feature of ET. The PC synaptic changes in patients with ET provide a 

starting point to investigate the molecular candidates for ET pathophysiology.

The synaptic distribution on PC dendrites is strictly regulated by a set of molecules 

expressed on PCs (19). Metabotropic glutamate receptor 1 (mGluR1) and glutamate receptor 

delta 2 (GluRδ2) are two key proteins controlling the territorial distribution of CF and 

parallel fiber synapses on the PC dendrites (19, 20). This regulatory mechanism provides an 

opportunity to understand the synaptic changes observed in ET. It provides molecular targets 

for animal studies to bridge pure human observation into mechanistic investigation.

In this study, we identified the association between GluRδ2 protein expression and CF-PC 

synaptic pruning deficits in the postmortem cerebellum from patients with ET and further 

used a mouse model with ET-like cerebellar GluRδ2 deficiency, synaptic pruning deficits, 

and tremor. We applied optogenetic and pharmacological approaches with simultaneous 

electrophysiology in vivo to identify the circuitry mechanism of tremor in freely moving 

mice. Moreover, cerebellar electroencephalography (EEG) technique was developed to 

validate mouse discoveries in humans. Understanding the pathophysiology of tremor could 

help the development of effective therapeutic approaches for treating ET.

RESULTS

GluRδ2 protein reduction in the human cerebellum is correlated with PC synaptic 
pathology

We first investigated the PC synaptic pathology in a cohort of patients with ET (table S1, 

patient demographics). Our cohort constituted diverse clinical features of ET, including 

cases with and without head tremor, voice tremor, and a family history of tremor. Consistent 

with our previous observation (18), we found that patients with ET, as compared to age-

matched controls, had more CF synapses in the parallel fiber synaptic territory on PC 

dendrites (Fig. 1, A to D).

We next studied the expression of GluRδ2 and mGluR1, two key molecules that regulate PC 

synaptic organization, in the postmortem cerebellum of patients with ET. As compared to 

controls, patients with ET had approximately 75% reduction in the mean GluRδ2 expression 

(Fig. 1, E and F). A subset of patients and controls had both formalin-fixed tissues for the 

quantification of PC synaptic pathologies and frozen tissues for the Western blot 

determination of GluRδ2 expression, allowing us to perform correlation analysis. Consistent 

with the fact that GluRδ2 deficiency in mice will lead to abnormal PC synaptic pathology 

(specifically, CF synapses in the parallel fiber synaptic territory) (19, 20), we found that the 

amount of GluRδ2 inversely correlated with the percentage of CFs extending to parallel 

fiber synaptic territory (Fig. 1, G and H). In contrast, expression of mGluR1 protein did not 
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differ between patients and controls (Fig. 1E and fig. S1, A to C). Our results suggest that 

the PC synaptic pathology in ET might be related to the reduced GluRδ2 expression.

A mouse model has GluRδ2 insufficiency

To further study the interaction between GluRδ2 insufficiency and tremor, we identified a 

natural mutant mouse line (hotfoot17J) with partially preserved GluRδ2 expression 

mimicking ET. Reverse transcription polymerase chain reaction (RT-PCR) of different 

segments of Grid2 complementary DNA (cDNA), the gene that encodes GluRδ2, of the 

cerebellar cortex in hotfoot17J mice revealed that the PCR products including Grid2 exon 1–

4, but not exon 1–2, had a band shift to a higher molecular weight, although there was still a 

small amount of normal-length PCR products of Grid2 exon 1–4, suggesting an alternative 

splicing mechanism (Fig. 2A). We performed sequence analysis of the RT-PCR product and 

found that hotfoot17J mice carry a complete duplication of the exon 3 of Grid2 (Fig. 2B and 

fig. S2). We next performed quantitative PCR of the genomic DNA obtained from 

hotfoot17J mouse tails and determined the copy number of individual Grid2 exons. As 

compared with the wild-type (WT) littermates, homozygous hotfoot17J mice had a twofold 

increase in Grid2 exon 3, whereas heterozygous hotfoot17J mice had 1.5-fold increase. On 

the other hand, the copy number of Grid2 exon 16 remained unchanged (Fig. 2C). 

Hotfoot17J mice thus have duplication of exon 3 of Grid2. Although hotfoot strains usually 

imply mice with deleterious Grid2 mutation that produces no functional GluRδ2 protein, the 

alternative splicing mechanism in hotfoot17J mice leads to the production of approximately 

10% of full-length GluRδ2 protein (see below). We therefore used the term Grid2dupE3/dupE3 

or Grid2dupE3 mice hereafter to indicate the homozygous status of hotfoot17J mice to avoid 

the impression of total loss of GluRδ2 protein in hotfoot strains.

We found that Grid2dupE3 mice had a marked reduction in GluRδ2 expression in the 

cerebellum, but there was approximately 10% of full-length GluRδ2 protein being produced 

(Fig. 2D), suggesting that the alternatively spliced mRNA transcript of the full-length 

GluRδ2 could still make a certain amount of GluRδ2 protein. The result suggests that the 

long isoform of mutant GluRδ2 protein might be unstable and degraded in the cell body and 

the endoplasmic reticulum at the protein level, despite the presence of the long isoform 

GluRδ2 mRNA (Fig. 2A). GluRδ2 immunohistochemistry revealed a marked reduction in 

GluRδ2 in the cerebellar cortex of Grid2dupE3 mice (Fig. 2E and fig. S3A). Consistently, the 

dual immunofluorescence of calbindin and GluRδ2 also demonstrated a marked reduction in 

GluRδ2 in the PC dendrites of Grid2dupE3 mice (Fig. 2F and fig. S3B). We found weak 

immunofluorescence of GluRδ2 in the PC soma that partially colocalized with a marker of 

endoplasmic reticulum, GRP78 (Fig. 2G and fig. S3C). This supports the hypothesis that the 

long isoform of GluRδ2 containing two exon 3 regions might induce endoplasmic 

reticulum-associated protein degradation. We further compared the speed of protein 

degradation between WT mice and Grid2dupE3 mice by incubating cerebellar slices with 

either proteasomal (MG-132) or lysosomal inhibitors (NH4Cl and leupeptin). In WT mice, 

GluRδ2 expression did not change with either proteasomal or lyosomal inhibition of protein 

degradation during a 6-hour incubation period (Fig. 2, H and I), consistent with the long 

half-life of GluRδ2 protein (17). In contrast, Grid2dupE3 mice had 15 and 39% increase in 

GluRδ2 protein expression during a 6-hour proteasomal and lysosomal inhibition, 
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respectively, indicating accelerated protein degradation both by proteasomes and lysosomes 

(Fig. 2, H and I). GluRδ2 is the key molecule restricting CFs from extending into parallel 

fiber synaptic territory on PC dendrites (19, 20). Consistently, Grid2dupE3 mice also 

developed CF synapses innervating distal, thin PC dendrites (Fig. 2, J and K).

Together, Grid2dupE3 mice have a genetic mutation of Grid2, leading to mislocalization of 

GluRδ2 protein, accelerated protein degradation, and, consequently, a GluRδ2-insufficient 

state. Because of this unique genetic mutation, Grid2dupE3 mice are capable of producing 

some full-length GluRδ2 protein, which mimics the reduced expression of GluRδ2 protein 

and CF-PC synaptic pruning deficits in the cerebellum of patients with ET and might play a 

role in tremor.

Grid2dupE3 mice develop ET-like tremor

We next determined the tremor behaviors in our mouse model with GluRδ2 insufficiency. 

Using frequency spectrum analysis by fast Fourier transformation, we studied the frequency 

of tremor in freely moving mice on a sensitive force plate (Fig. 3A). We found that 

Grid2dupE3 mice developed a robust 20-Hz tremor (Fig. 3, B and C, and movie S1). We 

coregistered the tremor measurement with a real-time video capturing system to detect 

mouse movements (Fig. 3A) and found that the tremor occurred predominantly during 

action and minimally at rest (Fig. 3, D to F, and movie S1). The tremor developed 

approximately at 12 weeks of age (3 months) and progressively worsened over time (Fig. 3, 

G and H). Robust mouse tremor was reliably observed at the age of 18 weeks (P < 0.01; Fig. 

3I). Since ET is characterized by age-related kinetic tremor (21, 22), the mouse model with 

GluRδ2 insufficiency can recapitulate key tremor characteristics of ET.

To further validate our mouse model, we next tested the pharmacological responses of the 

mouse tremor to primidone and propranolol, two first-line therapies for ET (22, 23). In 

addition, we also determined the tremor responsiveness to ethanol, for which many patients 

with ET report that alcohol can suppress their tremor (21). We found that systemic 

administration of primidone, propranolol, or ethanol, but not saline, suppressed tremor (fig. 

S4). Together, the GluRδ2-insufficient mouse model recapitulates core clinical features of 

ET, including prominent kinetic tremor with minimal rest tremor, chronic tremor that is adult 

onset and progressive, and similar pharmacological responses to ET.

GluRδ2 rescue suppresses tremor in the mouse model

To further establish the causative contribution of GluRδ2 insufficiency in tremor generation, 

we used a viral approach to rescue GluRδ2 protein in Grid2dupE3 mice. We took advantage 

of rapid and peak protein expression around days 3 to 5 and the disappearance of protein 

expression at days 12 to 14 with Sindbis virus (SINV) infection (24) to assess rescue and 

reversibility of GluRδ2 in Grid2dupE3 mice. SINV carrying Grid2 mRNA (SINV-

GluRδ2WT-GFP) was injected into lobules IV to VI (motor cerebellum) of Grid2dupE3 mice 

(Fig. 3, J to L). We found that WT GluRδ2 protein could be reliably expressed in the motor 

cerebellum by postinjection day 5 (Fig. 3M). Consistent with the time frame of GluRδ2 

expression, tremor was reduced in Grid2dupE3 mice by postinjection days 4 to 6 (Fig. 3, N to 

P) and returned to baseline by postinjection days 12 to 14. The timing of tremor suppression 
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coincided with the corresponding changes of CF-PC synaptic pathology (fig. S5). To 

exclude a nonspecific effect of SINV in tremor modulation, we also injected SINV that only 

carries green fluorescent protein (GFP) (SINV-GFP). This control virus did not have effects 

on mouse tremor (Fig. 3Q and fig. S6), confirming that GluRδ2 insufficiency plays an 

essential role in Grid2dupE3 mouse tremor.

In addition to Grid2dupE3 mice, we also studied another strain of mice with spontaneous 

mutation of Grid2 gene, hotfoot4J, which also has GluRδ2 insufficiency (25). Homozygous 

hotfoot4J mice also developed 20-Hz tremor (fig. S7), supporting the role of GluRδ2 

deficiency in the pathophysiology of tremor.

CF-PC-deep cerebellar nuclei circuit contributes to tremor generation

To understand the circuitry mechanism from CF synaptic pruning deficits toward tremor 

generation, we investigated the tremor modulatory roles in the CF-PC-DCN (deep cerebellar 

nuclei) axis (Fig. 4A). We first removed the cerebellar cortex by applying cryoinjury to the 

brain surface in Grid2dupE3 mice (Fig. 4, B and C, and fig. S8). Dry ice exposure for 30 s 

immediately abolished mouse tremor (Fig. 4, D to E, and movie S2), suggesting a 

modulatory role of the cerebellum in tremor.

By expressing the inhibitory opsin halorhodopsin in PCs of the mouse motor cerebellum, we 

next optogenetically inhibited PC outputs by illuminating PC axonal terminals at the DCN 

(Fig. 4F). Green light (561 nm) illumination caused immediate suppression of tremor, and 

removal of the inhibition induced instantaneous rebounds (Fig. 4, G to J, and movie S3). In 

contrast, blue light (473 nm) did not activate halorhodopsin and had no effects on tremor 

(Fig. 4J, right). To further probe the function of CFs, we subsequently targeted the inferior 

olive (IO), the origin of CFs. IO neurons have gap junction-mediated electrotonic coupling, 

making optogenetic interventions targeting ion currents unreliable in IO (26). We therefore 

inhibited IO activity by lidocaine microinfusion in situ. Tremor was not only suppressed by 

IO inhibition (fig. S9) but also followed the time courses of IO activity changes identified by 

single-unit recording (Fig. 4, K to O). We also analyzed the spike-phase coupling between 

single-unit activity of IO and the corresponding phase profiles of the oscillatory signals from 

the force plate (fig. S10). As compared with the WT mice, IO simple spikes developed 

correlation with tremor phases. IO bursts, which have shown greater contribution to CF 

signaling to PC (27), revealed much stronger spike-phase coupling with tremor (fig. S10, B 

and C). Together, the data show that neuronal activity from IO to PCs and PCs to DCN 

contributes to tremor generation.

CF-PC synaptic activity generates tremor

Besides CFs, IO neurons also have sparse collaterals to DCN (28). These olivonuclear fibers, 

in theory, may directly modulate cerebellar outputs at DCN and bypass the CF-PC effects. 

To dissect the potential contributions between olivocerebellar and olivonuclear projections in 

tremor mice, we chose synaptophysin (SYP)-anchored mini singlet oxygen generator 

(miniSOG), an optogenetic tool for synapse-specific inhibition (29). Blue light triggered 

miniSOG-dependent generation of free radicals that could destroy nearby vesicle docking 

proteins and disturb synaptic vesicle release for hours (Fig. 5A) (29). Moreover, this is a 
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method free from rebound firings or back firings by optogenetic ion current modulators that 

may cause remote effects on axonal collaterals (30). We injected bilateral IOs with adeno-

associated virus (AAV)-carried SYP-miniSOG, which resulted in broad distribution of 

miniSOG at CF presynaptic terminals (Fig. 5, B and C), allowing for optogenetic 

manipulation of neurotransmission. Taking advantage of the long-lasting effects of SYP-

miniSOG, we achieved diffuse CF inhibition in vivo by scanning the cerebellar surface with 

blue light via a transparent cranial window (Fig. 5D), which preferentially inhibited the CF 

synapses extending to the outer surface of the molecular layer, where we observed the 

excessive CF synapses in the parallel fiber territory. Inhibition of the CF-PC synaptic 

transmission sufficiently suppressed tremor up to 1.5 hours (Fig. 5, E to H, and movie S4). 

Scanning the cerebellar surface with nonactivating green light did not result in tremor 

suppression (Fig. 5H). In addition, synaptic silencing of IO-to-DCN olivonuclear fibers did 

not modulate tremor (Fig. 5, I to N). These results clarified the specificity of tremor 

mechanism and confirmed that the activity of overgrown CF-to-PC synapses contributes to 

tremor generation.

CF-PC synaptic pruning deficits create excessive cerebellar oscillations

Recently, synchronization of PC neuronal activity has been observed in multijoint movement 

control (31), and CFs can generate PC synchronization in microbands during action (32–35). 

If CFs regulate behavioral rhythm via PC synchronization, the CF hyper-innervation on PCs 

may augment the synchronization beyond the microbands, leading to large-scale cerebellar 

oscillations that are electrophysiologically detectable by local field potentials (LFPs) and 

coherent with tremor. To test this hypothesis, we next examined the LFPs in the mouse 

cerebellum. We observed robust cerebellar oscillations at 20 Hz, and the oscillations were 

coherent with tremor in Grid2dupE3 mice (Fig. 6, A to D). In contrast, WT mice with normal 

CF innervations did not generate excessive cerebellar oscillations (Fig. 6, B to D).

Excessive cerebellar oscillations are linked to mouse tremor

To establish the relationship between excessive CF innervations, cerebellar oscillations, and 

tremor, we first measured the spike-phase coupling between IO single-unit activity and 

cerebellar oscillations around tremor frequency (15 to 25 Hz). Similar to the results observed 

between IO spikes and tremor (fig. S10), Grid2dupE3 mice developed spike-phase coupling 

between cerebellar oscillations and IO spikes, especially for the bursting spikes (fig. S11). 

We next measured cerebellar LFPs in Grid2dupE3 mice for which IO activity was suppressed 

by lidocaine microinfusion in situ (fig. S12A). IO silencing abolished cerebellar oscillations 

that tightly followed the chronological changes of tremor (fig. S12, B to D), demonstrating 

that cerebellar rhythm and oscillatory activity are CF dependent.

To further investigate the causal relationship between excessive cerebellar oscillations and 

tremor, we used optogenetic approaches to force synchronous and rhythmic PC firings in 

WT mice by transfecting PCs in the motor cerebellum with AAV-CaMKIIa-ChR2 (Fig. 6, E 

and F), an excitatory opsin. The rhythmic blue light illumination at the PC axonal terminals 

generated synchronous and rhythmic PC outputs that lead to mouse tremor, as well as 

cerebellar oscillations by PC synchronization via back-propagating axonal activity (Fig. 6, G 

to J, figs. S13 and S14, and movie S5). Cerebellar oscillations and tremor were coherent 
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with each other and reversibly regulated by synchronous PC activation (Fig. 6, G and H). In 

contrast, control green light at the same frequency and intensity did not generate any 

cerebellar oscillatory or behavioral effects (Fig. 6J and fig. S14). The results suggest that 

excessive cerebellar oscillations by synchronous and rhythmic PC activity are sufficient to 

generate tremor. Putting the evidence together, GluRδ2 insufficiency causes CF synaptic 

pruning deficits, and the surplus CF-PC synaptic activity generates excessive cerebellar 

oscillations, which drive tremor.

Patients with ET can have excessive cerebellar oscillations

The mouse model reveals how CFs regulate cerebellar oscillations and tremor. Patients with 

ET have prominent CF synaptic pathology and predominant action tremor and may also 

have excessive cerebellar oscillations. To test this prediction, we first performed cerebellar 

EEG in 10 patients with ET and 10 age-matched controls (patient demographics in table S2). 

We observed that patients with ET had robust cerebellar oscillations at the human tremor 

frequencies (4 to 12 Hz) (Fig. 7, A to D). Source localization analysis confirmed that 

oscillations originated from the cerebellum but not the adjacent occipital cortex (Fig. 7, E to 

H).

EEG recording at the cerebellar region is a new technique. It is therefore crucial to exclude 

other potential artifacts and signal sources. Muscle artifacts, motion artifacts, and alpha 

rhythm from occipital lobes are major candidates that may lead to false-positive signals. For 

muscle artifacts, we recorded wide-band (0.3 to 250 Hz) signals from nearby capitis muscles 

simultaneously to identify frequency-dependent contamination from muscles to EEG leads. 

Wires from cerebellar EEG leads and muscle leads were bundled together to ensure that 

motion artifacts affect these leads equally. It is clear that cerebellar EEG and muscle signals 

have different spectral distribution (fig. S15, A and B) and characteristics (fig. S15, C and 

D). Moreover, the power of cerebellar EEG signals at the range of tremor frequencies (4 to 

12 Hz) are five times larger than those recorded in the nearby muscle leads (fig. S16), 

suggesting that the smaller muscle and motion artifacts are likely not major contributors to 

the much larger cerebellar EEG oscillatory signals at the tremor frequencies.

Cerebellar EEG oscillations in our patients with ET fall into 4 to 12 Hz, which covers alpha 

(8–12) frequencies. We next determined whether cerebellar EEG oscillations are volume 

conduction from occipital alpha rhythm. Several lines of evidence showed that occipital 

alpha and cerebellar rhythms are different. First, all EEGs were recorded during eyes-open 

condition, which suppresses occipital alpha activity. Bipolar montage comparison (Fig. 7G) 

in recorded EEG suggested that oscillations in patients come from the cerebellar but not the 

occipital region. Second, occipital alpha activity should exist in both patients and normal 

subjects, but cerebellar oscillations were only observed in patients with ET (Fig. 7, C to E). 

Third, direct evidence showed that frequencies of cerebellar oscillations and occipital alpha 

rhythms in the same patient are distinct (fig. S17).

Cerebellar oscillations in patients with ET correlate with tremor severity

To further validate the EEG findings and evaluate the correlation between oscillatory power 

and ET severity in human, we expanded the cohort to 20 patients with ET and 20 age-
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matched controls (table S3 for demographics). The oscillatory power can be better described 

by the area under curve near the oscillatory peak value rather than the single peak value. We 

therefore defined the cerebellar oscillatory index (COI), as the area under the curve of the 

oscillatory peak ±1 Hz (Fig. 7I, left). As expected, COIs were higher in patients with ET 

than in controls (table S3). Moreover, COIs were correlated with tremor scores in patients, 

showing that COI could be an index reflecting tremor severity (Fig. 7I, right).

Taking the evidence together, excessive cerebellar oscillations in patients with ET, as 

predicted by the mouse model, can be captured by cerebellar EEG and are correlated with 

tremor severity. Currently, diagnosis of ET is based on pure clinical tremor phenomenology 

and direct tremor measurement (36), without a physiological marker indicating the 

underlying brain circuitry abnormalities. Cerebellar oscillations can be a physiological 

signature and a therapeutic target for ET.

DISCUSSION

In summary, this study identified a pathophysiology of tremor with evidence spanning 

molecular, structural, physiological, and behavioral levels in mouse models of tremor and 

patients with ET (graphical summary in fig. S18). Reduced GluRδ2 protein in PCs can lead 

to pruning deficits of CF-to-PC synapses in mice, and the activity of these surplus CF-PC 

synapses contributes to excessive cerebellar oscillations that generate tremor. With the 

cerebellar EEG technique, we validated that excessive cerebellar oscillations also exist in 

patients with ET and correlate with tremor severity. The translational aspect of the current 

study provides the first physiological signature of ET and a new tool, cerebellar EEG, 

applicable to living patients for clinical diagnosis and future research.

One major unanswered question in this study is the neuronal determinant of tremor 

frequency. As compared with patients with ET, the tremor frequency in Grid2dupE3 mice is 

almost doubled. The frequency may depend on the intrinsic firing properties of each 

oscillatory node, the interactions between nodes, and the size of the oscillatory circuit. Our 

data showed that optical synchronization of PC outputs can also generate 10-Hz tremor in 

addition to the 20-Hz tremor in Grid2dupE3 mice, suggesting the capability of PC and tremor 

in other frequencies. The mechanism of frequency selection requires future study.

This study provides an approach to ET based on cerebellar EEG. However, EEG is not the 

only tool to probe cerebellar electric activity. Magnetoencephalography (MEG), including 

recently developed optic-pumped MEG, has been validated in cerebellar research (37–40). 

As compared with EEG, MEG has better source-localizing ability and higher signal-to-noise 

ratio in high frequencies but preferentially loses electric signals from perpendicular dipoles 

(specifically, electric signals projecting from cerebellar cortex to the deep nuclei). Therefore, 

combination of the two technologies may provide a better picture of human cerebellar 

activity.

One important argument is that Grid2 gene mutation has not been identified in previous 

genetic studies for ET (3–6). A complete loss of GluRδ2 protein due to deleterious Grid2 
mutations in human can lead to a specific disease entity, autosomal recessive spinocerebellar 
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ataxia type 18 (41), with clinical manifestations of ataxia, in addition to tremor, whereas 

patients with ET often have prominent tremor and subtle ataxia signs, such as difficulty in 

performing tandem gait (42). Our data suggest that a partial loss of GluRδ2, rather than a 

complete loss, can create prominent action tremor, suggesting dose-dependent regulation of 

the cerebellar phenotypes. Protein homeostasis is critically important for cerebellar 

disorders. For instance, disturbance of ataxin-1 protein expression has a marked impact on 

the disease phenotypes in the mouse model of spinocerebellar ataxia type 1 (43, 44). GluRδ2 

may be an important contributing molecule for ET, and studying the regulatory mechanism 

of GluRδ2 expression in the adult cerebellum, by either genetic or environmental factors, 

can potentially yield additional molecular targets for ET.

ET is considered a group of diseases rather than a single disease entity. On the basis of the 

mouse model and corresponding cerebellar EEG findings in human, excessive cerebellar 

oscillations in patients with ET may be originated from the CF synaptic pathology and can 

be a noninvasive biomarker to identify a subgroup of patients potentially beneficial from 

GluRδ2- or CF-based therapy. However, there are possibilities that other mechanisms could 

also generate excessive cerebellar oscillations. Future studies are required to identify the 

detailed parameters of cerebellar oscillations across different behavioral scenarios in 

Grid2dupE3 mice and patients with ET. These parameters may help for better identification of 

a subset of patients that are amendable to therapy targeting the CF synaptic pruning 

mechanism.

Oscillatory activity is common in the brain for movement control and cognitive processing. 

However, oscillations in different brain regions can lead to diverse behaviors. Cerebellar 

oscillations can drive tremor, whereas oscillatory activity in the basal ganglia may correlate 

with bradykinesia in parkinsonian state (45, 46). The detailed mechanism will shed light on 

common principles about how the brain controls movements with therapeutic implications.

The current study identified the link between neuronal oscillations and synaptic pruning in 

the cerebellum in Grid2dupE3 mice with potential clinical implications for tremor. Excessive 

cerebral oscillations have been found in other neurological disorders, such as autistic 

spectrum disorder (ASD) (47–51), and there are mounting successful experiences in patients 

with ASD receiving deep brain stimulations in various brain regions (52–54). Currently, 

repairing the structural abnormality of synaptic pruning deficits is a major research focus for 

therapies in ASD (55–57). Our findings provide a different therapeutic prospect that pruning 

disorders may also be treated via rhythm correction, which might be exploited for treating 

tremor.

There are several limitations of this study. Although our study indicates that CF-to-PC 

synapses are essential for cerebellar oscillations in tremor, the contribution of parallel fiber-

to-PC synapses still needs to be considered in future studies. Granule cell and PC activities 

are known to influence cerebellar LFPs (58–62) and could interact with CF-to-PC synapses 

at the circuit level to determine tremor frequency or amplitude. In addition, whether tremor 

is generated in relation to the zone-specific organization of the cerebellum deserves further 

study. The neuronal determinant of tremor frequency remains elusive and requires future 

exploration. Although pathological and electro-physiological findings were observed in both 
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tremor mice and patients in this study, most of the mechanisms were only investigated in 

mice. To identify the tremor mechanism in humans, further research is required to examine 

both cerebellar oscillations and CF pathology in the same patient. Our works mainly focus 

on the circuitry mechanism; the molecular mechanism responsible for GluRδ2 down-

regulation remains to be explored in patients with ET. Autoantibodies targeted on GluRδ2 

have been reported to cause acute cerebellar ataxia and tremor (63), but there is still lack of 

direct evidence that tremor is linked to the decreased expression or functional deficit of 

GluRδ2 protein. All these future research directions will advance our deeper understanding 

of tremor pathophysiology.

MATERIALS AND METHODS

Study design

Our study uses multidisciplinary approaches to explore the mechanism of tremor in both 

mouse models and patients with ET. We used postmortem cerebellar pathology in patients 

with ET and controls to identify the candidate microstructural changes and the 

corresponding molecular targets. We applied the mouse models with similar molecular 

changes and examined the corresponding structural, electrophysiological, and behavioral 

correlates to patients. With animal models, we probed the circuitry mechanism and the 

cerebellar EEG signatures by tremor measurement, cryoinjury, optogenetics, synaptic 

silencing, and simultaneous electrophysiology in vivo. The EEG signatures identified in the 

mouse model were used to guide the development of cerebellar EEG technology in humans 

and validate the abnormal cerebellar oscillations in patients with ET. All the mice and 

human experiments are single-blind design without randomization. The animals or subjects 

were preassigned to their groups, power precalculated for sample size, and analyzed by team 

members blind to the animal or subject status.

Statistical analysis

For categorical variables, we used chi-square analysis. For continuous variables, we first 

determined the normality using Kolmogorov-Smirnov test. For normally distributed 

variables, we tested the statistical significance of the differences between experimental 

groups in instances of single comparisons by the two-tailed Student’s t test. In instances of 

multiple comparisons, we used one-way analysis of variance (ANOVA) followed by Tukey’s 

post hoc tests to determine statistical significance. For non-normally distributed variables, 

we used Mann-Whitney analysis to compare between groups, and Wilcoxon signed-rank test 

to compare the tremor before and after drug administration and also tremor before and after 

SINV-mediated rescue. We performed Spearman’s correlation for non-normally distributed 

variables. We used GraphPad Prism 5 and SPSS for the statistical analysis. All tests of 

statistical significance were conducted at the two-tailed α level of 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PC synaptic pathology in ET correlates with reduced GluRδ2 expression.
(A) Representative images of CF synapses in the postmortem human cerebellar cortex of a 

patient with ET and a control (Ctrl). Patients had more CF synapses, as visualized by 

VGlut2 puncta (green), on the thin, spiny branchlet of Purkinje cell (PC) dendrites (arrows). 

(B) Quantified VGlut2 puncta counts (15 ET and 19 controls, Student’s t test). (C and D) 

Representative cerebellar cortical sections (C) and quantification (D) of VGlut2 

immunohistochemistry for CF-PC synapses. The dotted lines indicated the border between 

the outer 20% and the inner 80% of the molecular layer. (E to H) Images and quantification 

of Western blot analysis of GluRδ2, mGluR1, and glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) in frozen cerebellar cortex [(F) 15 ET and 15 controls, Student’s t 
test; (G and H) available in 11 ET and 8 controls, Spearman’s correlation]. CF, climbing 

fiber; ET, essential tremor; VGlut2, vesicular glutamate transporter type 2; PC, Purkinje cell; 

ML, molecular layer.
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Fig. 2. GluRδ2 protein insufficiency in mice recapitulates ET-like CF synaptic pathology.
(A) RT-PCR of the cerebellar cortex of Grid2 cDNA from hotfoot17J mice. PCR fragments 

that include exon 3 showed an increase-sized fragment. kbp, kilo base pair. (B) Diagrams of 

WT and hotfoot17J Grid2 cDNA allele. bp, base pair. (C) Quantitative PCR of genomic 

DNA of exon 3 and exon 6 of Grid2 gene from WT or homozygous hotfoot17J (Grid2dupE3) 

mice (n = 3 in each group, Kruskal-Wallis, one-way ANOVA). (D) Western blots of the 

cerebellar cortex of WT and homozygous hotfoot17J (Grid2dupE3) mice [(D) n = 5 in each 

group, Student’s t test). (E) Representative images of GluRδ2 immunohistochemistry. (F) 

Representative images of dual immunofluorescence of calbindin to visualize PCs (green) 

and GluRδ2 (magenta). (G) Representative images of dual immunofluorescence of GRP78 

to visualize endoplasmic reticulum (magenta) and of GluRδ2 (green). (H) Western blots of 
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cerebellar slices incubated with either proteasomal (MG-132) or lysosomal (NH4Cl and 

leupeptin) inhibition in a WT mouse or a hotfoot17J (Grid2dupE3) mouse and (I) the 

quantification of GluRδ2 expression [(I) n = 8 in each group, Kruskal-Wallis one-way 

ANOVA). DMSO, dimethyl sulfoxide. (J) Representative images of dual 

immunofluorescence of calbindin and VGlut2 in a WT mouse or a Grid2dupE3 mouse. The 

dotted lines indicate the border between the outer 20% and the inner 80% of the molecular 

layer. (K) Quantification of the percentage CF synapses in the outer 20% of the molecular 

layer in WT and Grid2dupE3 mice (n = 8 in each group, Student’s t test). Error bars denote 

SEM. *P < 0.05, **P < 0.01, and ****P < 0.001. dupE3, Grid2dupE3; WT, wild type.
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Fig. 3. Reduced expression of GluRδ2 protein in mice causes progressive kinetic tremor.
(A) Scheme showing tremor recording with simultaneous motion monitoring in a freely 

moving mouse. (B and C) Representative time-frequency plots (B) and normalized power 

spectral density (PSD) diagram [(C) n = 10 mice in each group] of tremor in 3-month-old 

mice (see Materials and Methods). FFT, fast Fourier transformation. (D to F) Kinetic tremor 

in Grid2dupE3 mice. A time-frequency plot and the corresponding PSD diagram, coregistered 

by video-based motion detection, showed kinetic predominant tremor [(F) n = 9 mice]. (G to 

I) Tremor progression with age. Representative time-frequency plots (G) and corresponding 

PSD diagrams (H) in Grid2dupE3 mice and group analysis of peak PSDs (I) from WT or 

Grid2dupE3 mice in different ages (n = 5 mice in each group). (J) Construct design for 

Sindbis virus (SINV) expressing GluRδ2 for the rescue experiment. (K) Schematic 
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demonstrating SINV-mediated GluRδ2 expression in the cerebellar cortex. DAPI, 4′,6-

diamidino-2-phenylindole. (L) GFP expression in a Grid2dupE3 mouse motor cerebellum 

injected with SINV-GluRδ2WT-GFP. (M) GluRδ2 protein expression in Grid2dupE3 mouse 

cerebellum transfected with either SINV-GluRδ2WT-GFP or control SINV-GFP at 

postinjection day 5. (N) Representative time-frequency plots of tremor in a Grid2dupE3 

mouse before SINV-GluRδ2WT-GFP injection in the cerebellum (day 0) and at postinjection 

day 5 and day 14. (O) Representative PSD diagram of tremor in a Grid2dupE3 mouse 

injected with SINV-GluRδ2WT-GFP at different time points. (P) Group analysis of tremor 

PSD peaks by SINV-GluRδ2WT-GFP intervention (n = 7 mice). (Q) Quantification of peak 

tremor PSD of Grid2dupE3 mice transfected with SINV-GluRδ2WT-GFP (n = 7 mice) when 

compared with control SINV-GFP at different time points (n = 6 mice). n.s., not significant. 

*P < 0.05, **P < 0.01 by Wilcoxon signed-rank tests. See also fig. S4.
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Fig. 4. CF-to-PC pathway contributes to tremor generation.
(A) Scheme showing the IO-CF-PC-DCN axis of the cerebellar pathway. (B to E) 

Cryoinjury of cerebellar cortex. Thirty seconds of dry ice exposure (B) created loss of 

anatomical architecture of lobules IV to VI of the cerebellar cortex (C). A representative 

time-frequency plot of a Grid2dupE3 mouse before and after cryoinjury to the cerebellum 

(D). Group data of PSD diagrams (left) and quantification of corresponding peak PSD 

(right) in Grid2dupE3 mice before and after cryoinjury to the cerebellum [(E) n = 5 mice]. (F 
to J) Optogenetic inhibition of PC outputs. We virally expressed NpHR 3.0 in PCs and 

suppressed PC outputs by optic inhibition of PC axonal terminals in DCN (F). NpHR 

expression was colocalized with calbindin, a specific marker of PCs, in both cerebellar 

cortex and DCN [(G) right and left panels, respectively]. Green light suppressed tremor 
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instantaneously, and the light removal caused immediate reappearance of tremor (H and I). 

Quantitative spectrum analysis demonstrated significant and reversible effects of PC outputs 

in tremor generation [(J) n = 3 mice, each had two runs]. (K to O) IO silencing by in situ 

lidocaine microinfusion. Lidocaine suppressed IO firings in representative multiunit traces 

(L, right) and quantitative single-unit analysis (L, left, n = 15 units in two mice). 

Behaviorally, lidocaine effects on tremor followed the time course of IO activity changes 

shown in representative plots (M to N) and group analysis [(O) n = 7 mice]. *P < 0.05 and 

***P < 0.001 by Wilcoxon signed-rank tests. Error bars denote SEM. DCN, deep cerebellar 

nuclei; IO, inferior olive.
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Fig. 5. Optogenetic silencing of CF synapses suppresses tremor.
(A) Schematic illustration of SYP-miniSOG functions. Illumination of miniSOG with blue 

light causes synaptic protein damage and, thus, inhibits synaptic vesicle release. (B and C) 

Expression of SYP-miniSOG in the CF synaptic terminals. Viral injection of SYP-

miniSOG-citrine in the IO (B) and the expression of citrine in the CF synaptic terminals 

across the cerebellar cortex, confirmed by the colocalization with VGlut2 on PCs, visualized 

by calbindin (C). (D to H) Blue light scanning of lobules V and VI of the cerebellar surface 

and tremor in Grid2dupE3 mice. We scanned the cerebellar surface with blue light through a 

cranial window in the sequence indicated by arrows [(D) see Supplementary Materials and 

Methods for details] and measured mouse tremor in different time points (E to G). Effective 

blue light and controlled green light illumination showed different effects on tremor [(H) n = 
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4 mice in two runs]. (I to N) Effect of slicing synaptic terminals from IO-to-DCN 

collaterals. Virus was injected into IO and optic fiber was placed in DCN (I), confirmed by 

fluorescence imaging showing citrine (+) synaptic terminals in DCN (J). Representative 

time-frequency plot (K) and corresponding PSD (L and M) of mouse tremor are shown in 

different time points. PSD peaks were compared in between baseline and postillumination 

hour 1 in a group of Grid2dupE3 mice [(N) n = 3 mice in two runs]. *P < 0.05 by Wilcoxon 

signed-rank tests. Error bars denote SEM. SYP, synaptophysin.
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Fig. 6. Cerebellar oscillations correlate to tremor generation.
(A) Scheme showing simultaneous recordings of cerebellar LFPs of lobules V and VI and 

tremor in a freely moving mouse. (B and C) Representative time-frequency plots and 

corresponding PSD diagrams in a WT mouse and a Grid2dupE3 mouse. (D) Group analysis 

of PSD peaks (n = 7 mice in each group, *P < 0.05 by Mann-Whitney tests). (E) Scheme 

demonstrating AAV-mediated ChR2 expression in the PCs, and an optic fiber was implanted 

in the DCN to activate PC axonal terminals. (F) AAV-CaMKIIa-eChR2-mCherry expression 

in lobules IV to VI. In the cerebellar cortex, CaMKIIa is a promoter specific for PCs. (G and 

H) Representative time-frequency plots and PSD diagrams of cerebellar oscillations, tremor, 

and coherence for optogenetic PC stimulation in a WT mouse. (I and J) Quantitative data of 

cerebellar LFP and tremor before, during, and after blue light stimulation (I) and also 

nonactivating green light control (J) (n = 4 mice in each group; **P < 0.01 by Wilcoxon 

signed-rank tests). Error bars denote SEM. CB, cerebellum. LFP, local field potential.
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Fig. 7. Patients with ET develop excessive cerebellar oscillations.
(A and B) Human cerebellar electroencephalogram (EEG) recorded in the different 

cerebellar regions in both patients and controls. (C and D) Representative time-frequency 

plots (C), and corresponding PSD diagrams and group analysis [(D) n = 10 patients and 10 

age-matched controls; ***P < 0.001 by Mann-Whitney test]. (E to H) Source localization 

and bipolar comparison of cerebellar oscillations in patients with ET. EEG was recorded in 

awake patients under eyes-open condition to suppress occipital alpha rhythm. Location of 

EEG leads (E) and representative PSD diagrams (F) with color-coded EEG intensity at 

human tremor frequency (4 to 12 Hz). The highest intensity (red) is located in the cerebellar 

region. Direct comparison between cerebellar leads (Cb2-Cb1) and occipital leads (O2-O1) 

in a representative patient (G) and group analysis [(H) n = 5 patients; *P < 0.05 by Wilcoxon 
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signed-rank test]. (I) Cerebellar oscillatory index (COI) and its correlation with tremor 

severity in patients in an extended cohort (n = 20 patients, r = 0.64, P = 0.002 by Pearson’s 

correlation coefficient). Error bars denote SEM.
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