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Abstract
Tremor is the most common movement disorder; however, we are just beginning to understand the brain circuitry that generates
tremor. Various neuroimaging, neuropathological, and physiological studies in human tremor disorders have been performed to
further our knowledge of tremor. But, the causal relationship between these observations and tremor is usually difficult to
establish and detailed mechanisms are not sufficiently studied. To overcome these obstacles, animal models can provide an
important means to look into human tremor disorders. In this manuscript, we will discuss the use of different species of animals
(mice, rats, fruit flies, pigs, and monkeys) to model human tremor disorders. Several ways to manipulate the brain circuitry and
physiology in these animal models (pharmacology, genetics, and lesioning) will also be discussed. Finally, we will discuss how
these animal models can help us to gain knowledge of the pathophysiology of human tremor disorders, which could serve as a
platform towards developing novel therapies for tremor.
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Abbreviations
AMPA α-Amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid
CF Climbing fiber
CS Complex spike
CV Coefficient of variation
DCN Deep cerebellar nucleus
EEG Electroencephalogram
ET Essential tremor
fMRI Functional magnetic resonance imaging
KO Knockout
GABAAR GABAA receptor
HCN channel Hyperpolarization-activated

cyclic nucleotide-gated channel
IO Inferior olive

ISI Inter-spike interval
MES Maximal electroshock seizure
NMDA N-methyl-D-aspartate
PC Purkinje cells
pcd Purkinje cell degeneration
PD Parkinson disease
PET Positron emission tomography
SCA Spinocerebellar ataxia

Introduction (Elan D. Louis, Phyllis L. Faust)

Tremor is one of the most common forms of involuntary
movement and may be defined by abnormal, rhythmic oscil-
lations [1]. Because of its features of frequency, amplitude,
and phase, it is also one of the most measurable movement
disorders in humans. A range of different diseases may man-
ifest tremor, with the most common of these being essential
tremor (ET), which is characterized by kinetics as well as
other types of tremor [2]. Indeed, it is estimated that in the
USA alone, 7 million people are affected with ET (i.e., 2.2%
of the US population) [3], and with age, this proportion
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increases, so that as many as 20% or more of 90-year-old may
be affected [4]. Tremors are also a feature of a range of other
neurological diseases, including Parkinson disease (PD), dys-
tonia, and spinocerebellar ataxia (SCA). Furthermore, tremor
is a strikingly common and limiting side effect of numerous
medications [5]. Hence, the public health impact of research
on ET and other tremor disorders is sizable. Despite the high
prevalence of these disorders, the number and efficacy of
pharmacotherapeutic options for these disorders remain se-
verely limited, leaving a large population of patients symp-
tomatic and untreated. Surgical treatments for some of these
disorders, such as thalamic deep brain stimulation and focused
ultrasound thalamotomy, can provide significant relief; how-
ever, surgical and post-surgical risks as well as tachyphylaxis
remain issues of concern [6]. One roadblock to more success-
ful therapies is the relative lack of understanding of the mech-
anisms that underlie tremor disorders. It is only through addi-
tional research that this landscape can change.

Studies of tremor among humans have used a variety of
approaches, including neuroimaging [7], neurophysiology
[8], and neuropathology [9]. However, approaches that ob-
serve humans are limited. Animal models allow investigators
to manipulate the system, providing a fertile experimental
avenue for understanding disease mechanisms.

Tremor is a symptom or a sign rather than a disease; there-
fore, animal models may be roughly divided into those that
reproduce this sign (e.g., toxin-based models) versus those
that attempt to reproduce the underlying disease pathophysi-
ology (e.g., genetic models). Put another way, some animal
models are useful for studying the alterations in brain circuitry,
particularly the cerebello-thalamo-cortical circuit, that drive
the symptom of tremor, whereas others are useful for under-
standing the underlying disease patho-mechanisms that cause
ET and other tremor disorders. The downstream therapeutic
products of these models are symptomatic therapy and disease
modifying therapy, respectively.

The goal of this consensus paper is to bring together experts
who have used animal models to study tremor disorders. Each
comes from a different perspective. Specifically, we will first
review pharmacological tremor models: rodent harmaline
models (“The Harmaline Tremor Model (Adrian
Handforth)”), and a swine harmaline model ("Swine Model of
Tremor (Su-youne Chang)"), and how the basic science learned
from these models can help us understand tremor generation
(“In Search of Mechanism of ET: Is There a Role for the
Olivocerebellar System? (Billur Avlar and Eric J. Lang)”) We
will then discuss tremor models with structural changes in the
cerebellar circuitry, in terms of molecular changes (“Car8wdl

Mutant Mouse as a Model for Cerebellar-Related Tremor
(Lauren N. Miterko, Amanda M. Brown, Roy V. Sillitoe)”),
synaptic alterations (“Climbing Fiber-Purkinje Cell (CF–PC)
Synaptic Pathology: a Potential Implication In Tremor (Ming-
Kai Pan, Sheng-Han Kuo)”), cerebellar degeneration (“Shaker

Rats and SCA2 as Potential Models to Study Tremor (Collin J.
Anderson, Stefan M. Pulst)”) and alterations of inhibitory neu-
ral transmission (“GABAergic Signaling and ET: Insight from
Epilepsy Models (Martin J. Gallagher)” Next, we will review
the roles of ion channels in tremor models (“A Clinical
Hypothesis for Hyperpolarization-activated Cyclic
Nucleotide-gated (HCN) Channels in ET (Kyle A. Lyman,
Dane Chetkovich)” and “ET Channelopathies: the Role of Ion
Channel Mutations (Lorraine N. Clark)”). Previous tremor
models have mostly focused on rodents; recently, fly models
have been created to study tremor, for which we will review
(“ET Channelopathies: the Role of Ion Channel Mutations
(Lorraine N. Clark)” and “Drosophila Model of FUS in ET:
Challenges and Limitations (Murni Tio and Eng-King Tan)”).
Finally, we will discuss lesion models of tremor in monkeys
(“Primate Model of Action Tremor (Rodger J. Elble)”). The
investigators use a variety of animals for their studies—
rats, mice, flies, pigs, and monkeys—with each approach
offering both advantages and disadvantages. Their work
serves to highlight not only what is currently known but
also, just as important, areas of uncertainty and gaps in
knowledge. Collectively, these experts provide a compre-
hensive overview of the field and ideas for future research
directions.

The Harmaline Tremor Model (Adrian
Handforth)

Harmaline is aβ-carboline that induces action tremor in mam-
mals, with a frequency that ranges from 8–10 Hz in monkeys
to 11–14 Hz in mice [10], likely reflecting brain size. In ro-
dents, harmaline tremor involves the limbs, tail, trunk, head,
and whiskers. Tremor cannot be reliably elicited on repeat
administration, a phenomenon known as tolerance.

Harmaline promotes 6–12 Hz burst-firing in inferior olive
(IO) neurons by increasing the cyclical post-hyperpolarization
depolarizing rebound [11–13]. In cats, harmaline selectively
induces rhythmic, synchronous firing in the medial and dorsal
accessory olive subnuclei [14] that is propagated via CFs to
PCs, where synchronous 6–12Hz complex spikes (CSs) occur
within parasagittal bands of cerebellar cortex [15–17].
Convergent harmaline-induced rhythmic PC CS activity re-
sults in marked hyperpolarization of deep cerebellar nucleus
(DCN) neurons, which often triggers rebound depolarization
[18]. In addition, metabolic and Fos mappings have shown
activation of the molecular and granule cell layers of vermis
and paravermis in the cerebellum [17, 19, 20].

The behavioral expression of this rhythmic olivocerebellar
oscillation is action tremor at the same frequency. Spinal mo-
toneuron recordings reveal that the tremor is linked to IO PC
CS rhythmic activity [16]. The requirement for IO coupling is
shown by loss of the tremor response after IO destruction [21],
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administration of gap junction blockers [22], or after IO cells
have been rendered tolerant by repeated harmaline adminis-
tration [23]. Lesions of CFs abolish tremor [16]. The require-
ment for intact PCs and normal CSs is shown by marked
reduction or loss of harmaline tremor in PC degeneration mice
(pcd) [24] and in Kv3.3 knockout (KO) mice that have defec-
tive CSs [25, 26]. Thalamic stimulation suppresses harmaline
tremor, indicating the requirement for the DCN-thalamus out-
flow [27].

The degree of IO coupling, and hence PC CS synchrony, is
controlled by GABAergic afferents, mainly from the DCN
and by glutamate release on α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptors within the IO
[28]. AMPA receptor antagonists suppress harmaline tremor
[29, 30], whereas the allosteric AMPA receptor agonist, PF-
4778574, causes tremor in several species, including primates
[31]. 5-HT2A receptor activation increases IO coupling and
PC CS synchrony [32], potentiates harmaline tremor [32],
and can itself induce tremor [33, 34]. Systemically adminis-
tered T-type calcium channel antagonists or intra-IO microin-
jection of mibefradil suppress harmaline tremor [35, 36], like-
ly by interfering with the IO oscillation.

Much like how the maximal electroshock seizure (MES)
model in mice has been used to screen drugs for epilepsy
treatment although it models seizures, a symptom of epilepsy,
rather than the disease epilepsy itself, the harmaline model
may similarly offer utility for screening drugs to treat tremor,
the main symptom of ET. The potential usefulness as a pre-
dictive model depends on the extent of anatomical, pharma-
cological, and physiological overlaps between the tremor of
ET and that of harmaline. In illustration, the pharmacologic
overlap ofMES seizures with that of clinical epilepsy is rooted
in similar anatomic circuitry and physiology, so that it pro-
vides a platform for therapeutic drug development. Similarly,
the harmaline model cannot be a model of ET the disease but
offers utility for screening drugs to treat tremor, the main
symptom of ET.

Concerning the anatomy, the circuits activated by
harmaline overlap substantially those implicated in ET.
Positron emission tomography (PET) blood flow scans show
activation of the DCN andmedial cerebellar cortex in ET [37].
In the harmaline model, metabolic and Fos mappings show
similar cerebellar activation, including activation of the DCN
neurons, PCs, and granule cell neurons [19, 20, 38]. PCs are
required for harmaline tremor as indicated in pcd mice [24].
The requirement for PCs in ET is inferred by the loss of tremor
when the afferent pathway to PCs is interrupted by pontine
lesions [39]. In ET, the DCN-thalamus outflow is critical for
tremor expression as indicated by loss of tremor when the
DCN-thalamic relay site is subjected to deep brain stimula-
tion, which blocks oscillatory transmission, or to thalamotomy
by various techniques. Similarly, thalamic stimulation sup-
presses harmaline tremor [27] and implies PCs are critical

for tremor in both conditions. However, there are two caveats
concerning the anatomy: (1) The term “overlap” is used, rec-
ognizing possible partial non-overlap. The utility for drug
screening will depend on the extent of overlap, which we
suspect is substantial, but non-overlapping tremor circuitry
might lead to divergent results. (2) Harmaline is administered
to animals with intact brains, whereas the cerebellum of ET
patients displays pathology. Pathological changes in ETmight
affect the predictive value of harmaline tremor as a drug
screening model.

The pharmacologic profile of harmaline tremor has consid-
erable overlap with that of ET, responding to propranolol,
primidone, alcohol, benzodiazepines, gabapentin, gamma-
hydroxybutyrate, 1-octanol, and zonisamide, while being ex-
acerbated by drugs that worsen ET, such as tricyclics and
caffeine [40]. As an action tremor, harmaline tremor is easily
suppressed by anything that reduces activity, such as sedation,
fatigue, fear, pain, ataxia, malaise, and nausea. At least in
some cases, these factors likely led to false positives, i.e.,
drugs that suppressed harmaline tremor but did not show ef-
ficacy in clinical trials.

The physiological basis of harmaline tremor is enhanced,
rhythmic synchronized IO and PCCS firing, with propagation
of rhythmic synchronized activity at the IO oscillator frequen-
cy to the DCN, thalamus, and eventually spinal motoneurons.
The use of this symptomatic model does not require any in-
ference that the IO is pathologically or functionally compro-
mised in ET. Indeed, normal functioning of the IO–DCN path-
way has been inferred in ET patients receiving deep brain
stimulation, as indicated by eyeblink conditioning [41], and
imaging and pathologic studies have been negative for IO
abnormalities [42]. On the other hand, it is uncertain whether
increased PC CS synchrony occurs in ET. This is a reasonable
supposition, however, given the evidence that motor cortex
outflow is gated by the IO PC CS oscillation, and movement
amplitude is affected by the degree of PC CS synchrony [43].
This oscillation could be the basis of the rhythmic 8–10 Hz
EMG rhythmic firing that underlies ~ 10 Hz submovements
during slow movements in humans [44] (that also is respon-
sible for 8–12 Hz physiological tremor) and has been mapped
to an oscillatory circuit involving the cerebellum, thalamus,
primary motor, and premotor cortex [45], a circuit very similar
to that mapped in ET [46].

In summary, the venerable harmaline model does not offer
insights into the etiology of ET but should be regarded as a
potentially useful vehicle for screening drugs for the main
symptom of ET, tremor. Care should be taken in dose selection
to avoid confounding effects. Any drug dose that is tested in
the harmaline model should be shown in sensitive tests not to
compromise psychomotor functioning; otherwise, the predic-
tion of anti-tremor efficacy may not be valid. There may be
potential for pharmacologic non-overlap with ET due to its
lack of pathology and possible partial non-overlap of tremor
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circuitry and physiology. Nonetheless, it is noteworthy that all
drugs that suppress tremor in ET also suppress tremor in the
harmaline model, suggesting a high degree of overlap. Based
on the above discussion of clinical and model evidence, it may
be inferred that logical targets for tremor therapy are overac-
tive cerebellar granule cells and PCs and excessive synchrony
among IO neurons and among PCs. From this insight, the
model has had predictive success for 1-octanol [47], and the
results of a clinical trial of a T-type calcium channel antago-
nist, predicted by the model to be effective, were encouraging
[48].

Swine Model of Tremor (Su-youne Chang)

In the biomedical and translational research fields, it is impor-
tant to perform physical fidelity tests with animals which are
compatible with humans in size. Large animal models such as
pigs, dogs, sheep, and non-human primates have been used for
this purpose. Recently, pigs have been increasingly used in the
neuroscience field due to the similarity of their anatomy and
neurodevelopment to the human brain, their compatible brain
size and volume of the brain to non-human primates, and the
relatively mild economic and ethical concerns surrounding
their use compared to that of non-human primates [49, 50].
In addition, the pig brain is gyrencephalic and more closely
resembles the human brain in thalamic cellular population and
function compared to the rodent brain [51–53]. Swine models
can become a reasonable preclinical animal model to investi-
gate whole brain network mechanisms using multi-modal re-
cording and neuromodulation systems [54, 55]. However, due
to the lifespan and difficulty in maintaining an inbreeding
colony, genetic and/or molecular engineering approaches are
currently limited.

For these reasons, harmaline-based tremor model has been
developed and evaluated in pigs before genetic modification-
based model development. Like other species, harmaline can
induce visible and significant whole-body tremor in pigs [56].
In the case of pigs, relatively low concentrations of harmaline
have been administered (2.5–6 mg/kg) compared to rodents.
The tremor frequency is 10–16 Hz, similar to human ET and
harmaline-induced tremor in rodents. Tremor is apparent dur-
ing resting and walking; however, during walking, the tremor
becomes more prominent than during lying or resting. The
tremor amplitude is dose dependent, but the frequency is
not. Harmaline tolerance has also been observed in the pig
model. The underlying cellular and/or neural network mech-
anisms of tremor generation have not been fully investigated
in the swine model. However, according to its peak tremor
frequency, the olivary-cerebellar network might be expected
to be involved [13, 57]. Since it is hard to perform histological
analyses with a large animal, functional magnetic resonance
imaging (fMRI) or other whole brain imaging methodologies

will be needed to identify the involvement of cerebellar and
other brain areas.

Another interesting observation in the pig tremor model is
that there are several other behavioral and physiological
changes that occur. These changes have not been described
in rodent models. ET is known to be a clinically heteroge-
neous disorders involving many other non-motor symptoms,
such as cognitive, psychiatric, sensory impairment, and de-
mentia [58]. In clinical research, an fMRI study presented of
patients with ET showed a greater magnitude of brain re-
sponse in the dorsolateral prefrontal cortex and in the inferior
parietal cortex as compared to controls, when patient perfor-
mance was similar to the control group [59]. Structural abnor-
malities in the prefrontal cortex and parietal and temporal
lobes (fronto-temporal cortex) have been shown to be impli-
cated in ET [60]; therefore, involvement of non-motor func-
tional changes have been well documented in clinical
research.

Harmaline has been known to have a stimulant effect on the
central nervous system [61]. In the harmaline-induced pig
model, not only tremor but also anxiety- and depression-like
behavior have been reported [56]. This phenomenon may not
be directly translated into the clinical presentation or psycho-
logical comorbidity of ET [62], since these mood changes
could be caused by side effects of cardiovascular changes
because some pigs showed agitation, barking, falling and hy-
perthermia at the first harmaline (6 mg/kg) administration ses-
sion. However, the possibility that harmaline can induce psy-
chiatric behaviour, such as anxiety and depressive-like behav-
ior, cannot be ruled out.

In pigs, congenital tremor (myoclonia congenita) has been
reported as spontaneous and sporadic tremor. Its peak frequen-
cy of tremor is 14 to 15 Hz. Affected pigs showed a coarse
tremor of the extremities when standing and walking, so they
tended to remain recumbent, during which the tremor was
suppressed [63]. The underlying mechanism of this tremor is
thought to be caused by viral infection [63]. Since the congen-
ital tremor does not share neurodegenerative characteristics
with clinical human tremor, this tremor in pigs is hard to be
used as a clinically relevant model of tremor.

It is not easy to study genetic background or to pinpoint a
specific molecule of tremor generation in pigs due to the dif-
ficulties in inbreeding the animals. However, pigs can be used
to investigate whole brain networks and in neuromodulation
studies, since a large volume of the brain can be accessible to
implanting multiple sensing probes in multiple brain areas and
its anatomical similarities to humans help accelerate transla-
tion from the bench to clinic. Recent development of molec-
ular investigational tools, such as optogenetics [64] and viral
infection approaches for cellular calcium imaging [65], can be
used in pigs to overcome some of these experimental limita-
tions. Thus, a pig model of tremor could become a valuable
prec l in ica l model to unders tand the under ly ing
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neurophysiology contributing to ET and other action tremors,
as well as the mechanism by which different therapeutic inter-
ventions can ameliorate tremor.

In Search of Mechanism of ET: Is There a Role
for the Olivocerebellar System? (Billur Avlar
and Eric J. Lang)

Harmaline tremor with its focus on the olivocerebellar system
has been the major animal model of ET for many decades. Yet,
evidence for dysfunction of the IO in ET is limited, and thus
far, no pathological changes in the IO have been observed
[66]. Moreover, pathological changes in the cerebellum exist,
including a modest loss of PCs, PC axonal abnormalities, and
“hairy” baskets [67–69]. Decreases in GABA receptors in the
DCN have also been reported [70]. These changes raise the
possibility that the cerebellum, and not the IO, is the primary
site of pathogenesis and provide the basis for the cerebellar
degeneration hypothesis of ET [71].

The cerebellar degeneration hypothesis, however, also
faces challenges. In particular, the physiological basis by
which this pathology could result in tremorigenic activity is
not apparent (providing such a basis is one of the strengths of
the harmaline model). With this issue in mind, we review the
properties of the olivocerebellar system and the cerebellar cir-
cuitry (both intrinsic and the projections to and from the IO)
and then discuss whether the pathological changes in PCs are
likely to lead to tremor or whether dysfunction of the
olivocerebellar system may still be needed, as suggested by
the harmaline model.

ET requires the rhythmic synchronous activation of motor
circuits. The organization of the olivocerebellar system pro-
vides a clear mechanism for accomplishing this. IO neurons
are electrically coupled [11, 72], and this coupling underlies
CS synchrony [73, 74]. Although the level and distribution of
synchrony are normally controlled by IO afferents, loss of this
control causes widespread synchrony [28, 75], which can
drive a tremor with characteristics similar to ET [15, 16].
Furthermore, bilateral synchronization of CS activity occurs
[75–77] and could underlie the bilateral synchronization of the
tremor in ET.

Nevertheless, these findings are not proof that the
olivocerebellar system is involved in ET. So, it is worth con-
sidering how the cerebellum might generate synchronized 4–
12 Hz activity independently of the olivocerebellar system as
a result of the pathology mentioned above, all of which would
likely reduce the inhibitory control of DCN neurons. One
possibility is that because DCN cells or PCs (the main synap-
tic input to the DCN) are spontaneously active, they could
become pacemakers for driving a tremor. However, most
PCs and DCN neurons fire tonically at average rates well
above the frequencies characteristic of ET, with no

predilection to fire at those frequencies [78–82]. An exception
is glutamic acid decarboxylase (GAD)+ DCN cells, which, at
least in vitro, firing phasically and at lower average firing rates
(~ 10 Hz) [79]; however, many of these cells project back to
the IO (some are local interneurons) and thus do not project to
downstream, motor-related regions.

Could the tonic decrease in inhibition that would be expect-
ed to result from a decrease in PCs or PC axonal dysfunction
lead to 4–12 Hz activity? This seems unlikely, given that
cooling of the cerebellar cortex increases DCN firing rates
[83, 84] and that lower simple spike rates are associated with
increased DCN activity [85].

Synchronization of DCN activity is also needed for cere-
bellar output to drive tremor. In theory, synchronized simple
spike activity would lead to synchronous modulation of DCN
cells. However, correlation of simple spikes among PCs is
weak and is limited to PCs that are located within a few hun-
dred microns of each other [85–87]. Moreover, there is no
obvious mechanism by which intracerebellar circuitry could
generate widespread simple spike synchrony. Indeed, the most
obvious mechanism for synchronizing simple spikes is shared
parallel fiber input, but parallel fibers are only a few millime-
ters in length, a small fraction of the human cerebellum. In
sum, intracerebellar cortical networks are highly local in na-
ture and not designed to generate widespread synchrony.

Given the local nature of intracerebellar networks, wide-
spread synchrony likely needs to be imposed by cerebellar
afferents. Interestingly, the cerebellum forms closed loop cir-
cuits with many of its targets, suggesting that aberrant cere-
bellar output could be fed back to the cerebellum in such a
way as to generate widespread synchronized and rhythmic
activity. Here, we consider whether the pathological changes
in the cerebellum could alter input to the IO such that the
olivocerebellar system would drive synchronized rhythmic
output from the DCN, because this system is known to have
the potential to synchronize widespread regions of the cere-
bellum [75].

The reported pathology in ET (PC loss, axonal abnormal-
ities, decreased GABA receptors in the DCN) [67–70] would
be expected to produce a general decrease in the PC inhibition
of DCN neurons. This decrease in inhibitory control would
cause a tonic increase in DCN-IO projection cell activity,
which, in turn, would lead to a decrease in the synchronization
of CS activity, rather than the increase needed to drive tremor
[88]. It should be mentioned that PC axons show increased
branching in the cortex in ET [68], and this has been suggested
to occur in the DCN as well [89]. Increased PC branching in
the DCN could, at least partly, compensate for the other path-
ological changes, so that tonic inhibitory drive to the DCN is
closer to normal. Nevertheless, the tonic changes in DCN
activity that would likely result from the ET pathology as a
whole do not appear to provide an obvious mechanism for
producing tremor.
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It is possible, however, that ET pathology might produce
changes in phasic activity could underlie tremor. In particular,
the decrease in PCs implies that each DCN cell would receive
input from fewer PCs. As a result, each DCN cell could ex-
perience wider variations in the level of inhibition it receives
(i.e., with fewer cells it is easier to have periods of highly
synchronized input or ones free from inhibition). Such pat-
terning of PC into periods of synchronous activity inter-
spersed with silences has been shown to produce phase-
locked DCN bursting [90].

While this hypothesis by which ET pathology could cause
bursting activity in individual DCN neurons, and perhaps
even synchronous bursting among local clusters of DCN neu-
rons (as a result of increased PC branching), may be part of the
mechanism for generating tremor, it is likely not sufficient. In
particular, it is unlikely to produce the widespread synchroni-
zation and 4–12 Hz rhythmicity needed to generate tremor
because expansion of PC axonal territory in the setting of
PC loss appears to be limited. For example, in the cortex, there
is no significant increase in PC axonal territory in ET [68].
Furthermore, in both the cortex and DCN, PC axons are nor-
mally restricted to specific regions based on their origin
[91–93], and this compartmentalization seems to be obeyed
in other instances of PC loss [89].

Thus, the question how the observed pathological changes
in ET lead to activity that could produce tremor remains? One
possibility suggested by the closed loop nature of cerebellar-
IO connections is that the locally synchronized modulation of
DCN activity (resulting from the pathology and compensatory
changes in the cerebellum) could be expanded and made more
rhythmic, via the loop circuits with the IO. That is, the coor-
dinated modulation of small clusters of DCN cells could en-
train and couple the activity of clusters of IO neurons whose
activity could serve as foci for triggering more globally syn-
chronized CS because of the electrical coupling of IO neurons.
Indeed, consistent with this idea, CS activity can rapidly
sweep across bands of PCs [73], suggesting that activity in
one region of the IO can trigger activity in connected regions,
even in the presence of GABAergic input from the DCN that
would tend to suppress coupling between IO regions. Such
widespread CS activity would then synchronize large num-
bers of DCN cells, leading to tremor. While this suggestion
is speculative, it may help to bridge the gap between the path-
ological findings in ETand the mechanism by which they lead
to tremor.

Car8wdl Mutant Mouse as a Model
for Cerebellar-Related Tremor (Lauren N.
Miterko, Amanda M. Brown, Roy V. Sillitoe)

Tremor disorders have a neurological basis, which implies that
specific brain oscillations drive the body to oscillate at the

same frequency. However, it is still not clear where in the
central nervous system the oscillations begin, and the process-
es that lead to oscillations in the connected brain regions re-
main unknown. In ET, structural and functional defects in the
cerebellum have been heavily implicated as the major source
of abnormal behavior. But how abnormal cerebellar activity
leads to oscillating motions has been challenging to test. This
is largely because of the lack of an appropriate animal model.
To address this problem, we have identified a genetic mouse
model that exhibits the core features of ET [94]. We showed
that the loss of a PC gene, carbonic anhydrase 8 (Car8),
causes an ET-like tremor that mimics the human condition in
its frequency of oscillation, progression with age, and respon-
siveness to alcohol [94].

Over the past two decades, a number of animal models of
tremor have been generated, each with their own benefits and
problems. However, we found that the spontaneous mutant
mouse, waddles, may be ideal for several reasons. Waddles
(wdl) mice contain a deletion in exon 8 of the Car8 gene,
creating a null allele with no protein [95]. In the brain,
CAR8 protein is expressed predominantly in PCs (Fig. 1).
Its expression is initiated during embryogenesis and is main-
tained into adulthood [96, 97]. CAR8 belongs to a family of
zinc metalloenzymes that catalyze the reversible hydration of
CO2 [98], although it lacks the catalytic domain that would
make it an active carbonic anhydrase [96]. It does, however,
bind to inositol 1,4,5-triphosphate receptor type 1, with the
effect of decreasing the affinity of inositol 1,4,5-triphosphate
for its receptor [99]. Although the Car8wdl mice were origi-
nally reported to have ataxia and appendicular dystonia, in our
recent study, we reported that the mice also have a severe
tremor [94]. The most notable findings are that the peak of
the tremor occurs at ~ 8–12 Hz in adult Car8wdl mice and the
tremor progresses with age (Fig. 2). In humans, mutations in
the homologous gene, CA8, also cause tremor in addition to
ataxia [100, 101]. Based on the phenotypic outcomes of CA8
and tremor diseases in general, we propose that the Car8wdl

mouse could be a powerful model for studying tremor because
they allow for cellular, molecular, anatomical, and neural anal-
yses in brain circuits that do not exhibit gross degeneration
and therefore remain experimentally accessible at all stages of
life [102].

Slice physiology showed thatCar8wdlmice have a decrease
in the frequency of mini excitatory postsynaptic currents
[103]. To test whether these defects are translated into circuit
level problems, we used an extracellular recording approach
to measure PC activity in vivo in anesthetized mice
[104–106]. PCs exhibit a specific firing profile that consists
of simple spike action potentials, which are generated intrin-
sically and modulated by mossy fiber inputs, and CS action
potentials, which are triggered by CFs. We found that simple
spike firing frequency is not significantly different between
control and Car8wdl mice. However, the pattern of firing is
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significantly altered. Compared to the controls, Car8wdl PCs
fire with long pauses. The long simple spike pauses cause a
significant increase in the coefficient of variation (CV) of the
inter-spike interval (ISI) in Car8wdl. CV is a measure of firing
regularity, with higher values indicating abnormal irregular
firing. Interestingly, analysis of simple spike firing without
the long pauses revealed periods of high frequency firing in
Car8wdl PCs. We predicted that the abnormal properties of
simple spike firing should lead to abnormal CS firing because
the circuit operates within a closed loop involving PCs, DCN
neurons, IO neurons, and finally back to their target, the PCs,
for both firing rates and CS synchrony [107, 108]. Indeed, the
CS firing frequency is significantly decreased in Car8wdl

mice, and the regularity of CS firing is altered, as measured
by CV2. CV2 is also a measure of regularity, although it
provides a way of narrowing in on spike-to-spike variations.
These data show that PC firing is irregular in Car8wdl mice
[94].

The electrophysiological properties and the tremor profile
in Car8wdlmice present an interesting discussion. It is becom-
ing well accepted that cerebellar motor abnormalities may be
dependent on erratic activity in the PCs and also in their down-
stream targets, the DCN neurons [104, 109–111]. For

example, there is an increased CV in PC spiking without a
change in firing frequency [112] in different mouse models
of ataxia (e.g., ducky and leaner), which is reminiscent of the
firing characteristics observed in Car8wdl mice. Similarly, the
totteringmouse, which presents with episodic ataxia and dys-
tonia, has an increased CV in DCN spiking activity, likely as a
result of irregular PC signals [106, 111, 113, 114]. Similarly,
we have suggested that an altered functional connectivity be-
tween the PCs and DCNmay underlie severe tremor [94]. It is
interesting to speculate that the similarities in cerebellar circuit
defects offer common mechanisms for therapeutic targeting.
When PC or DCN firing is normalized with drugs such as 4-
aminopyridine (4-AP) or chlorzoxazone, motor behavior is
improved in mouse models of cerebellar disease (e.g.,
Car8wdl, tottering, and SCA6 (84Q/84Q)) [94, 115, 116].
Interestingly, the benefits of 4-AP in alleviating various cere-
bellar symptoms in human motor conditions [117–121] may
also extend to patients that have tremor [122].

From analyses based on animal models and human studies,
we can conclude with some degree of confidence that PCs are
critical for cerebellum-related disorders. Tremor in particular
could involve alterations in PC structure, connectivity, and
function, and therefore multiple types of pathology may play

Fig. 2 Car8wdlmice have a severe ~ 8–12 Hz tremor that progresses with
age. Tremor was analyzed using a Tremor Monitor (San Diego
Instruments) from postnatal (P) day P30 through to P360. Note the
normal level of physiological tremor observed in control mice. a The
amplitude (power) of tremor in Car8wdl mice becomes more

pronounced with age. b Car8wdl mice display a tremor that increases in
amplitude, but decreases in frequency with age. Control physiological
tremor also increases with age but does not change in frequency. Used
with permission from data published inWhite et al. (2016),Neurobiology
of Disease

Fig. 1 CAR8 is expressed predominantly by cerebellar PCs. a Low
power sagittal view of the cerebellum stained using a CAR8 antibody
showing the localization of CAR8 in the cerebellum. b Higher power
view of the cerebellar cortex stained with a CAR8 antibody

demonstrating the restriction of CAR8 to PCs. Scale bar = 500 μm in a
and 50 μm in b. Used with permission from data published inWhite et al.
(2016) Neurobiology of Disease
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a role in generating tremor during motion. However, common
distortions in output signals may be at the heart of the well-
known motor diseases. A working model of cerebellar dys-
function across multiple diseases may involve one or more
alterations in firing, such as an increased CV in PCs and
DCN neurons, as well as in additional properties such as firing
rate, CV2, connectivity, or synchrony. Still, despite the con-
vergence of neural pathways and mechanisms, it should be
considered that the combination of these firing properties de-
termines why the efficacy of the same pharmacological inter-
vention can vary across diseases. Each motor disease pheno-
type is distinct, yet the cerebellum is involved in all of them.
This begs the question: what kind of abnormal activity is
associated with one condition versus the other? Does abnor-
mal cerebellar activity, in general, drive similar neuronal firing
problems in structures to which it projects? Or, are certain
structures sensitive to specific cerebellar deficits? The fact that
the cerebellum communicates with so many different struc-
tures in the brain and spinal cord adds another level of ques-
tions since each of these structures, in each condition, might
respond differently to the cerebellum, and there is no reason to
assume that ataxia, dystonia, and tremor involve all the same
extracerebellar circuits, although there is likely overlap.

The Car8wdl mouse exhibits a number of core motor
features—clinically relevant tremor, ataxia, and dystonia—
and therefore it may indeed be an important model for
cerebellum-related disorders. Although we are enthusiastic
about the Car8wdl mice specifically as a model for tremor,
and perhaps for ET, our future studies must proceed with
caution in order to avoid the hurdles other models have run
into. But, many models before Car8wdl exhibit phenotypes
that have taught us a great deal about the cerebellum and
tremor. And the shortcomings in previous models are distinct
from Car8wdl, including that the tremor frequencies in other
genetic models do not match the human phenotypes and that
the spatial and temporal qualities of tremor disorders are dif-
ficult to reproduce in drug-induced models. In this regard, it
would be ideal to eventually generate a conditional allele at
the Car8 locus. It would also be exciting to examine human
genetic databases for possible patients with mutations in CA8
that report tremor but in particular to see if there are patients
that lack the more severe gait deficits seen in the Turkish
cohorts [100].

CF–PC Synaptic Pathology: a Potential
Implication in Tremor (Ming-Kai Pan,
Sheng-Han Kuo)

Although ET is a very common neurological disorder, the
cause of tremor is not entirely clear, probably due to the fact
that ET might be a heterogeneous group of diseases with com-
plex genetic and environmental etiologies [123]. For example,

ET patients might have different pharmacological responses
[124, 125] and can be divided into subgroups based on age of
tremor onset [126] or a family history of tremor [127]. Several
genetic loci have been identified in genome-wide association
studies [128], and some environmental factors interacting with
geneitc composition are likely to contribute to ET [123].

Despite this complexity, the core clinical feature of kinetic
tremor is the hallmark of ET, which implies that there are
commonalities in the underlying brain circuitry that drives
tremor across ET etiologies. Understanding the brain circuitry
alterations and how these alterations will result in abnormal
movements are the first steps for developing symptomatic
therapy for tremor, and this approach has been used to study
other movement disorders as well, such as PD. For example,
the identification of dopaminergic neuronal loss in the post-
mortem PD brains provided the important scientific basis for
dopamine replacement therapy [127, 129]. In addition, dopa-
mine blockade or depletion in animal models further demon-
strated the causal relationship between dopamine deficiency
and parkinsonian symptoms [130]. Importantly, understand-
ing the pathological substrate of neurological disorders also
provides important framework for the future functional stud-
ies. For instance, the knowledge how dopamine neurons car-
rying PD-linked genetic mutations, such as GBA1 or LRRK2,
can lead to cellular dysfunctions and neuronal death is critical
for the development therapies to reverse these pathological
events in PD [131, 132].

To search for the pathological underpinnings of ET, exten-
sive studies in the postmortem brain have been performed.
Several pathological features of the ET cerebellum have been
identified, including moderate PC loss [67, 133], increased
number of PC axonal torpedoes [67] and heterotopic PCs
[134, 135], complex and elongated basket cell processes sur-
rounding PC axonal initial segments [69, 136], and abnormal
CF–PC synaptic connections, specifically, CFs forming syn-
aptic connections with the thin, distal PC dendritic branchlets,
which should have been the parallel fiber innervation territory
[137, 138]. Among these pathological alterations, abnormal
CF–PC synapses are of major interest. We first identified this
CF–PC synaptic pathology in an initial cohort of ETcases and
controls [139] and subsequently confirmed it in a replicate
cohort [140]. Interestingly, the observation that CF synapses
in the parallel fiber synaptic territory along PC dendrites oc-
curs in ET but not in other classical cerebellar degenerative
disorders such as SCA1 or multiple system atrophy, which
demonstrates the specificity of this particular pathology
[140]. Furthermore, we also found the CF–PC synaptic pa-
thology across ET cases with different clinical characteristics
in terms of age of tremor onset or the family history of tremor
[141], which indicates this pathology could be related to the
core feature (i.e., kinetic tremor) for ET.

There are clues suggesting that abnormal CF–PC synaptic
pathology might contribute to tremor. The upstream origin of
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CF–PC synapse is IO, which has intrinsic oscillatory rhythm.
Enhanced IO coupling by harmaline administration in animals
can induce PC CS synchrony and tremor [13] and also intra-
IO injections of picrotoxin to block GABAergic transmission
also can induce tremor-like activities in rodents [75]. These
studies suggest that the olivocerebellar system is capable of
generating oscillatory activities and tremor. To further explore
the relationship between CF–PC synaptic pathology and trem-
or, an animal model of such CF–PC synaptic pathology needs
to be studied. The molecular mechanisms of CF–PC synaptic
wiring have been relatively well-understood and could be use-
ful to establish such model in mice using genetic manipula-
tions of key molecules controlling CF–PC synaptic formation
and pruing. For example, Cav2.1, mGluR1, GluRδ2, Cbln1,
and DAB2IP [142] are all candidate molecules for CF–PC
synaptic manipulation in mice [143, 144].

In summary, human pathological observations provide im-
portant insight into the brain circuitry alterations in tremor;
however, animal models will further allow us to investigate
how the pathological observations made in postmortem hu-
man brains might result in tremor. Animal models of tremor
with relevant brain circuitry alterations can be used as a tool to
study pathophysiology of tremor and also to screen medica-
tions for tremor suppression, which will greatly accelerate the
advancement of therapy development for ET.

Shaker Rats and SCA2 as Potential Models
to Study Tremor (Collin J. Anderson, StefanM.
Pulst)

Postural and intention tremor are observed in numerous
SCAs, but they are particularly common in SCA2, with inten-
tion tremor presenting in nearly all patients that exhibit pos-
tural tremor [145, 146]. Widespread PC loss has been ob-
served in the cerebella of postmortem human brains in the
context of both ET and most forms of SCAs, implicating PC
loss in the generation of tremor. SCA2 is inherited in an auto-
somal dominant fashion and is caused by a CAG repeat ex-
pansion of the ATXN2 gene: 33+ repeats, compared to a nor-
mal allele, most typically 22 repeats in length [147]. The
ATXN2 gene encodes a polyglutamine expansion in the
ATXN2 protein, leading to toxic gains of function [148,
149]. CAG repeat length is a major factor in the age-of-
onset variance, with greater expansion tied to earlier symptom
onset and faster disease progression [150, 151]. After deter-
mining that the mouse SCA2 cDNA contains no extended
polyglutamine tract [152], we created transgenic [153] and
BAC-transgenic [154] mouse models of SCA2, with Q58,
Q72, and Q127 mice demonstrating cellular and motor phe-
notypes, while mice with wild-type human ATXN2, BAC-
Q22, were indistinguishable from control mice.

SCA2 mice feature progressive PC degeneration [153,
154], and changes in PC firing precede their loss [155]. PCs
spontaneously fire at a fast, regular rate [156–158], but SCA2
mice show marked slowing of PC firing prior to their loss
[155, 159, 160]. Further, some studies have shown increased
irregularity in PCs in SCA2mice prior to their loss [159, 161].
Interestingly, while the silencing of PCs on an acute timescale
through optogenetic methods leads to rapid forelimb move-
ments [162]—which is unsurprising, given the inhibitory ef-
fects of PCs on the dentatothalamocortical pathway—the
gradual degradation of PCs seen in SCAs is not typically
associated with dyskinetic movements, but ataxia, tremor,
and other motor phenotypes are more common. It has been
proposed that downstream neurons, such as those in the
dentatothalamocortical pathway, compensate for PC loss
[163]. Still, the specifics of how PC degradation, slowing, or
irregularity lead to tremor and ataxia in SCA2 rather than
ectopic movements is not fully understood.

In the context of ET, it has been debated whether the dis-
order is neurodegenerative in nature. There has been a long-
standing idea that ET is largely monosymptomatic, stemming
from a central oscillator driving tremor, typically thought to be
the IO nucleus. However, there is growing acceptance of the
idea that ET is a slowly progressing neurodegenerative disor-
der with a complex set of symptoms centered around cerebel-
lar degeneration [42, 134, 135, 164–166]. PC loss in ET has
been shown to bemoremoderate compared to that observed in
most SCAs, leading to the idea that ET could represent an
intermediate form on a larger spectrum of spinocerebellar de-
generation in comparison to SCAs [135]. In fact, ET patients
have been found to have similar tandem walk deficits consis-
tent with ataxic gait indistinguishable from a cohort of patients
with cerebellar disease, the deficits especially pronounced in
the group described as being at an “advanced” stage of ET
[167].

The idea that ET may represent an intermediate form of
spinocerebellar degeneration is captured well by the shaker
rat, a genetic model of tremor and ataxia. The shaker mutant
arose spontaneously in an outbred Sprague Dawley strain, first
described as a hereditary model of PC degeneration and cere-
bellar ataxia in 1992 [168]. The mutation was later transferred
to an inbred Wistar Furth strain segregating in an x-linked
recessive fashion. We have characterized the shaker rat in
the context of genetic analysis [169], phenotype, and as a
model for therapeutic development, having recently described
a quantitative analysis of its symptoms and the use of low-
frequency deep cerebellar stimulation to reduce these symp-
toms [170]. Shaker rats first present with a full-body tremor
(Fig. 3a), evolving to a shaking ataxia (Fig. 3b) as PCs degen-
erate. With load cell-based center of mass tracking, we can
track the progression of tremor, incoordination of gait, and
additional motor symptoms and quantify their severity with
respect to wild-type animals. Given the strong, quantifiable
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symptoms, the shaker rat is a good model in which to study
the degree of PC loss and its relationship to tremor and other
symptoms.

Using mouse and rat ataxia models allows electrophysio-
logical studies that can determine both correlation and causa-
tion in the generation of tremor and other symptoms. Slice
recordings have confirmed the slowing of PCs prior to their
loss [155], and therapeutic development has confirmed that
these firing rates are restored in conjunction with effective
treatment of motor symptoms [171]. Ongoing work
employing in vivo cellular and field recordings is focused on
the role of the dentate nucleus in symptom generation in
shaker rats under awake and behaving conditions. Thus, we
are testing several hypotheses, including that tremor coheres
with oscillations in the dentate nucleus and that the progres-
sive disinhibition of the dentate nucleus, observed through
progressively increased firing rates, corresponds to the pro-
gression of ataxia. Further, these metrics will likely generate
electrophysiological biomarkers for study as we continue to
work on novel therapeutic developments in the shaker rat.

Indeed, coupling rodent models with electrophysiology al-
lows us to test several hypotheses regarding the generation of
tremor. The loss of PCs disinhibits the dentatothamocortical
pathway, and this appears to allow the propagation of oscilla-
tions through the pathway, perhaps continuing in a loop back
to the deep cerebellum through pontine connectivity. Several
possibilities as to how dentatothalamocortical disinhibition
leads to tremor are worth discussing. First, it has been sug-
gested that SCA2 patients may have more consistent thalamic
degeneration than patients with other forms of SCAs [172].
Included in this degeneration is the ventral lateral thalamus,
which relays information to the cortex from the dentate nucle-
us in the dentatothalamocortical pathway. Interestingly, it has
been further shown that pathologically increased thalamic

local field potential oscillations at the tremor frequency band
cohere with tremor and contribute heavily to tremor genera-
tion, at least in the context of parkinsonism [173].
Furthermore, deep cerebellar local field potential oscillations
cohere strongly with finger acceleration, specifically in the
tremor frequency band [174]. Thus, one possible explanation
for the increased prevalence of tremor in SCA2 compared to
other SCAs lies in the possibility that thalamic damage could
lead to local field potential changes that propagate through the
dentatothalamocortical pathway, contributing to tremor gener-
ation upon reaching the cortex. The loss or slowing of PCs,
through disinhibition of the dentatothalamocortical pathway,
may ultimately exaggerate the propagation of tremor frequen-
cy oscillations, leading to the tremor phenotype observed in
SCA2. A second possibility for tremor generation borrows
from recent ideas [42]: with oscillatory activity generated in
the IO nucleus, thalamus, DCN, PCs, sensorimotor cortex,
and others, it is possible that there is no single central tremor
generator. Perhaps all regions within the pathway generate
oscillatory activity, but the disinhibition of the pathway
through PC loss or altered firing allows for the propagation
of these oscillations. However, both of these ideas fail to ex-
plain how a partial loss of PCs, as in ET or in the early symp-
tomatic stages of the progression seen in shaker rats, typically
leads to tremor, while a more complete loss tends to lead to a
more ataxic phenotype. It is possible that the answer lies in the
altered firing rather than in the complete loss of PCs. Given a
low CV in PC ISI [11], perhaps the pacing of the dentate
nucleus at a very specific rate is important not only for coor-
dination [35] but also for tremor. The observed slowed firing
of PCs may mis-pace the DCN in a way that allows for the
propagation of a low-frequency oscillation through the
dentatothalamocortical pathway, leading to tremor, while their
more complete loss does not. Any analyses performed must

Fig. 3 a Power spectral densities of center of mass tracking data for 11-
week-old shaker (red) and wild type (blue) Wistar Furth rats, recorded
under awake and behaving conditions. Note the substantial peak at 4–
5Hz in the shaker rat, corresponding to a strong, full-body 4–5Hz tremor.
b Representative example center of mass traces during rapid movements
made by 14-week-old wild type (blue) and shaker (red) Wistar Furth rats.

Change in color represents change in time, dark to light indicating the
passage of 1 s, while dashed arrows indicate net displacement. Note that
while the wild type rat moves in a coordinated fashion, the shaker rat’s
movement demonstrates a great deal of incoordination, with truncal sway
immediately obvious across the numerous changes in direction over the
span of 1 s
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consider the differences between local field potentials and
single unit activity: while cerebellar local field potential oscil-
lations have been found to be phase-locked to PC firing in
some contexts [175], it is important to remember that local
field potentials do not necessarily predict spiking activity
[176]. However, if decreased inhibition from PCs in the form
of slower firing rates still enable oscillatory propagation
through the cerebellothalamocortical pathway, this will be a
measuable change.

Beyond furthering our understanding of disease, the use of
animal models has already contributed to the development of
novel therapeutic strategies for ataxia and tremor. We gener-
ated and characterized a SCA2 knockout mice, determining
that ATXN2 is not necessary in development or adulthood
[36], ultimately leading to the use of an antisense oligonucle-
otide to downregulate ATXN2 mRNA and protein, delaying
SCA2 phenotype onset, and improving the motor phenotype
of BAC-Q72 and BAC-Q127 SCA2 mice [31]. Finally, we
used the shaker rat to demonstrate low-frequency deep brain
stimulation in the deep cerebellar nuclei as a potential new
therapeutic strategy to reduce tremor and ataxia [170].
Further work is ongoing, and rodent models will continue to
play a major role in therapeutic development, both in antisense
oligonucleotides and other treatment strategies.

GABAergic Signaling and ET: Insight
from Epilepsy Models (Martin J. Gallagher)

Because GABAA receptors (GABAAR) are the predominant
ligand-gated inhibitory neurotransmitter receptors in mamma-
lian brains [177], one might expect that altered GABAA-me-
diated neurotransmission contributes to hyperkinetic, hyper-
oscillatory movement disorders such as ET. This idea is sup-
ported by the observations that ETsymptoms are improved by
GABAAR positive modulators [178] that GABAAR α1 sub-
unit knockout mice exhibit ET-like tremor and that GABAAR
expression is altered within elements in the cortico-olivo-
cerebello-thalamic circuitry in ET patients. Here, we will re-
view the latter two results and draw parallels to findings ob-
served in epilepsy models.

Two GABAAR α1 subunit (α−/−) knockout mice exhibit
handling-induced tremor [179–181]. Extensive phenotypic
characterization of one of these α1−/− mice [181] revealed a
limb tremor present during ambulation and suspension that
ceases during rest. Similar to human ET, the α−/− mouse
tremor oscillates at a lower frequency and with a higher am-
plitude than the normal mouse physiological tremor. Also
consistent with human ET, the α−/− mouse action tremor is
substantially reduced by ethanol, primidone, propranolol, and
gabapentin [181].

Despite the face validity of the α1−/− model, genetic stud-
ies did not find any GABAAR subunit variation associated

with human ET [128, 182, 183]. Now, with results from fur-
ther experiments using α1 subunit deficient mice and from
genetic studies of epilepsy patients, we do not expect genetic
disruption of GABAAR subunits to cause ET. Although the
homozygous α−/− mice were initially reported to be viable
and fertile [179, 180], breeding them from their mixed back-
ground into congenic lines and performing continuous elec-
troencephalogram (EEG) monitoring revealed that mouse
strain markedly affects homozygous α1−/− and heterozygous
α1+/−mouse viability and that heterozygous mice experience
absence and myoclonic seizures [184, 185]. In addition, hu-
man genetic studies found a number of heterozygous loss-of-
function α1 subunit mutations associated with moderate and
severe forms of epilepsy [186–189]. Given that heterozygous
α1+/−mice did not have the tremor phenotype [181] and thus
presumably need a large reduction in GABAA signaling to
produce the phenotype, it would be very unlikely that a patient
would have a sufficiently large genetic disruption of
GABAAR subunit function to cause tremor without also pro-
ducing other severe neurological sequela that would prevent
the diagnosis of ET.

Although widespread genetic disruption of the α1 subunit
is unlikely to produce ET in humans, selective alteration ofα1
subunit-containing GABAARs restricted to one or more ele-
ments of the cortico-olivo-cerebello-thalamic circuitry could
potentially produce the tremor without reducing viability or
producing seizures. In fact, [11C]flumazenil PET and
[3H]flunitrazepam autoradiography studies did suggest that
GABAAR expression is altered in the ET network. However,
while the PET study found increased [11C]flumazenil signal
in the dentate nuclei and other key elements of the ET circuit-
ry, the autoradiography experiments showed decreased ben-
zodiazepine binding within the dentate nuclei. Although, it is
beyond the scope of this consensus to explore the myriad of
possible reasons for these seemingly discordant findings, we
will briefly mention three of them to highlight the mechanisms
by which GABAA signaling has been found to be altered in
pathological circuits (in particular, epilepsy circuits) and could
potentially appear differently in autoradiography and PET ex-
periments. First, because fixed tissue used in autoradiography
experiments allows greater access of a radioligand to intracel-
lular receptors than intact tissue studied with in vivo PET, the
two techniques will likely have different sensitivities for total
and surface-expressed GABAAR. This underscores the obser-
vation that neurological diseases may be associated with
changes GABAAR cell surface trafficking/endocytosis/
recycling that alter the intracellular/surface distribution of re-
ceptors [190, 191]. Second, endogenous GABA present in the
in vivo PETexperiments, but not the ex vivo autoradiography
experiments, affects benzodiazepine/flumazenil binding
[192]. This highlights another possible pathological compo-
nent in GABAA signaling, dysfunction of the presynaptic
GABAergic neurons [193–195]. Although recent magnetic
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resonance spectroscopy studies did not detect altered GABA
concentrations in the dentate nuclei of ET patients [196], it is
possible that degenerating GABAergic PCs [133] alter the
GABA concentration/release frequency at the presynaptic ter-
minals. Finally, the PET experiment detected signal from a
benzodiazepine antagonist ([11C]flumazenil) while the auto-
rad iography exper iment used a benzodiazepine
([3H]flunitrazepam). GABAARs composed of different
subunits/subunit isoforms have unique physiological proper-
ties as well as different affinities for benzodiazepines and dif-
ferent relative affinities for benzodiazepine agonists and an-
tagonists [177, 197–199]. Alterations in GABAAR subunit/
subunit isoform composition have been identified in key re-
gions of epilepsy networks and have resulted in modified
GABAA transmission [190, 200–204].

Although genomic-wide loss-of-function mutations of
GABAAR subunits are unlikely to cause ET, pharmacological
and biochemical studies as well as the face validity of the α−/
− knockout mice suggest a role for altered GABAA signaling
in this disease. Similar to investigations being conducted in
epilepsy networks, future experiments that target α1 deletion
and rescue to specific areas of the cortico-olivo-cerebello-
thalamic circuitry and that measure surface and synaptic
GABAAR expression and composition as well as the presyn-
aptic function within these regions will identify mechanisms
by which GABAA transmission is disrupted. Importantly,
causally manipulating inhibitory transmission in these regions
will elucidate the basic mechanisms that initiate and sustain
tremor oscillations and can thus be therapeutically targeted.

A Clinical Hypothesis for HCN Channels in ET
(Kyle A. Lyman, Dane Chetkovich)

Despite the prevalence of ET [205], relatively little is known
about its pathogenesis which has limited the development of
new therapeutics. One strategy for developing new hypothe-
ses for the disease is to consider the mechanism of proprano-
lol, a non-specific β-blocker that readily crosses the blood–
brain barrier and is currently used as a first-line treatment for
ET. Outside the central nervous system, propranolol is used to
slow the heart rate through its effect on HCN channels in
cardiac tissue. In this consensus, we discuss the clinical, the-
oretical, and empirical evidence suggesting a role for HCN
channels in the pathophysiology of ET.

HCN channels are non-specific cation channels in the
voltage-gated potassium channel superfamily [206]. These
non-inactivating channels open in response to hyperpolariza-
tion and contribute a depolarizing influence because their re-
versal potential lies between that of Na+ and K+ (Erev ~
–30 mV) [207]. Four genes encode HCN subunits (Hcn1–4),
and the properties of heterotetrameric complexes found
in vivo depend on the subunits involved, although HCN1

and HCN2 predominate in the mammalian central nervous
system [208]. These two isoforms are distinguished by differ-
ences in their activation kinetics and response to second mes-
sengers, but both isoforms are bound by auxiliary subunits
such as TRIP8b that further alter their electrophysiologic
properties [209–213]. Collectively, the current mediated by
HCN channels is referred to as Ih (alternatively: If or Iq) given
that it is not possible to distinguish the molecular isoforms
electrophysiologically.

The biophysical properties of HCN channels make them
a natural candidate for the production of cellular rhythms
in the heart and CNS [207, 214, 215]. The IO provides a
relevant example of this motif, where Ih interacts with a
low-threshold voltage-gated calcium current (IT) and
voltage-gated sodium and potassium currents (INa and
IK). Ih initiates the cycle by bringing the membrane poten-
tial to the threshold for IT activation (Fig. 4a). IT further
depolarizes the cell (deactivating Ih) and allows for a burst
of action potentials until IK hyperpolarizes the cell and the
cycle begins again.

In addition to their regulation by voltage [217], HCN chan-
nels are also influenced by the intracellular secondmessengers
cyclic adenosine 3,5-monophosphate (cAMP) and cyclic gua-
nosine monophosphate (cGMP) (Fig. 4b). Binding of cyclic
nucleotides to the intracellular cyclic nucleotide binding-
domain leads to more rapid channel opening and augments
Ih (Fig. 4c). Increasing the intracellular cyclic nucleotide con-
centration increases the firing rate of the cell as Ih more rapidly
brings the cell to threshold potential (Fig. 4d). Clinically, this
effect is responsible for the increase in heart rate brought on by
adrenergic signaling in the heart and for the bradycardic effect
of β-blockers like propranolol.

Clinical evidence raises the possibility that augmenting
HCN channel function leads to the production of tremors
while inhibiting Ih limits them. Sympathomimetic compounds
(i.e., salmeterol, cocaine, isoproterenol) that increase adrener-
gic signaling and augment intracellular cAMP (and increase
Ih), as well as drugs that directly stimulate cAMP signaling
(i.e., caffeine) all lead to an increase in tremor [218, 219].
Conversely, β-adrenergic antagonists like propranolol are
first-line therapies for ET. Work to identify other β-blockers
with utility in treating ET has revealed that antagonizing β2-
signaling is crucial for efficacy [220]. Some studies have sug-
gested a peripheral mechanism of action for β-blockers based
on the efficacy of poorly lipid-soluble compounds, but it is
generally thought that all β-blockers penetrate the central ner-
vous system to some degree [221, 222]. Within the CNS, β2-
signaling is canonically linked to the production of cAMP,
including in the thalamus, brainstem, and cerebellum [223,
224]. These observations all suggest that increasing HCN
function will promote ET, but the ubiquity of HCN channel
expression in the brain makes it unclear where precisely this
may occur.
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Much of our understanding of the role of the IO in ET is
based on the harmaline model (reviewed above in this manu-
script). A compelling account of ET based on this model has
focused on the role of synchronization within the IO [8, 89].
The IO sends glutamatergic CFs that synapse onto PCs of the
cerebellar cortex, and synchrony within the gap-junction
coupled neurons of the IO produces synchrony in PCs [73,
74, 225]. HCN1–3 are expressed by cells of the IO [208], and
the interaction between Ih and IT is a key determinant of syn-
chronized oscillations and autonomous pacemaking in these
cells (Fig.4a) [216, 226]. Knockdown of IT within the IO
prevents the emergence of pathological 4–10 Hz oscillations
in the IO as well as tremor in response to harmaline adminis-
tration [36]. These results suggest that manipulations that in-
terrupt oscillatory behavior within the IO may be sufficient to
prevent ET. Recent work on the role of Ih in the physiology of

the IO has also suggested an important role for the conduc-
tance in mediating resonance to synaptic inputs [227]. This
observation raises the possibility that inhibiting Ih may alter
the response of the IO to pathologically synchronous inputs,
again with the effect of limiting ET. Interestingly, harmaline
administration has been shown to increase cGMP signaling
within the cerebellar cortex raising the possibility that it may
directly augment HCN channel function and lead to aberrant
synchronization [228].

In addition to the IO, the thalamus also plays an important
role in ET, highlighted by its use as a target for neurosurgical
intervention to control pharmacotherapy resistant ET [229].
HCN channels play a key role in generating both autonomous
activity and network level oscillations between reciprocally
connected thalamic nuclei; hence, antagonism of thalamic Ih
may also limit ET [210, 226, 230].

Fig. 4 The role of Ih in
autonomous pacemaking. a
Recording from IO neuron
showing a role for Ih in
pacemaking, reproduced fromBal
and McCormick 1997 [216]. b
Schematic showing noradrenergic
signaling through β2-receptors
leading to an increase in cAMP. c
Channel opening probability as a
function of voltage. Note that in
the presence of cAMP (in blue)
the curve depolarizes so that more
channels are open at a given
voltage while less cAMP (in red)
has the opposite effect. d The
effect of cAMP on the cardiac
action potential in a sinoatrial
node cell. cAMP mediated
agonization of HCN channels
increases the firing rate. Color
scheme adopted in c corresponds
to the conditions in d. Panels b-d
are based on Fig. 4 from
DiFrancesco and Borer [215],
reprinted with modifications and
permission from Springer
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To date, there has been little evidence directly linking HCN
channels to ET with the exception of a series of studies per-
formed in rats by Kuramoto and colleagues [231, 232]. They
established that a loss of function mutation in Hcn1 produced
a tremulous phenotype in the context of white matter abnor-
malities [232], which are not thought to occur in ET. Given the
differences in pathology, it is unlikely that the model of
Kuramoto et al. will directly enhance our understanding of
ET. In order to link Ih to the mechanism of ET, it will be
necessary to experimentally block HCN channel function in
adult animals in a cell type specific manner in an animal mod-
el of ET (i.e., through use of 4-hydroxytamoxifen dependent
cre recombinase technology). This approach would circum-
vent the severe developmental consequences (seen in mice
and humans [233]) of global loss of HCN channel function
while permitting an examination of whether or not antagoniz-
ing HCN is sufficient to disrupt the pathological synchrony of
the relevant cell types.

ET is a complex phenomenon that likely represents several
pathological mechanisms with a convergent clinical pheno-
type [234]. We speculate that the therapeutic utility of pro-
pranolol in treating ET is that it blocks activation of β2-recep-
tors within the cerebellum and thalamus, limiting the produc-
tion of cAMP and thus inhibiting HCN channels. This reduc-
tion in Ih may in turn limit the pathological synchrony that
occurs at several nodes of the motor network and interrupt the
pathogenesis of ET [8, 89]. Refining our understanding of the
role of HCN channels in these circuits may ultimately lead to
better treatments for ET.

ET Channelopathies: the Role of Ion Channel
Mutations (Lorraine N. Clark)

Emerging evidence suggests that ET is a disease or a family of
diseases in which the cerebellum plays an important, if not a
central role, because there are changes in the PC population
and altered (i.e., reduced) brain GABA tone. However, this is
far from established. Genetic factors are thought to contribute
significantly to disease etiology [235]. However, the presence
of substantial phenotypic and genotypic heterogeneity has
hindered gene identification [236]. Recent whole exome and
whole genome sequencing studies in ET families have identi-
fied a number of interesting candidate genes that may play a
role in the pathophysiology of ET. The identification of mu-
tations in the voltage-gated potassium (K+) channel genes
KCNS2 (Kv9.2) [127] and more recently in the T type calcium
channel gene CACNA1G (Cav3.1) in two ET families [237]
(discussed in more detail below) in addition to mutations in
SCN4A [238] and SCN11A [239] in ET families suggests
problems in the regulation of membrane excitability and syn-
aptic transmission, which are functions important more broad-
ly for motor control and other neuronal network functions.

These channels may also have additional cellular functions
distinct from the regulation of excitability that may contribute
to the ET phenotype. The identification of rare monogenic
forms of ET, coupled with functional studies and the genera-
tion of animal models, will continue to provide important
clues about gene pathways impacted in ET.

We previously reported the identification of amutation in the
KCNS2 gene (Kv9.2, c.1137 T>A, p.D379E), encoding an elec-
trically silent voltage-gated K+ channel α-subunit, Kv9.2, in a
single family with early-onset ET [127]. The KCNS2 mutation
cosegregated with ET in this family and was present in all four
affected individuals and absent in an unaffected familymember.
KCNS2 encodes for an electrically silent voltage-gated K+

channel α-subunit, Kv9.2, which is highly and selectively
expressed in the brain and modulates the activity of the Kv2.1
and Kv2.2 channels by heteromulterization. Kv2.1 and Kv2.2
are also highly expressed in mammalian brain neurons and
cluster on cell bodies, proximal dendrites, and the axon initial
segment [240]. Kv2.1 is responsible for the majority of delayed
rectifier current in many neurons. A similar localization of ex-
pression of Kv9.2 with Kv2.1 and Kv2.2 has been observed in
the PCs and granule cells of the mouse cerebellum [241].

To determine how the mutation that we identified in Kv9.2
(p.D379E) could lead to an ET phenotype, we created a model
of ET by expressing the human Kv9.2 channel subunit in
Drosophila [242]. In the KCNS2-associated ET Drosophila
model, we show that the hKv9.2 subunit can modulate the
endogenous Shab (Kv2 subfamily) channel activity.
Behavioral manifestations of nervous system dysfunction
consistent with a hyperexcitable phenotype were observed in
flies expressing either the hKv9.2 or hKv9.2-D379E subunit
compared to control flies and included significantly faster
climbing, significantly reduced lifespan (post-developmental-
ly), wing posture and motility deficits (post developmentally),
and abnormal leg shaking under ether anesthetization [242].
Through studying the effects of hKv9.2 and hKv9.2-D379E
on CNS neuronal activity, we showed that the mutant hKv9.2-
D379E subunit had significantly higher levels of inactivation
(Fig. 5) than the wild-type hKv9.2 subunit and a significantly
higher spontaneous firing rate of action potentials consistent
with neuronal hyperexcitibility (Fig. 6). A biophysical model
of the electrical activity of the cell, combining the individual
ionic currents in flies expressing hKv9.2 subunits, was in
agreement with the experimental data. In addition to locomo-
tor and electrophysiology defects, characterization of circadi-
an behavior in flies expressing hKv9.2 and hKv9.2-D379E
channels showed that while rhythmicity was unaffected, sig-
nificant differences were observed for night time activity and
night time sleep, also consistent with neuronal hyperexcitabil-
ity [242].

While there are limitations to theDrosophilamodel that we
have developed due to the lack of a clear Drosophila ortholog
for Kv9.2, our data is consistent with previous studies that
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have demonstrated that Kv9.2 modulates the activity of Kv2
channels [2] (such as Drosophila Shab), as well as that have
observed significant differences in the phenotype (inactivation
and spontaneous firing rate) between flies expressing thewild-
type and mutant hKv9.2 channels.

Moreover, the T-type calcium channel, Cav3, has been im-
plicated in neuronal autorhythmicity [243, 244] and is thought
to underlie tremors seen in PD [245], enhanced physiological
tremor, and in ET [8]. T-type calcium channel antagonists
have been shown to reduce tremor in mouse models of ET
[40, 246]. In a whole genome sequencing study in eight fam-
ilies with early onset ET, we identified one family with a non-
synonymous var ian t in CACNA1G ( c .1367G>A
(NM_018896.4), p.(Arg456Gln)) that co-segregated with ET
and that was predicted to be deleterious or damaging by sev-
eral in silico tools. Retrospective analysis of a whole exome
sequencing dataset from a prior published analysis identified a
second family with a non-synonymous variant in CACNA1G
(c .3635G>A (NM_018896.4) , p . (Arg1235Gln) ) ,
rs150972562) that is highly conserved evolutionarily and is

Fig. 5 a Examples of the current evoked from Drosophila Shab when
depolarized from − 133 mV to between − 93 and − 3 mV in flies
expressing only native Shab (left panel), native Shab with the human
Kv9.2 (middle panel), or native Shab with hKv9.2-D379E (right panel).
The non-inactivating Shab becomes inactivating in the presence of either
hKv9.2 subunit. b Diagram of the voltage step protocol used. c The I-V
relationships for Shab determined from the three given genotypes. The
peak current (left panel, n = 3) shows that expression of either Kv9.2
subunit causes a shift in activation to more negative voltages. The
sustained current (middle panel, n = 3) shows that, at similar voltages,

flies expressing either hKv9.2 subunit show reduced Shab current after
200 ms of depolarization. When the sustained current after 200 ms of
depolarization to − 3 mV is expressed as a percentage of the peak current
(right panel, n = 3) the flies expressing only native Shab show high
percentages, indicating very low levels of inactivation. When tested by
two-way ANOVA, flies expressing either the wild-type hKv9.2 subunit
(p < 0.001) or the ET mutant hKv9.2-D379E subunit (p < 0.001) were
significantly different to flies expressing only native Shab. The mutant
hKv9.2-D379E subunit showsmuch higher levels of inactivation than the
wild-type hKv9.2 subunit (p = 0.0462)

Fig. 6 a Representative example of 5 s of spontaneous activity in flies
between ZT1 and ZT7 (where ZT0 is lights on and ZT12 is lights off)
expressing only native Shab (left panel), native Shab with hKv9.2
(middle panel), or native Shab with hKv9.2-D379E (right panel). b The
spontaneous firing rate of action potentials in flies expressing either hKv9.2
subunit (data are mean ± S.D., n = 3) is significantly different with the
mutant subunit having a higher frequency (t(4) = 5.3806, p = 0.01)
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predicted to be deleterious or damaging by several in silico
tools and that co-segregated with ET (Fig. 7).

Electrophysiology studies by whole cell patch clamp re-
cordings were performed in HEK293 cells expressing the
Cav3.1 p.Arg1235Gln mutant channel (unpublished data).
Significant differences in the gating of the mutant Cav3.1
channel were observed compared to the wild-type channel.
Although the effects on activation and inactivation kinetics
were subtle, a shift of steady-state inactivation towards more
positive voltages (+ 3.4 mV) was observed for the mutant
Cav3.1 channel. A shift of activation towards positive voltages
has also been reported for the Cav3.1 p.Arg1715His mutation
identified in a family with SCA42 [247]. Computer simulation
modeling for the Cav3.1 p.Arg1235Gln mutant channel (un-
published data) or Cav3.1 p.Arg1715His mutation [247] sug-
gests that both mutations result in decreased neuronal excit-
ability. In contrast, epilepsy-associated T-type channel vari-
ants are classically associated with a gain of function through
faster activation, a negative shift of steady-state activation,
and inactivation properties or increased protein amounts
[248, 249]. In addition to a role in neuronal excitability, recent
studies suggest that Cav3 subunits of T channels are modulat-
ed by endogenous ligands such as anandamide, zinc, redox,
and oxidizing agents, as well as G protein and protein kinase
pathways [250].

In summary, many neurological disorders are associated
with altered activity, function, or expression of ion channels
and mutations in these channels can cause epilepsy or cere-
bellar dysfunction including motor deficits, tremor, dystonia,
and ataxia [251]. Currently, it is not clear why mutations in
specific channels that result in increased excitability and epi-
leptic seizures are not associated with neurodegeneration and
why different mutations in the same channel can lead to

different disease phenotypes (e.g., ataxia, dystonia, or tremor)
[252]. These observations suggest that many ion channels
may have additional cellular functions distinct from neuronal
excitability [252] and may modulate cell signaling and apo-
ptotic pathways, which in ET may be accompanied by chang-
es in the PC population and altered (i.e., reduced) brain
GABA tone.

Furthermore, ET may represent a family of disorders of
neurological channelopathies, with mutations identified in a
voltage-gated K+ channel α subunit in a family with pure ET
[127], in voltage-gated sodium channel α subunits in a family
with epilepsy and ET (SCN4A) [238] and a family with famil-
ial episodic pain and ET (SCN11A) [239], and in the T-type
Ca2+ channel (CACNA1G) in two families with pure ET.
Nonetheless, the genetic basis for ET remains incomplete.
Given the clinical and genetic heterogeneity observed in ET,
further evaluation of ion channels as candidate genes for ET is
warranted.

Drosophila Model of FUS in ET: Challenges
and Limitations (Murni Tio and Eng-King Tan)

Despite strong genetic links, few pathogenic mutations have
been identified in ET and there is a lack of in vivo genetic ET
models. Due to high functional conservations in genes, genet-
ic pathways, and neurological properties between Drosophila
and humans, the fruit flies have been widely used to model
human neurodegenerative diseases [253]. The use of the
GAL4/UAS system [254], which specifically targets the ex-
pression of human diseased genes to particular tissues and
organs of interest, has successfully unraveled many mecha-
nisms linked to those diseases [255].

Fig. 7 The variants
(p.Arg456Gln and
p.Arg1235Gln) identified in the
Cav3.1 channel in ET families are
indicated (Figure adapted from
Huc et al., Biochimica et
Biophysica Acta 2009;
1793:947–952)
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The FUS-Q290X is a non-sense mutation resulting in the
truncation of the FUS protein and had been found to segregate
in a large Canadian family with ET [256]. We recently devel-
oped a Drosophilamodel by targeting the expression of FUS-
Q290X in the dopaminergic and serotonergic neurons and
characterized its phenotype. We studied the involvement of
the GABAergic and serotonergic systems and the IIS/TOR
signaling pathway, and we conducted a therapeutic challenge
with gabapentin.

By targeting the expression of hFUS-Q290X in the dopa-
minergic and the serotonergic systems in Drosophila, we
found that these flies exhibited progressive locomotor dys-
function, although in the absence of obvious neuronal degen-
eration. It is to be noted that unlike in PD, whereby the dopa-
minergic neurons are found to be degenerated, neuronal de-
generation of neurons is not obvious in ET. Rather, neuropath-
ological evidence mostly pointed to abnormalities in the cer-
ebellum and the GABAergic PCs. Such abnormalities have
been postulated to result in aberrant cerebellar cortical circuits
and outputs and hence the observed tremor characteristics [9].
In concordance with the observation of decreased GABA-R
levels in postmortem samples from ET individuals [70], the
hFUS-Q290X expressing flies also had impairment of the
GABAergic system as shown by downregulation of the neu-
rotransmitters GABA-R and N-methyl-D-aspartate (NMDA)-
R levels. The impairment of the GABAergic system was
shown to be associated with the observed locomotor impair-
ment, since gabapentin (a drug currently used in the clinic to
reduce symptoms in ET patients) was able to rescue the loco-
motion phenotype caused by overexpression of hFUS-Q290X
in Drosophila. Interestingly, expression of hFUS-Q290X in
Drosophila also resulted in prolonged lifespan, a phenomenon
that has been associated with patients having early onset ET,
as is in the case of the ET individuals carrying hFUS-Q290X
mutation. We further showed that the increased longevity in
the Drosophila was accompanied by a downregulation of the
IIS/TOR signaling pathway, which has been strongly associ-
ated with longevity in humans [257]. Serotonin, which is
known for its roles in controlling the GABAergic and the
insulin pathways, was also found to be significantly increased.

We demonstrated that our in vivo model of Drosophila
expressing hFUS-Q290X could recapitulate some characteris-
tics seen in patients with ET, such as increased motor dysfunc-
tion with age, but without obvious neuronal loss. Our model
also shows increased lifespan, as has been reported to be as-
sociated with ET patients having early onset ET. These phe-
notypes were accompanied by molecular changes such as re-
duced expression of GABA-R and NMDA-R subunits, a
downregulation of the IIS/TOR signaling pathway, and an
increase in serotonin levels. The drug gabapentin was also
able to improve the locomotion phenotype in our model.
Therefore, the transgenic Drosophila model has shed some
mechanistic insights on ET pathogenesis, which will provide

impetus for further research on target identification and poten-
tial new therapeutics.

Although approximately 75% of human disease genes have
functional orthologs in Drosophila [258], its use as a model
organism has certain limitations. One major limitation is that
there are significant anatomical differences between human
and fly brains. For example, there is no known equivalent of
PCs or cerebellum in the fly brain, making it impossible to
link the cerebellar impairment to the motor phenotype seen in
ET patients. There are also technical limitations in regard to
good assays for analyzing tremor in flies as the methods are
still currently unavailable and locomotion in the adult flies can
only be monitored using negative geotaxis/climbing assay. In
addition, ET is also known to be a clinically heterogeneous
disorder with many non-motor (i.e., cognitive, psychiatric,
dementia, and sensory) impairments [58]. As such, multiple
systems are likely to be affected and the lack of or difference
in certain cellular and molecular processes in flies may make
understanding these other aspects of the disease difficult.
Future studies to better quantitate tremor or the development
of an automated system to evaluate tremor patterns in flies can
further enhance the utility of this model in ET.

Primate Model of Action Tremor (Rodger J.
Elble)

Gordon Holmes described the tremor caused by injuries to the
cerebellum in humans as “sometimes apparent during the
whole range of movement” but “is usually more prominent
towards its end.” [259] He also observed that “the irregular
oscillations in the intended direction result from failure of
uniform deceleration, but this is complicated by secondary
or correcting jerks when the object has not been accurately
reached in the first attempt.” [259] These seminal observations
illustrate that humans with cerebellar action tremor have im-
paired feedforward motor control, causing a “failure of uni-
form deceleration” and an excessive reliance on feedback mo-
tor control, producing multiple “secondary or correcting jerks
when the object has not been accurately reached in the first
attempt.” [259]

The observations by Holmes have been confirmed and elu-
cidated by subsequent studies in monkeys. Action tremor in
the ipsilateral upper extremity occurs in monkeys with lesions
in the DCN or in the outflow tracts of these nuclei in the
brachium conjunctivum (superior cerebellar peduncle). This
tremor is often referred to as cerebellar outflow tremor or
intention tremor. Bilateral lesions in the superior cerebellar
peduncles produce bilateral extremity tremor and irregular
tremor of the head and trunk (titubation). These tremors occur
immediately following the lesion(s) and therefore result from
the loss of cerebellar influence in motor control [260].
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Studies of stereotactic cooling, destructive lesions, and
muscimol injections in the cerebellar nuclei revealed that im-
pairment of interpositus [261] or both dentate and interpositus
[262–265] is necessary to produce a sustained tremor.
Inactivation of dentate alone is probably not sufficient to pro-
duce tremor [266] nor are lesions in cerebellar cortex [261,
265, 266]. Tremor-related activity has been recorded from
interpositus, but not from dentate [267], which receives no
somatosensory feedback [268, 269]. Tremor frequency is in-
fluenced by reflex arc length, joint stiffness, and inertia [262,
264, 267, 270], and tremor-related neuronal activity has been
recorded from sensorimotor cortex, the interpositus nucleus,
and somatosensory afferents [267]. These results are consis-
tent with the notion that cerebellar tremor is an abnormal
mechanical-reflex oscillation that emerges from sensorimotor
loops involving the cerebral cortex and the cerebellum. This
mechanical-reflex tremor differs from ET, which has a fre-
quency that is independent of reflex arc length, joint stiffness
and inertia [271].

Sudden joint perturbations (e.g., rapid passive elbow flex-
ion) produce a normal stretch-reflex response in the stretched
(agonist) muscle(s), but the subsequent burst of antagonist
muscle activity is abnormally sized and delayed in monkeys
with inactivated interpositus and dentate nuclei [270]. Similar
patterns of activation occur in agonist and antagonist neurons
of motor cortex [272]. Muscle spindle sensitivity is essentially
normal [273]. The delayed antagonist activation results in tar-
get overshoot and terminal oscillation. Delayed antagonist ac-
tivation has been observed in patients with ET, and thalamic
deep brain stimulation suppresses tremor without correcting
the antagonist delay [274]. In fact, excessive stimulation may
increase the delay [274] and produce cerebellar dysmetria
[275].

Tremor-related interpositus bursts in a rhesus monkey with
nuclear damage occurred an average 12.5 milliseconds after
the agonist EMG bursts [267]. Therefore, the interpositus
bursts occurred too late to drive the agonist muscle. Agonist
pyramidal tract neurons in the cat are inhibited by the
interpositus ventrolateral thalamocortical pathway, but antag-
onist pyramidal tract neurons are either excited or excited and
then inhibited [276]. Thus, the timing of interpositus activity
is consistent with feedforward facilitation of the antagonist
muscles, using inputs (efferent copy) from agonist neurons
in motor cortex. Cerebellar outflow lesions produce a loss of
feedforward control, resulting in an excessive reliance on
feedback control that produces abnormal mechanical-reflex
oscillation in long-loop sensorimotor pathways (Fig. 8). The
timing of cortical activity in cerebellar tremor is consistent
with this hypothesis [272].

Ventrolateral thalamotomy reduces cerebellar outflow
tremor [277]. The ventrolateral thalamic nucleus receives in-
put from dentate, interpositus, and spinothalamic pathway
[278, 279]. Therefore, thalamotomy could interrupt oscillation

in the transcortical stretch reflex loop (loop ① in Fig. 8), the
cerebellothalamic pathway, and reverberating thalamocortical
loops [279]. The corticobulbocerebellothalamocortical loop
(loop ② in Fig. 8) is involved in virtually all forms of tremor
in humans [280]. However, the precise role of this loop in each
form of tremor is unknown.

The Guillain–Mollaret triangle probably plays little or no
role in cerebellar outflow tremor. This triangle consists of the
dentate nucleus, the contralateral parvocellular red nucleus,
the contralateral IO, and their interconnecting fiber tracts
[281]. If this triangle played a role in cerebellar outflow trem-
or, one would expect to find tremor-related oscillation in den-
tate and olivary CF activity, and neither was found in the
studies by Thach and co-workers [267, 282, 283]. Lesions in
the parvocellular red nucleus do not cause tremor [284], and as
previously discussed, it is unlikely that isolated lesions in den-
tate cause cerebellar outflow tremor.

Interpositus projects to the magnocellular red nucleus,
which projects to the spinal cord in monkeys [281].
However, this pathway appears to be vestigial in man [285,
286], and lesions in bulbospinal pathways do not suppress
cerebellar outflow tremor in monkeys [287]. The corticospinal
tract is the principal descending pathway in cerebellar action
tremor [287].

In summary, cerebellar action tremor in the monkey is pro-
duced by impairment of the cerebellothalamic pathway.
Action tremor is initiated by corticospinal activation of the
agonist muscles. An efferent copy of this descending neuronal
activity is sent to the cerebellum via corticobulbocerebellar
pathways. This efferent copy is used by interpositus to direct
the activation of antagonist muscles via the cerebello-thalamo-
cortical pathway so as to decelerate the limb precisely at the
desired target. This activation of the antagonist muscles is
done in anticipation of the desired movement, based on prior
motor learning, a process known as feedforward motor con-
trol. Impairment of the cerebello-thalamo-cortical pathway
leads to a delay in antagonist muscle activation, resulting in
dysmetria. Lacking feedforward control, the motor system
relies excessively on feedback control, which is not sufficient
to prevent transcortical and transcerebellar mechanical-reflex
oscillation of the limb (i.e., action tremor). Lesions in the
ventrolateral thalamus disrupt these long-loop mechanical-re-
flex oscillations and may also reduce tremor by preventing
resonance in the excitatory reciprocal connections between
sensorimotor cortex and ventrolateral thalamus.

There has been a dearth of tremor research in non-human
primates since 2003. It is clear that cerebellar outflow lesions
produce intention tremor. However, it is unknown whether the
cerebellum normally functions to suppress or resist
tremorogenic oscillations generated outside the cerebellum
[283]. The IO and DCN do not oscillate under normal circum-
stances in monkeys [288–290], and olivary discharge does not
drive normal or abnormal mechanical-reflex tremor in
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monkeys [283]. However, monkey studies by Thach and co-
workers suggest that one role of the cerebellum is to limit
normal mechanical-reflex oscillation that is potentially
tremorogenic [283].

Consensus Summary

Animal models present a unique opportunity for us to under-
stand the pathophysiology and patho-mechanism of tremor.
We have 12 groups of experts contributing opinions to this
consensus paper, which collectively provide a comprehensive
overview of the field and future directions.

The animal models of tremor can be divided by the ani-
mals used: rats (Eric Lang, Stefan Pulst, Dane Chetkovich),
mice (Roy Sillitoe, Ming-Kai Pan, Sheng-Han Kuo, Martin
Gallagher), flies (Lorraine Clark, Eng-King Tan), pigs (Su-
youne Chang), and monkeys (Rodger Elble). Each animal
species presents its own unique strengths and weaknesses to
understand tremor (Fig. 9). For example, rats and monkeys
are very useful to understand the abnormal cerebellar circuit-
ry that generates tremor, whereas genetic manipulations in
mice and flies can help to advance our knowledge of the
genetic functions, anatomical alterations, and physiological
changes that underlie tremor. Flies do not have defined
olivocerebellar circuitry but are very useful to study overall
neuronal hyperexcitability and the molecular consequences of
genetic mutations (Lorraine Clark, Eng-King Tan). On the

other hand, mouse models provide an important platform to
study the effects of genetics on the cerebellar circuitry that
drives tremor (Roy Sillitoe, Ming-Kai Pan, Sheng-Han Kuo,
Stefan Pulst). However, flies can be used for large-scaled
screening while mice are more suitable for detailed mecha-
nistic studies.

Another important point of consensus is that animalmodels
can be used to study how brain circuitry alterations drive
tremor or to elucidate the underlying disease patho-
mechanism that causes ET and other tremor disorders. For
example, several animal models help us to understand the
brain circuitry that underlies different types of tremor.
Abnormal zonal organization within the cerebellum and ab-
normal PC firing (Roy Sillitoe), abnormal PC synaptic orga-
nization (Ming-Kai Pan, Sheng-Han Kuo), and PC degenera-
tive processes (Stefan Pulst) are all alterations made in the
brain that may contribute to the pathogenesis of tremor and
that might be modeled in animals. Despite the important roles
these animal models play in our understanding of tremor, there
is no direct evidence that Car8 or Shakermutations can cause
ET. Rather, these genetic mutations cause abnormal wiring of
circuitry that generates tremor and in some cases, ataxia too.
In such instances, these animal models, whose tremor is co-
morbid with ataxia, can be used to study the interactions be-
tween tremor and ataxia, two symptoms that can come from a
dysfunctional cerebellum. Aside from studying alterations in
brain circuitry, genetic mutations identified in human tremor
patients, such as FUS, KCNS2, and CACNA1G, can be

Fig. 8 Schematic diagram of the principal pathways involved in
cerebellar outflow tremor. Tremor is initiated by cortical activation of
the agonist muscles. The descending cortical command is also
transmitted to the interpositus (IP) and associated spinocerebellar cortex
via the pontine nuclei. IP nucleus projects back to the cerebral cortex via
the ventrolateral thalamus. This corticobulbocerebellothalamocortical

loop ② is an important avenue for feedforward motor control. Absent
feedforward control, the nervous system relies excessively of feedback
control ① based on sensory feedback from the musculoskeletal system.
Interpositus and spinothalamic fibers have overlapping projections to the
ventrolateral thalamus (VL)
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introduced into animal models to understand disease patho-
mechanisms (Lorraine Clark, Eng-King Tan). These genetic
mutations might not be directly related to tremor but to other
neurological symptoms since the generated animal models
can exhibit some other non-motor symptoms that have also
been identified in ET patients [291]. Regardless, each animal
model will be useful to the future development of either symp-
tomatic therapy for tremor by understanding the brain circuit-
ry or disease modifying therapy by advancing the knowledge
of disease patho-mechanisms.

The field is in agreement that tremor is one of the most
measurable movement disorders in both humans and animal
models with a distinct phase, amplitude, and frequency.
Because of these unique features of tremor as a movement
disorder, tremor also can provide an opportunity to correlate
real-time neuronal activities with movements in animal
models. However, while mice and rats have conserved
olivocerebellar circuitry, similar to humans, the tremor in
these rodent models does not necessarily share the same fre-
quency as human tremor. For example, harmaline can induce a
different tremor frequency in mice than in rats (mice 10–
16 Hz, rats 8–12 Hz), which might be due to the difference
in size of the olivocerebellar circuitry. Alternatively, other cir-
cuitry dynamics might differ among species. Note that indi-
viduals intoxicated with P. harmala, which contains
harmaline, could also have action tremor, but the frequency
of tremor was not reported [292]. Human ET is around 4–
12 Hz [293]. Therefore, the circuitry control mechanisms that
are common and differ between species and their influence on
determining the frequency (range) of tremor will require fur-
ther study.

ET is likely a group of heterogeneous disorders.
Different brain circuitry alterations have been proposed
in ET patients with different ages of onset and different
pharmacological responses to alcohol or propranolol (i.e.,
only half of ET patients respond) [124, 125]. Individuals
with ET can often have dystonic features or co-existing
parkinsonism [1, 294]. Therefore, it is very unlikely that
studying a single animal model will reveal the complete
picture of tremor disorders. It is more likely that each
animal model we study will represent a subset of tremor
patients and therefore, will advance our understanding of
the heterogeneity of tremor disorders. In addition, investi-
gators will also need to pay special attention to how re-
sults obtained from the study of tremor animal models
may be complicated by the co-morbidity of symptoms
such as by those associated with dystonia, parkinsonism,
and ataxia.

The future directions for animal models of tremor research
are (1) to establish quantitative methods for tremor measure-
ment and standardized methods for testing pharmacological
responses to enhance the translatability to human tremor dis-
orders; (2) to characterize the anatomical brain circuitry alter-
ations and corresponding physiological changes that drive
tremor; and (3) to study the links between human tremor dis-
orders and animal models at the levels of pathology, physiol-
ogy, and genetics. With these considerations in mind, the path-
ophysiology learned from different animal models will likely
to guide us towards developing physiologic biomarkers to
solve the heterogeneity of tremor disorders by stratifying
tremor patients for personalized treatment and/or selection
for clinical trials.

Fig. 9 Schematic diagram about
the relative utility of animal
models for tremor research
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