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Abstract
Background: Although essential tremor (ET) is the most common tremor disorder, its pathogenesis is not fully understood. The traditional model of ET, proposed
in the early 1970s, posited that the inferior olivary nucleus (ION) was the prime generator of tremor in ET and that ET is a disorder of electrophysiological
derangement, much like epilepsy. This article comprehensively reviews the origin and basis of this model, its merits and problems, and discusses whether it is time to
lay this model to rest.
Methods: A PubMed search was performed in March 2017 to identify articles for this review.
Results: The olivary model gains support from the recognition of neurons with pacemaker property in the ION and the harmaline-induced tremor models (as the
ION is the prime target of harmaline). However, the olivary model is problematic, as neurons with pacemaker property are not specific to the ION and the
harmaline model does not completely represent the human disease ET. In addition, a large number of neuroimaging studies in ET have not detected structural or
functional changes in the ION; rather, abnormalities have been reported in structures related to the cerebello-thalamo-cortical network. Moreover, a post-mortem
study of microscopic changes in the ION did not detect any differences between ET cases and controls.
Discussion: The olivary model largely remains a physiological construct. Numerous observations have cast considerable doubt as to the validity of this model in
ET. Given the limitations of the model, we conclude that it is time now to lay this model to rest.
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research over the past several years has also called into question
traditional views about the underlying neurobiology of ET. Recent
studies, and especially those based on histopathological investigation
of brain tissues, have resulted in a new hypothesis regarding the
pathogenesis of ET. This hypothesis posits that ET may be a neurodegenerative disease centered in the cerebellum,6 and it contrasts with
the traditional olivary hypothesis, which posited that 1) the inferior

Introduction
1

Essential tremor (ET) is the most common tremor disorder.
Although for a long time ET was regarded as a monosymptomatic
illness, in recent years this view has been challenged by studies that
have documented the presence in some patients of additional motor
signs aside from tremor and a repertoire of non-motor features.2–5 In
parallel with this reconceptualization of the clinical features of ET,
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olivary nucleus (ION) was the prime generator of tremor in ET and
2) ET is a disorder of electrophysiological derangement, much like
epilepsy.
This article aims to revisit the olivary hypothesis of ET to discuss
1) the origins and basis for this model, 2) the evidence in support of
this model, 3) the considerable limitations of this model, and finally
4) whether it is time to lay this model to rest.

properties of neurons in the central nervous system was performed
during the past three to four decades and, from this work, we know
that numerous structures across the neuroaxis have pacemaker
properties: ION,8,9 locus ceruleus,10,11 raphe nucleus,12 thalamus,13
cerebellar nuclei,14 Purkinje cells,15 globus pallidus,16 and sensorimotor cortex17 and, of these structures, the ION has received the
greatest attention with regards to pathogenesis of ET. The ION is the
largest nucleus in the olivary body and it constitutes the major input to
the cerebellum; the olivocerebellar fibers are referred to as climbing
fibers.18
Rhythmic oscillatory activity of the olivary neurons has been
reported in several animal experiments since the early 1970s. Thus,
Lamarre and Mercier19 in 1971 observed a 10 Hz rhythmic activity in
the ION, Purkinje cells, neurons in fastigial nucleus, and bulboreticular units in decerebrate cats with harmaline-induced tremor. The
authors suggested that the tremor induced by harmaline had a central
origin, as bursts of activity were persistent in the ventral roots of the
spinal cord even after abolishing the tremor by application of paralytic
agents. This led to a speculation that tremor most probably was
relayed from the brainstem structures such as the ION, reaching the
spinal cord through reticulo-spinal and vestibulo-spinal pathways. Two
years later, in 1973, Llinás and Volkind20 observed the persistence of
rhythmic activity in the ION in cats with harmaline-induced tremor,
even after low decerebration, cerebellectomy, and spinal transection.
This substantiated the notion that the ION has an intrinsic rhythmic
property and it is one of the targets in harmaline-induced tremor in
animal models. Later, Llinas et al. also documented oscillatory

Methodology
In March 2017, the authors used PubMed to search the relevant
literature using the term ‘‘essential tremor’’ with additional search
terms being ‘‘biology’’, ‘‘pathology’’, ‘‘pathophysiology’’, ‘‘pathogenesis’’, ‘‘inferior olive’’, ‘‘thalamus’’, ‘‘cerebellum’’, and ‘‘red nucleus’’.
This yielded 4,045 articles (Table 1, Figure 1). During the initial
screening of the abstracts/full texts, the publications that were not
relevant to this review, duplicates, and those that were published in
languages other than English were removed, leaving 66 articles. The
references from these articles were also thoroughly searched for any
additional articles, yielding 18 more articles (Table 1, Figure 1). In
total, 84 articles pertinent to this topic were included for this review
(Table 1, Figure 1).
Origins and evolution of the olivary hypothesis
ION as a central pacemaker. The olivary hypothesis stems in part
from the concept of the existence of central oscillators. These central
oscillators are neurons with pacemaker properties; in other words,
these neurons possess the intrinsic ability to generate rhythmic bursting activity.7 Much of the relevant work relating to the pacemaker

Table 1. Results of Search for Articles from PubMed Using Various Key Words and their Combinations
Key Words and Combinations

Number of Publications
Total

Included

Essential tremor AND biology

85

11

74 (not in English, 7; not relevant, 67)

Essential tremor AND pathology

508

77

431 (not in English, 28; not relevant, 403)

Essential tremor AND pathophysiology 1,181

1,241

60

1,181 (not in English, 101; not relevant, 1,080)

Essential tremor AND pathogenesis 1,269

1,310

41

1,269 (not in English, 134; not relevant, 1,135)

Essential tremor AND inferior olive

44

16

28 (not in English, 3; not relevant, 25)

Essential tremor AND thalamus

528

16

512 (not in English, 41; not relevant, 471)

Essential tremor AND cerebellum

307

79

228 (not in English, 12; not relevant, 216)

Essential tremor AND red nucleus

22

5

17 (not in English, 3; not relevant, 14)

Total number of articles included for review after removing the duplicates

Excluded

66

Total number of articles included from the reference sections of the shortlisted articles 18
Final number of article include for review
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Figure 1. Flow diagram summarizing the steps involved in the literature search.

neuronal activation) in the ION after systemic administration of
harmaline,29 and 5) harmaline-induced potentiation of the lowthreshold voltage-gated calcium channels (CaV3.1) in the ION, which
play a crucial role in the genesis of 4–10 Hz tremor-related rhythms.30
The rhythmic burst activity generated in the ION is subsequently
transmitted via the climbing fibers to Purkinje cells and to the deep
cerebellar nuclei, then to brainstem and spinal cord motor neurons in
rodent models. Historically, these observations have been instrumental
in setting the foundations for the olivary hypothesis of ET.

properties in the neurons of the ION of guinea pigs and their
modulation by several pharmacological agents, including harmaline.21
Subsequently, neurophysiological studies of patients with ET also
posited a role of a central oscillator in ET. In his experiments in the
1980s aimed at understanding the physiology of tremor, Elble22
observed that the frequency of tremor in ET remains unchanged with
inertial loading. Variation of frequency of tremor in response to
inertial loading is a common finding in animal models of tremor, and
in humans, and when present, it indicates that tremor is secondary to
stretch reflex oscillation. This observation on frequency invariance in
ET further reinforced the view that central oscillators are crucial in the
genesis of tremor in patients with ET.

Evidence from the neuroimaging studies. In addition to the central
pacemaker concept and the harmaline-induced tremor models, results
of several functional neuroimaging studies also partially favor the
olivary model of ET. Hallett and Dubinsky,31 in a positron emission
tomography (PET) study, observed significantly higher regional
cerebral metabolism of glucose (rCMRGlc) in the brainstem and
thalamus in patients with ET than in the healthy controls. Although
not totally clear, it was posited that the ION was the brainstem
structure that was responsible for the higher rCMRGlc signal in these
studies, although limited resolution of the technique was an issue.
It is possible that the higher observed rCMRGlc was the indirect
representation of higher intrinsic activity in the ION. Later, another
PET study revealed a significant increase in blood flow bilaterally to
the IONs in patients with alcohol responsive ET compared with
controls after oral administration of ethanol.32 The authors hypothesized that there was a possible increase in the afferent olivary input
from the cerebellum after intake of ethanol. This increase in afferent
olivary input was speculated to be secondary to the reduction of
cerebellar cortex inhibitory input to the central nuclei by ethanol.
However, the blood flow to the ION was no different in patients than
the controls before taking ethanol. Hence, although there was higher
blood flow in the ION after ingestion of ethanol, suggesting putative
involvement in tremor pathogenesis, it was not clear how exactly the

Evidence from the animal models of tremor. As alluded to above, the
role of the ION in the pathogenesis of ET gains support from the
observation that tremor secondary to toxicity of certain chemicals
shares several features with ET. In a wide range of laboratory animals
including mice, cats, and monkeys, intoxication with b-carboline
compounds (e.g., harmane, harmine, harmaline, ibogaine) produces
action tremor. The resemblance of such tremor with ET has attracted the attention of researchers working on the mechanism of tremor
and its pharmacotherapy. The potential mechanisms by which
harmaline results in tremor in animals is reviewed comprehensively
elsewhere.23,24 In addition to the experiments by Lamarre and
Mercier19 and Llinás and colleagues20,21 as described earlier, there
are several other lines of evidence from animal studies to support the
notion that the ION is one of the major sites of action of harmaline.
These include 1) triggering of rhythmic burst activity in the ION on
local application/local microinjections of harmaline,25 2) loss of the
tremor-generating property of harmaline after damaging the ION
neurons with 3-acetylpyridine,26 3) harmaline-induced increase in
medial and dorsal ION metabolism in 14C-deoxyglucose uptake
studies,27,28 4) increase in c-fos (an immunohistochemical marker of
Tremor and Other Hyperkinetic Movements
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or electrophysiological entity and the ION is the major site of pathogenesis of ET.

ION was involved. In a recent resting-state functional magnetic
resonance imaging (fMRI) study, Fang et al.33 reported reduced
regional homogeneity (ReHo) in the bilateral IONs in patients with
ET. As ReHo is a voxel-based measure of brain activity, which
evaluates the similarity or synchronization between the time series of a
given voxel and its nearest neighbors, reduced ReHo in a small
structure like the ION perhaps indicates higher aberrant intrinsic
activity than in other structures. Although results of the aforementioned studies have indicated possible involvement of the ION in
patients with ET, it is important to note that functional abnormalities
in these studies were not limited to the ION, and several other
structures including the cerebellum,32,33 motor cortex,33 and thalamus31,33 were also observed to be abnormal in patients with ET.
The other factor that reinforces the potential role of the olivary
model of ET is the apparently normal histological examinations
in early post-mortem studies on brains of patients with ET.34,35 The
results of these initial histopathological studies, which were null studies,
served to reinforce the idea that structural or degenerative changes
were not associated with the pathogenesis of ET. Lack of pathological
changes in ET brains as reported by these studies was an indirect
support for the ION model, which posits that ET is a physiological
derangement. Taken together, cohesively, the aforementioned observations (pacemaker and harmaline models, functional imaging studies,
histopathological studies) supported the notion that ET is an electrical

Problems with the olivary model
Despite some support for the olivary model, the model is also
characterized by a multiplicity of problems, which are discussed below
(Figure 2, Table 2). Indeed, the model has faced significant challenges
over time. In a workshop organized by the National Institute of Neurological Disorders and Stroke that was aimed to address knowledge
gaps in ET and to provide research recommendations, the significance
of the olivary model was questioned because of the lack of convincing
and conclusive evidence to support it.36
Numerous functional neuroimaging studies have explored the
neural correlates of ET, a majority of which reported alterations in
the components of the cortico-bulbo-cerebello-thalamo-cortical network. The PET studies by Wills et al.37,38 revealed abnormal activation in the bilateral cerebellum, red nucleus, and thalamus in patients
with ET. Despite limited evidence from early studies of activation of
the ION,31,32 in these studies,37,38 no activation was observed in the
ION. An ever-growing number of recent fMRI studies have also not
detected any alterations in the functional connectivity of the ION;
rather, an alteration in the cortico-bulbo-cerebello-thalamo-cortical
network (and especially the cerebellum) has been the major result
of these studies.39–42 Magnetic resonance spectroscopy (MRS) is a

Figure 2. Summary of the observations, which augured the existence of olivary model of ET and their respective problems.
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Table 2. Similarities and Differences between Harmaline-induced Tremor and Essential Tremor
Similarities

Phenomenology: action tremor
Phenomenology: action tremor
Similar response to certain pharmacological agents
Tremor is suppressed in all cases of harmaline-induced tremor and some cases of essential tremor in response to ethanol, propranolol,
primidone, clonazepam, diazepam, gabapentin, zonisamide, gamma hydroxybutyrate, l-octanol
Tremor is not suppressed by anticholinergic agents, phenoxybenzamine, and leviteracetam
Tremor is worsened by caffeine, citalopram, and imipramine
Differences
Features

Harmaline Model

Essential Tremor

Organisms

Cats, monkeys, mouse

Humans

Nature of onset

Acute

Insidious

Course of tremor

Temporary

Permanent

Causative factor (s)

Pharmacologic

Possibly neurodegenerative

Role of inferior olivary nucleus

Definite

Uncertain

Rest tremor

Absent

May coexist with action tremor in
some patients

Carbamazepine

Suppresses

Doesn’t suppress

Valproate

Suppresses

Doesn’t suppress/worsens

Lacosamide

Suppresses

Doesn’t suppress

Carisbamate

Suppresses

Doesn’t suppress

Lithium

Suppresses

Doesn’t suppress/worsens

Levodopa

Suppresses

Doesn’t suppress

Dopa-agonists

Suppresses

Doesn’t suppress

MK-0249

Suppresses

Doesn’t suppress

Response to certain pharmacological agents

neuroimaging technique that allows in vivo quantification of certain
chemicals in the brain. Studies using MRS have compared the ratio of
N-acetylaspartate (NAA) and creatine (Cr) in patients with ET and
healthy controls.43–45 A reduction in NAA or a reduced NAA:Cr,
which suggests neuronal dysfunction or neuronal loss, was observed in
the cerebellar cortex in the studies by Louis et al.43 and Pagan et al.;44
a negative correlation of the tremor severity with NAA:Cr ratio was
documented in the former study.
The structural neuroimaging studies on patients with ET have
been largely based on voxel-based morphometry (VBM) and diffusion
tensor imaging (DTI). While VBM allows voxel-wise comparison of
Tremor and Other Hyperkinetic Movements
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gray matter density between two groups, DTI allows one to study
microstructural white matter changes using several parameters
(anisotropy and diffusivity) that are related to the diffusion of water
molecules in nerve fibers. Although the results of case–control studies
based on VBM are somewhat variable, the majority of these revealed
reduced gray matter volume in the cerebellum in patients with ET
compared with healthy controls.46–49 Gray matter volume loss in the
cerebellum, especially in the vermis was documented in ET patients
with head tremor in two of the VBM studies.48,49 A recent volumetry
study has revealed significant atrophy of the vermis in patients with
ET, especially in those with cerebellar signs.50 However, the structural
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controls). Other changes include a hypertrophic (‘‘hairy’’) appearance,68 and elongated leucine-rich repeat and Ig domain containing 1
(LINGO1) labeled pinceau processes in basket cell axonal processes
surrounding Purkinje cells in ET cases when compared with controls.69
In addition, the climbing fiber connections on the Purkinje cells
in ET have been reported to be abnormal.70 Other studies using
immunohistochemical markers have reported reduction in cerebellar
cortical excitatory amino acid transporter type 2 protein levels,71 and
reduction in gamma-aminobutyric acid receptors in the dentate
nucleus in ET vs. control brains.72 Earlier histopathological studies
described above34,35 were characterized by a number of methodological limitations (absence of a quantitative approach and no metrics
were specified, detailed examination of the cerebellum was not
performed, and absence of control brains for comparison), and this
likely contributed to their null findings. More recent studies,63–72
which do not have these limitations, have provided substantial
evidence of structural changes in the cerebellum in patients with ET.
Hence, aside from suggesting that the origins of ET could lie in the
cerebellum rather than the ION, these studies also favor the notion
that ET is more than just a physiological derangement.
The pacemaker concept and the animal models of tremor, which
have favored the olivary model of ET, are also problematic. Although
there is hardly any doubt that the ION has the property to generate
rhythmic burst activity, there is no explicit or empiric evidence
regarding the role of the ION in the pathogenesis of the human disease
ET. In other words, it is a hypothetical construct. Further calling into
question a special role of the ION in ET is that pacemaker neurons are
not limited to the ION; rather, numerous structures throughout the
brain have been recognized to have neurons with intrinsic oscillatory
activity. These include the ION,8,9 locus ceruleus,10,11 raphe nucleus,12
thalamus,13 cerebellar nuclei,14 Purkinje cells,15 globus pallidus,16
and sensorimotor cortex17 (Figure 2). These neurons with pacemaker
properties are either parts of the cerebellar-thalamic-motor or other
motor networks (i.e., thalamus, cerebellar nuclei, Purkinje cells,
globus pallidus) or they synapse with components of these motor
networks (i.e., red nucleus, raphe nucleus). Why the ION, therefore,
has been singled out as the prime mover of ET is not completely
apparent.
As noted above, the harmaline model of tremor has augured the
existence of the olivary model of ET. There is phenomenological
overlap between harmaline-induced tremor in animals and ET as both
these conditions are associated with action tremor of similar frequency
(8–16 Hz) and have similar responses to several pharmacological
agents.23 However, the harmaline model of tremor has several
shortcomings as a model for the human disease ET (Table 2, Figure 2).
First, this is an artificial, toxin-induced animal model of tremor and
not the naturally occurring chronic human disease ET. In fact, it no
more represents ET per se than the 1-methyl-4-phenyl-1, 2,3,6tetrahydropyridine model recapitulates the precise pathogenesis of
Parkinson’s disease73 or the experimental autoimmune encephalomyelitis model recapitulates that of multiple sclerosis.74 Furthermore,
the model produces an acute tremor rather than a chronic tremor,

changes observed in these studies are not limited to the cerebellum,
as atrophy in widespread areas in the cerebral cortex was also
documented.46,47,51 With the exception of two studies,52,53 most of the
DTI studies have documented microstructural white matter changes in
patients with ET in several regions of the brain in the form of reduced
fractional anisotropy and/or increased mean diffusivity. In addition to
white matter changes in multiple areas in the cerebellum and its
connections,54–57 the DTI studies also documented changes in the
thalamus,55 red nucleus,58 and in the white matter fibers in the frontal,
parietal, and temporal cortices.54,55 Neuroimaging studies on ET are
comprehensively reviewed elsewhere.59
The apparent absence of functional or structural alterations in the
ION in ET, as suggested by the aforementioned neuroimaging studies,
gains additional support from a detailed post-mortem study60 that did
not detect any differences in the morphological characteristics of the
ION in the brains of patients with ET when compared with those of
healthy controls. In that report, a detailed post-mortem study was
undertaken of the microscopic changes in the ION of ET cases vs. agematched controls. A series of metrics was used to quantify microscopic
neuronal and glial changes in the ION and its input and output tracts.
Olivary linear neuronal density was also assessed. ET cases and
controls did not differ from one another with respect to any of the
assessed metrics. Olivary linear neuronal density was also similar in
cases and controls. Thus, a systematic post-mortem study of the
microscopic changes in the ION did not detect any differences
between ET cases and controls.
A recently published case report similarly suggests that the ION is
not the source of tremor in ET.61 In that report, development of
hypertrophic olivary degeneration in a patient with longstanding ET
of 20 years’ duration did not alter the nature of the tremor. Although
the patient developed gait imbalance and palatal tremor, the fact
that there was no change in the pattern of upper limb tremor in
the presence of a progressively degenerating olivary nucleus, argues
against the notion that the ION plays a crucial role in the genesis of
tremor in ET. Had the ION played a pivotal role in the pathogenesis of
ET, hypertrophic olivary degeneration would presumably have resulted
in an apparent reduction in the amplitude and/or frequency of tremor.
More recently, numerous post-mortem studies have documented
histopathological changes in patients with ET. These studies have
noted a series of distinct changes in the ET cerebellum, and particularly in the Purkinje cell and surrounding neuronal populations,
compared with that of control brains.62 These changes are found
across several Purkinje cell compartments, including the dendritic
arbor (increased numbers of dendritic swellings,63 greater dendritic
pruning,64 and loss of dendritic spines64 in ET than controls), the cell
body (reduced Purkinje cell linear density in some studies, greater numbers of empty baskets, and more displaced Purkinje cells [heterotopias]
in ET than controls),65,66 the axon (increased numbers of axonal
thickenings,67 increased axonal branching,67 increased numbers of
torpedoes,65 increased numbers of arciform axons,67 increased numbers
of recurrent collaterals,67 increased terminal axonal sprouting,67
increased numbers of infraganglionic complexes67 in ET than
Tremor and Other Hyperkinetic Movements
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as one sees in ET. Thus, although after administering harmaline the
tremor may develop within minutes, it then diminishes after several
hours. For example, in a videotape documentation of a harmalineinduced tremor in mice, Cheng et al.75 observed tremor 5 minutes
after the subcutaneous administration of harmaline but then the
tremor resolved after 2 hours. In addition, the majority of rats develop
resistance to harmaline within a few days of harmaline administration.76 Lutes et al.76 had demonstrated that repeated administration of
harmaline results in rapid tolerance to the tremorogenic property of
the drug in rats. Interestingly, tolerance to harmaline was not present
in rats that were pretreated with diazepam or morphine in the same
study. Although the exact mechanism of tolerance was not clear, it was
presumed that altered function of the olivo-cerebellar system is
responsible for this phenomenon. After repetitive administration of
harmaline, the olivo-cerebellar system could be defective because of
loss of Purkinje cell activity secondary to excito-toxicity mediated by
excessive glutamate. O’Hearn and Molliver77 have reported degeneration of Purkinje cells in the parasagittal region of the cerebellar
vermis in ibogaine- and harmaline-treated rats and later demonstrated
that the olivo-cerebellar projections actually mediate the degeneration
of Purkinje cells through trans-synaptic excitotoxicity.78 Contrary to
the pathological changes observed in the cerebellum of the ibogaine/
harmaline-induced animals, these parasagittal bands of necrosis in
cerebellum have never been observed in any of the autopsy studies in
patients with ET. Hence, although there is a superficial phenomenological similarity with ET, the natural course and pathogenesis of
harmaline-induced tremor is significantly different from that of ET.
Harmaline-induced tremor and ET also differ in terms of response
to various pharmacological agents. For example, treatment with
valproate and lithium can suppress harmaline-induced tremor whereas
the same agents are well documented to worsen the tremor in patients
with ET.23 Similarly, there are numerous other pharmacological
agents that suppress the tremor in harmaline models, but they do not
have any effect on the tremor in patients with ET (Table 2). In
summary, although harmaline may produce a transient action tremor,
it is not ET.
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