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Abstract

For many years, little was written about the underlying biology of ET, despite its high prevalence.
Discussions of disease mechanisms were dominated by a focus on tremor physiology. The
traditional model of ET, the olivary model, was proposed in the 1970s. The model suffers from
several critical problems and its relevance to ET has been questioned. Recent mechanistic research
has focused on the cerebellum. Clinical and neuroimaging studies strongly implicate the
importance of this brain region in ET. Recent mechanistic research has been grounded more in
tissue-based changes (i.e., postmortem studies of the brain). These studies have collectively and
systematically identified a sizable number of changes in the ET cerebellum, and have led to a new
model of ET, referred to as the cerebellar degenerative model. Hence, there is a renewed interest
in the science behind the biology of ET. How the new understanding of ET will translate into
treatment changes is an open question.

Keywords
essential tremor; biology; pathophysiology; cerebellum

Correspondence: Elan Louis, Unit 198, Neurological Institute, 710 West 168th Street, New York, NY, 10032, USA. Tel: (212)
305-9194, Fax: (212) 305-1304, EDL2@columbia.edu.

Conflict of Interest

Elan D. Louis declares that he has no conflict of interest.

Compliance with Ethics Guidelines
Human and Animal Rightsand Informed Consent
This article does not contain any studies with human or animal subjects performed by any of the authors.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Louis

Page 2

Introduction to ET

Essential tremor (ET) stands out as one of the most prevalent neurological diseases.k 2 Its
most recognizable clinical feature is an 8-12 Hz action tremor (i.e., a tremor that occurs
during volitional movement) of the arms; head tremor and other cranial tremors may also
occur,3 4 as well as limb and gait ataxia and subtle eye motion abnormalities.>~” The disease
is progressive,8: 9 and the tremor is often disabling.1%: 11 The one prospective population-
based study of ET mortality indicated a modest (45%) increased risk in ET cases.12

ET is the most common tremor disorder. The disease is present in 4.0% of individuals aged
>40,1 and the incidencel3 and prevalencel increase with age, so that as many as 22%-23%
of persons aged >90 years have ET.14 The condition is clearly global, affecting humans of
all ethnicities, from the remote Okapa sub-district of Papua New Guinea to the urban
community of Washington Heights-Inwood in northern Manhattan, New York 14 15

The underlying causes of ET are far from fully elaborated, although genetic and
environmental factors are both likely to play a role. Recent studies have identified several
genetic candidates;16: 17 however, the study of ET genetics remains in its infancy.18 There
are several interesting leads in terms of environmental risk factors,® some of which could
be modifiable exposures (e.g., harmane and ethanol).2%: 21 Evidence of etiological, clinical,
pathological and pharmacological response phenotypical heterogeneity have led to the
notion that the entity “ET” may indeed represent a family of diseases better encapsulated by
the term “the essential tremors”.22: 23

The Biology of ET — Where are we Coming From?

For many years, little if anything was written about the underlying biology of ET, despite
the high prevalence of the disease. Curiously, many textbook chapters and review articles on
ET did not include a section devoted to disease pathophysiology.2# This paralleled the
notion that ET was not really a disease per se, but rather, a relatively benign constitutional
trait; as such, the loose terms “disorder” and “condition” were often applied to ET rather
than the more definitive term “disease”.2* A PubMed search conducted in June 2013,
crossing the terms “essential tremor” and “biology”, yielded only 17 entries, none of which
included the term “biology” in the article title,?° and a recent review of the 100 most cited
papers on ET revealed that none dealt with issues related to molecular or cellular biology.2

The Biology of ET — Older Disease Models

Discussions of disease mechanisms in ET, although sparse, were for many years dominated
by a focus on tremor physiology and brain circuitry.2”: 28 The existence of a central tremor
pacemaker or oscillator was posited; the main support for this idea was the existence of an
animal model of action tremor using the neurotoxin harmaline (similar to harmine and
harmane), which induces a non-specific action tremor in laboratory animals and postmortem
changes in the olivocerebellar pathway in these animals.24 29 30 Buoyed by this
observation, a physiological derangement in the inferior olivary nucleus, a structure which
has inherent oscillatory-pacemaking properties, was viewed as the possible prime mover in
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ET,28 although there was very little actual empiric support for what was more of a
theoretical physiological construct.24 25

As noted above, the traditional model of ET, the olivary model, was first proposed in the
early 1970s.25 29. 31 The olivary model is based on three primary observations. First, the f-
carboline alkaloids (e.g., harmaline, harmine, harmane, and several other related molecules),
are a class of chemicals that are highly neurotoxic, and their administration to a broad range
of laboratory species produces action tremor, which is the hallmark feature of ET.32: 33
These toxins, by producing excessive climbing fiber-derived glutamate discharge, result in
marked Purkinje cell destruction.34 Second, a variety of neurons in the central nervous
system have pacemaking properties, that is, they are capable of firing in a coordinated and
rhythmical fashion.31 Among the many neurons with pacemaking properties are the
climbing fibers whose cell bodies are situated in the inferior olivary nucleus.30: 35 36 Third,
early studies on the pathology of ET incorrectly concluded that there was no ET
pathology.3” These studies, however, were based on exceedingly small numbers of ET
cases, a limited examination of the cerebellum, lack of a quantitative approach to assess
morphological changes, and an absence of control brains for comparison.22: 31, 37

The olivary model is based on sound primary neurophysiological observations, yet as
reviewed in detail elsewhere,25 there are major problems with the model (Table 1). First,
there is no empirical evidence that the hypothesized process is occurring in the human
disease ET.3L In other words, the model is purely conjectural.?> Second, pacemakers exist in
numerous locations in the central nervous system, including the locus ceruleus,38 dorsal
raphe nucleus,3® thalamus,*0 and the cerebellum (Purkinje cells) itself.4 Thus, olivary
pacemakers are not unique, and there has been no attempt to explain why these rather than
the numerous other pacemakers are posited to be patho-mechanistically relevant in ET.25: 31
Third, the harmaline model is an animal toxin model of tremor rather than a model of the
human disease, ET, which occurs in nature. Action tremor is a non-specific neurological
sign, and is not the equivalent of the human disease ET.3! Also, harmaline-exposed animals
develop an acute tremor that resolves after a few hours. Hence, it is a model of acute action
tremor rather than chronic action tremor.2> 31 Finally, positron emission tomography studies
over the past two decades, have not demonstrated involvement of the inferior olivary
nucleus in ET, nor have later postmortem studies revealed structural changes in that
nucleus.*2 43 In summary, the olivary model of ET suffers from a number of critical
problems.2 31 |ts relevance to ET has been called into question.3!

As a result of growing awareness of problems with the olivary model, and the emergence of
new science focused on the biology of ET (as discussed below), the olivary model is falling
out of favor.

A New Biology of ET — Zeroing in on the Cerebellum

In recent years, mechanistic research on ET has focused more on the cerebellum and the role
it plays in the biology of this disorder. Interest in the cerebellum was initially motivated by
clinical and neuroimaging studies, which strongly implicate the importance of this brain
region in ET.
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An emerging clinical literature has gathered increasing support for the notion that the
cerebellum itself might be centrally involved in ET. First, cerebellar-like problems, with
abnormalities in tandem gait and balance, have been repeatedly described in ET

patients.2% 44-47 Intention (i.e., “cerebellar”) tremor of the arms occurs in approximately
one-half of ET patients,*® and in 10% of ET patients, intention tremor involves the head as
well.24 49 There are a variety of other motor abnormalities that point to what is likely to be a
more pervasive underlying abnormality of cerebellar function in ET. These include
oculomotor deficits® as well as abnormalities in limb motor behavior in ET.24 50-53 Second,
unilateral cerebellar stroke has been reported to abruptly terminate ipsilateral arm tremor in
patients with ET.54 55 Third, cerebellar outflow (dentato-rubro-thalamic) pathways are the

target(s) of deep brain stimulation, which is a therapy that is highly effective in treating
ET.24,56,57

A wide array of neuroimaging methods used in an ever-growing number of studies now
indicate the presence functional, metabolic and structural abnormalities in both the
cerebellar gray and white matter.58 These studies include functional magnetic resonance
imaging (MRI) studies,>® positron emission tomography studies,*2: 60. 61 [IH] magnetic
resonance spectroscopic imaging studies,52: 63 diffusion tensor imaging studies,®4-%6 voxel
based morphometry studies,57: 68 and studies using other automated volumetric methods.5°

A New Biology of ET — The Rise of Tissue-Based Studies

Mechanistic research on ET in recent years has been grounded more in empiric, controlled,
tissue-based changes (i.e., postmortem studies of the brain). Postmortem studies in recent
years have systematically identified a sizable number of changes in the ET brain, across
each of the following cerebellar compartments (Table 2): (1) Purkinje cell dendrites (i.e., an
increase in number of Purkinje cell dendritic swellings),”® (2) Purkinje cell body (i.e., both
reductions in Purkinje cell linear density as well as heterotopic placement of Purkinje cell
soma),”1=73 (3) Purkinje cell axon (i.e., a broad range of changes in axonal morphology,
including torpedoes),® 72 and (4) basket cell axonal processes (i.e., hypertrophy of perisomal
processes [“hairy baskets”] and elongated LINGO1 labeled pinceau processes).’4 7
Systematic postmortem study of the other brain regions that form loop connections with the
cerebellum (i.e., the thalamus, inferior olivary nucleus, red nucleus, and motor cortex)
indicate that significant pathologic changes are not evident in these brain regions,”6: 77
reinforcing the notion that the cerebellum is the focal point of interest in studies of the
pathogenesis of ET.

A New Biology of ET — The Cerebellar Degenerative Model

The recent tissue-based research has led to a new model of ET, namely, the cerebellar
degenerative model. The model is not new and, in fact, the idea that ET could be
neurodegenerative was proposed more than 50 years ago.’® Now, however, there is
accumulating empiric support for this notion. This model posits that ET begins with an as-
yet unidentified molecular event that stresses the Purkinje cell population, and this stress is
evidenced by structural changes in that population.”® One of the most obvious changes in
the ET cerebellum is an increase in the number of torpedoes. These are abnormal ovoid
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swellings of the proximal portion of the Purkinje cell axon, and there is an approximately
seven-fold increase in these structures in ET brains compared with age-matched control
brains,3”: 72 with detailed assessments showing that a single Purkinje cell axon in ET may
contain several (i.e., two or three) such torpedoes.24 7° Torpedoes, which contain a massive
accumulation of abnormally phosphorylated and disorganized neurofilaments,89-82 and
these neurofilament mis-accumulations are thought to inhibit both anterograde and
retrograde axonal transport, ultimately leading to cell strangulation.”®: 83-85

This axonal strangulation likely leads to regenerative behaviors, with attempts at axonal
remodeling. In general, the Purkinje cell response to stress/disease involves a range of
axonal changes.86 Thus, Purkinje cells, in contrast to most neurons in the central nervous
system, often still survive despite marked injury,86-88 and they may exhibit a vigorous
inclination towards sprouting and other changes both along the intracortical segment and the
distal stump.89-92 More specifically, the axonal changes that occur to a significantly greater
extent in ET than control brains include: an increased number of arciform axons (i.e., axons
that gradually curve back towards the Purkinje cell layer rather than continuing downward to
the deep cerebellar nuclei — i.e., axons that seem to be heading in a cortical direction rather
than a cortico-fugal direction), the formation of axon recurrent collaterals (i.e., axons or
axon branches that make at least a 90° turn back towards the Purkinje cell layer), increased
axonal branching (i.e., the presence of axons with at least one branch point and as many as
multiple bifurcations), and increased terminal axonal sprouting (i.e., the presence of a frayed
terminal axonal region juxtaposed within or near to the Purkinje cell layer).”® 93 These
structural abnormalities indicate a likely increase in aberrant Purkinje-Purkinje interactions
and/or aberrant Purkinje cell interactions with other neurons.

In the cerebellar degenerative model of ET, it is posited that the stress to the Purkinje cell
and/or torpedo-associated axonal strangulation leads to the selective degeneration and, in
some instances, death of Purkinje cells.”®: 94-98 Of interest is that the reduction in numbers
of Purkinje cells is greatest in ET brains that contain the most torpedoes.’2

A number of other discrete structural changes have been observed in the cerebellar cortex in
ET, and some of these changes are likely the reactive result of Purkinje cell loss in ET,”3
although this sequence of events remains to be definitively established. First, there is an
increase in the number of heterotopic Purkinje cells in ET (i.e., Purkinje cells whose cell
body is mislocalized in the molecular rather than Purkinje cell layer).”® The mechanism
underlying Purkinje cell heterotopia is not clear, but with the death of Purkinje cells, the
immense Purkinje cell dendritic arbor disappears completely.”® Such a situation could result
in the remodeling of structures in the molecular layer, leading to defective Purkinje cell
body localization (i.e., a dislocation of Purkinje cells).82 The fact that the number of
heterotopic Purkinje cells in ET correlates inversely with the number Purkinje cells supports
such a sequence of events.”3

Another likely form of plasticity is seen in the basket cell response to Purkinje cell loss.
Erickson-Davis et al.” recently observed an unusual dense and tangled (what was termed
“hairy”) appearance of the basket cell axonal plexus surrounding Purkinje cell soma in
Bielschowsky-stained preparations of cerebellar cortical sections in ET cases. The observed
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hypertrophic changes were inversely correlated with the number of Purkinje cells (i.e.,
greater Purkinje cell loss was associated with more basket cell changes).”* The mechanism
by which the hypertrophy of the basket cell axonal plexus occurs is unknown. One possible
explanation is that the increased profiles observed in ET represent an accumulation of
converging basket cell processes recruited from neighboring Purkinje cells that have been
damaged or died.”* Thus, the hypertrophied basket cell processes observed in ET might be
converging on and reorganizing around remaining Purkinje cells.”®

The remodeling of Purkinje cell axons, discussed above, likely leads to an intra-cortical re-
wiring.”® On a physiological level, this indicates the likely formation of aberrant synapses,
and the creation of new/abnormal cortical circuits in ET.%0 The increased number of
recurrent collaterals and terminal sprouts, in particular, likely establish synaptic contacts and
produce abnormal feedback loops.%° Thus, abnormalities in local intra-cerebellar circuits are
likely important features of the pathogenesis of ET.82 Additional circuit changes in the
Purkinje cell-connected populations (Basket cells, neurons in the deep cerebellar nuclei) are
likely to be of mechanistic importance as well.

Implications of the Cerebellar Degenerative Model of ET

The cerebellar degenerative model of ET has a number of important implications. First, it
posits the existence of an as-yet unidentified molecular event that sets the cascade of
observed cellular changes in the Purkinje cell population in motion. Hence, it suggests that
advancing our understanding of ET will involve the identification of that/those molecular
event(s). It rejects the notion that the primary event in the pathogenesis of ET is the
electrical coupling of neurons in the inferior olivary nucleus. Stated in another manner, there
is a cellular and molecular pathophysiology of ET and the disease is not just the result of an
electrical disarrangement.

The Cerebellar Degenerative Model of ET — Caveats

As noted above, ET is heterogeneous on many fronts. The presence of pathological
heterogeneity has also been noted.”2 Indeed, aside from the changes noted above, in the
form of ET that has been referred to as “cerebellar ET”, a number of other changes have
been noted in different subgroups of ET brains. First, a small number of cases have
ubiquitinated inclusions in the brain along with cerebellar degeneration.9® Second, some
brains also have brainstem Lewy bodies in a pattern that is not consistent with incidental
Lewy body formation and not consistent with the Braak staging scheme of Parkinson’s
disease. These Lewy bodies are most concentrated in the locus ceruleus, a structure that
makes direct synaptic connections with the Purkinje cell population. The unifying feature of
all of these forms of ET is that the cerebellum is involved directly or secondarily, and they
are all degenerative. But they do suggest different pathways to degeneration in ET.

Challenges to the Cerebellar Degenerative Model of ET

Some specific details of the new model have not been sorted out. The extent of Purkinje cell
loss is one of these. Conflicting data are emerging, with one group reporting no Purkinje cell
loss, yet much of the discrepancy could be methodological. 100
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One would expect that the longer the duration of symptoms, the more pronounced the
morphological changes in the brain. Although some of the postmortem morphological
changes in the ET brain clearly correlate with disease duration,?3 others do not. While at
first glance this observation is concerning, there are a number of plausible explanations. In
general, cerebellar response to injury leads to changes that are likely to be partly
regenerative/compensatory while others are regressive/degenerative.2>: 79 92 Thus, as has
been observed in Purkinje cells in various settings,? some axonal changes likely represent
abortive regenerative attempts that are later followed by degeneration.”® Therefore, at any
one time, the observed morphological changes in a given brain region likely represent a
complex mélange of regenerative, aborted regenerative, and degenerative events.2> 70 This
mixed array of ambi-directional events is likely to make simple linear models of
morphological counts by disease duration unrevealing.”®

Unanswered Questions and Future Directions

Our understanding of ET, and its biological underpinnings, is clearly still in its infancy.
There are also many unanswered questions and gaps that need filling in. What is the primary
event or events? What are the molecular changes that are unleashed and how do they result
in the axonal and other changes that are being observed in the ET cerebellum? What is the
correct order of cellular/reactive events? What is the extent of rewiring in the cerebellar
cortex? With the new cerebellar degenerative model, circuitry is important, but likely not as
hypothesized in the olivary model; rather, the local intra-cortical cerebellar circuitry is more
the issue. Yet the details need to be fully elaborated, and the role of cerebral cortical loops in
terms of modulating the abnormal disease-linked cerebellar outflow needs further
exploration. Furthermore, given the notion that ET is heterogeneous, how many different
pathways to cerebellar degeneration are there in ET, and how are these similar to/different
from some of those seen in the various spinocerebellar ataxias? Regardless of the various
knowns and unknowns, we have seen a renewed empirical science behind the biology of ET,
and in this sense, there has been real “progress on the biological front”.

Conclusions

Recent mechanistic research in ET has focused more attention on the cerebellum and the
role it seems to play in disease pathogenesis. The research is grounded in clinical as well as
neuroimaging studies, which both consistently implicate the importance of this brain region
in ET. A change in recent years has been a move towards controlled studies of human
postmortem tissue. Of interest is that these studies similarly find that the structural changes
in most ET cases seem to be linked to this brain region, and furthermore, that the changes
are of a degenerative nature. This work has led to a new disease model, the cerebellar
degenerative model, which places this disease, and our understanding of the disease, within
the larger framework of such diseases. This progress on the biological front, it is hoped, will
eventually translate into treatment changes, making this an exciting time.

References

1. Louis ED, Ferreira JJ. How common is the most common adult movement disorder? Update on the
worldwide prevalence of essential tremor. Mov Disord. 2010; 25(5):534-41. [PubMed: 20175185]

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Louis

Page 8

2. Benito-Ledn J, Bermejo-Pareja F, Morales JM, Vega S, Molina JA. Prevalence of essential tremor
in three elderly populations of central Spain. Mov Disord. 2003; 18(4):389-94. [PubMed:
12671944]

3. Hardesty DE, Maraganore DM, Matsumoto JY, Louis ED. Increased risk of head tremor in women
with essential tremor: longitudinal data from the Rochester Epidemiology Project. Mov Disord.
2004; 19(5):529-33. [PubMed: 15133816]

4. Louis ED, Rios E, Applegate LM, Hernandez NC, Andrews HF. Jaw tremor: prevalence and clinical
correlates in three essential tremor case samples. Mov Disord. 2006; 21(11):1872-8. [PubMed:
16941462]

5e. Gitchel GT, Wetzel PA, Baron MS. Slowed saccades and increased square wave jerks in essential

tremor. Tremor Other Hyperkinet Mov (N Y). 2013; 3 pii: tre-03-178-4116-2.Sixty ET patients
and 60 age-matched controls were studied using a video-based eye tracker to assess binocular eye
position. Oculomotor function was assessed while subjects followed random horizontally and
vertically step-displaced targets. In contrast to normally swift onset and efficient acceleration/
deceleration movements, saccades in ET patients were characterized by abnormally prolonged
latencies and slowed velocity profiles. This study demonstrated the presence of novel oculomotor
deficits in patients with ET, which are distinct from the eye movement dysfunctions of other
movement disorders. The findings support a role of cerebellar dysfunction in disease
pathogenesis.

6. Louis ED, Galecki M, Rao AK. Four Essential Tremor Cases with Moderately Impaired Gait: How
Impaired can Gait be in this Disease? Tremor Other Hyperkinet Mov (N Y). 2013; 3

7. Kronenbuerger M, Konczak J, Ziegler W, et al. Balance and motor speech impairment in essential
tremor. Cerebellum. 2009; 8(3):389-98. [PubMed: 19452239]

8. Putzke JD, Whaley NR, Baba Y, Wszolek ZK, Uitti RJ. Essential tremor: predictors of disease
progression in a clinical cohort. J Neurol Neurosurg Psychiatry. 2006; 77(11):1235-7. [PubMed:
17043291]

9. Louis ED, Agnew A, Gillman A, Gerbin M, Viner AS. Estimating annual rate of decline:
prospective, longitudinal data on arm tremor severity in two groups of essential tremor cases. J
Neurol Neurosurg Psychiatry. 2011; 82(7):761-5. [PubMed: 21436230]

10. Louis ED, Ford B, Frucht S, Barnes LF, X-Tang M, Ottman R. Risk of tremor and impairment
from tremor in relatives of patients with essential tremor: a community-based family study. Ann
Neurol. 2001; 49(6):761-9. [PubMed: 11409428]

11. Louis ED, Gerbin M, Galecki M. Essential tremor 10, 20, 30, 40: clinical snapshots of the disease
by decade of duration. Eur J Neurol. 2013; 20(6):949-54. [PubMed: 23521518]

12. Louis ED, Benito-Leon J, Ottman R, Bermejo-Pareja F. A population-based study of mortality in
essential tremor. Neurology. 2007; 69(21):1982-9. [PubMed: 18025392]

13. Benito-Ledn J, Bermejo-Pareja F, Louis ED. Incidence of essential tremor in three elderly
populations of central Spain. Neurology. 2005; 64(10):1721-5. [PubMed: 15911798]

14. Louis ED, Thawani SP, Andrews HF. Prevalence of essential tremor in a multiethnic, community-
based study in northern Manhattan, New York, N. Y Neuroepidemiology. 2009; 32(3):208-14.

15. Hornabrook RW, Nagurney JT. Essential tremor in Papua, New Guinea. Brain. 1976; 99(4):659—
72. [PubMed: 1024690]

16. Stefansson H, Steinberg S, Petursson H, et al. Variant in the sequence of the LINGO1 gene confers
risk of essential tremor. Nat Genet. 2009; 41(3):277-9. [PubMed: 19182806]

17. Thier S, Lorenz D, Nothnagel M, et al. Polymorphisms in the glial glutamate transporter SLC1A2
are associated with essential tremor. Neurology. 2012; 79(3):243-8. [PubMed: 22764253]

18ee. Testa CM. Key issues in essential tremor genetics research: Where are we now and how can we
move forward? Tremor Other Hyperkinet Mov (N Y). 2013; 3 pii: tre-03-105-1843-1. Genetics
research is an avenue towards understanding ET. Advances have been made in genetic linkage
and association; however, causal mutations have not been forthcoming. This disappointing lack
of progress has opened productive discussions on challenges in ET research and, more
specifically, ET genetics research, including fundamental assumptions in the field. The article
discusses several inherent features of ET that complicate genetic linkage and association studies.

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Louis

19.

Page 9

Louis ED. Environmental epidemiology of essential tremor. Neuroepidemiology. 2008; 31(3):139—
49. [PubMed: 18716411]

20e. Louis ED, Benito-Leodn J, Moreno-Garcia S, et al. Blood harmane (1-methyl-9H-pyrido[3,4-

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

bJindole) concentration in essential tremor cases in Spain. Neurotoxicology. 2013; 34:264-8.
Environmental correlates for ET are largely unexplored. Harmane (1-methyl-9H-pyrido[3,4-
bJindole) is a potent tremor-producing neurotoxin found in the diet. In this study, blood harmane
concentrations were quantified by a well-established high performance liquid chromatography
method, and the median harmane concentrations were higher a group of 62 familial ET cases
compared to a group of 138 controls, suggesting that this neurotoxin could be an etiological agent
of interest in ET. [PubMed: 22981972]

Louis ED, Benito-Ledn J, Bermejo-Pareja F. Population-based study of baseline ethanol

consumption and risk of incident essential tremor. J Neurol Neurosurg Psychiatry. 2009; 80(5):

494-7. [PubMed: 19359288]

Louis ED. “‘Essential Tremor’ or ‘the Essential Tremors’: Is This One Disease or a Family of

Diseases? Neuroepidemiology. 2013; 42(2):81-9. [PubMed: 24335621]

Louis ED. Essential tremors: a family of neurodegenerative disorders? Arch Neurol. 2009; 66(10):

1202-8. [PubMed: 19822775]

Louis, ED. Essential tremor and other forms of kinetic tremor. In: Grimaldi, G.; Manto, M.,

editors. Mechanisms and Emerging Therapies in Tremor Disorders. New York: Springer; 2013. p.

167-201.

Louis ED. Re-thinking the biology of essential tremor: from models to morphology. Parkinsonism

Relat Disord. 2014; 20(Suppl 1):S88-93. [PubMed: 24262197]

Benito-Leon J, Louis ED. The top 100 cited articles in essential tremor. Tremor Other Hyperkinet

Mov (N Y). 2013; 3

DeLong MR. Possible involvement of central pacemakers in clinical disorders of movement. Fed

Proc. 1978; 37(8):2171-5. [PubMed: 350632]

Deuschl G, Elble RJ. The pathophysiology of essential tremor. Neurology. 2000; 54(Suppl 4):S14—

20. [PubMed: 10854347]

Llinas R, Volkind RA. The olivo-cerebellar system: functional properties as revealed by

harmaline-induced tremor. Exp Brain Res. 1973; 18(1):69-87. [PubMed: 4746753]

Handforth A. Harmaline tremor: underlying mechanisms in a potential animal model of essential

tremor. Tremor Other Hyperkinet Mov (N Y). 2012; 2

Louis ED. From Neurons to Neuron Neighborhoods: the Rewiring of the Cerebellar Cortex in

Essential Tremor. Cerebellum. In Press.

Martin FC, Thu Le A, Handforth A. Harmaline-induced tremor as a potential preclinical screening

method for essential tremor medications. Mov Disord. 2005; 20(3):298-305. [PubMed: 15580562]

Handforth A, Krahl SE. Suppression of harmaline-induced tremor in rats by vagus nerve

stimulation. Mov Disord. 2001; 16(1):84-8. [PubMed: 11215598]

O’Hearn E, Molliver ME. The olivocerebellar projection mediates ibogaine-induced degeneration

of Purkinje cells: a model of indirect, trans-synaptic excitotoxicity. J Neurosci. 1997; 17(22):

8828-41. [PubMed: 9348351]

O’Hearn E, Molliver ME. Administration of a non-NMDA antagonist, GYKI 52466, increases

excitotoxic Purkinje cell degeneration caused by ibogaine. Neuroscience. 2004; 127(2):373-83.

[PubMed: 15262328]

Elble RJ. Animal models of action tremor. Mov Disord. 1998; 13(Suppl 3):35-9. [PubMed:

9827592]

Louis ED. Essential tremor: evolving clinicopathological concepts in an era of intensive post-

mortem enquiry. Lancet Neurol. 2010; 9(6):613-22. [PubMed: 20451458]

de Oliveira RB, Howlett MC, Gravina FS, et al. Pacemaker currents in mouse locus coeruleus

neurons. Neuroscience. 2010; 170(1):166-77. [PubMed: 20620193]

Penington NJ, Tuckwell HC. Properties of I(A) in a neuron of the dorsal raphe nucleus. Brain Res.

2012; 1449:60-8. [PubMed: 22410293]

Jahnsen H, Llinas R. lonic basis for the electro-responsiveness and oscillatory properties of guinea-

pig thalamic neurones in vitro. J Physiol. 1984; 349:227-47. [PubMed: 6737293]

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Louis

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Page 10

Hansen ST, Meera P, Otis TS, Pulst SM. Changes in Purkinje cell firing and gene expression
precede behavioral pathology in a mouse model of SCA2. Hum Mol Genet. 2013; 22(2):271-83.
[PubMed: 23087021]

Wills AJ, Jenkins IH, Thompson PD, Findley LJ, Brooks DJ. Red nuclear and cerebellar but no
olivary activation associated with essential tremor: a positron emission tomographic study. Ann
Neurol. 1994; 36(4):636—42. [PubMed: 7944296]

Louis ED, Babij R, Cortés E, Vonsattel JP, Faust PL. The inferior olivary nucleus: a postmortem
study of essential tremor cases versus controls. Mov Disord. 2013; 28(6):779-86. [PubMed:
23483605]

Hubble JP, Busenbark KL, Pahwa R, Lyons K, Koller WC. Clinical expression of essential tremor:
effects of gender and age. Mov Disord. 1997; 12(6):969-72. [PubMed: 9399222]

Parisi SL, Héroux ME, Culham EG, Norman KE. Functional mobility and postural control in
essential tremor. Arch Phys Med Rehabil. 2006; 87(10):1357-64. [PubMed: 17023246]

Louis ED, Rios E, Rao AK. Tandem gait performance in essential tremor: clinical correlates and
association with midline tremors. Mov Disord. 2010; 25(11):1633-8. [PubMed: 20629168]

Rao AK, Gillman A, Louis ED. Quantitative gait analysis in essential tremor reveals impairments
that are maintained into advanced age. Gait Posture. 2011; 34(1):65-70. [PubMed: 21478017]
Deuschl G, Wenzelburger R, Loffler K, Raethjen J, Stolze H. Essential tremor and cerebellar
dysfunction clinical and kinematic analysis of intention tremor. Brain. 2000; 123 ( Pt 8):1568-80.
[PubMed: 10908187]

Leegwater-Kim J, Louis ED, Pullman SL, et al. Intention tremor of the head in patients with
essential tremor. Mov Disord. 2006; 21(11):2001-5. [PubMed: 16960854]

Avanzino L, Bove M, Tacchino A, et al. Cerebellar involvement in timing accuracy of rhythmic
finger movements in essential tremor. Eur J Neurosci. 2009; 30(10):1971-9. [PubMed: 19912337]
Trillenberg P, Fihrer J, Sprenger A, et al. Eye-hand coordination in essential tremor. Mov Disord.
2006; 21(3):373-9. [PubMed: 16211601]

52¢«, Bares M, Lungu OV, Huséarova I, Gescheidt T. Predictive motor timing performance dissociates

53.

54.

55.

56.

57.

between early diseases of the cerebellum and Parkinson’s disease. Cerebellum. 2010; 9(1):124—
35. The authors tested patients with various movement disorders, using a predictive motor-timing
task that involved mediated interception of a moving target. Spinocerebellar ataxia and ET
patients with head tremor (severe and mild cerebellar damage, respectively) were significantly
worse at interception than the other groups (Parkinson’s disease and controls). The fact that
spinocerebellar ataxia and ET patients seemed to have a fundamental problem with predictive
motor timing suggests that the cerebellum plays an important role in integrating incoming visual
information with the motor output in a timely manner. [PubMed: 19851820]

Farkas Z, Szirmai I, Kamondi A. Impaired rhythm generation in essential tremor. Mov Disord.

2006; 21(8):1196-9. [PubMed: 16700029]

Dupuis MJ, Delwaide PJ, Boucquey D, Gonsette RE. Homolateral disappearance of essential

tremor after cerebellar stroke. Mov Disord. 1989; 4(2):183-7. [PubMed: 2733709]

Rajput AH, Maxood K, Rajput A. Classic essential tremor changes following cerebellar

hemorrhage. Neurology. 2008; 71(21):1739-40. [PubMed: 19015491]

Schuurman PR, Bosch DA, Bossuyt PM, et al. A comparison of continuous thalamic stimulation

and thalamotomy for suppression of severe tremor. N Engl J Med. 2000; 342(7):461-8. [PubMed:

10675426]

Benabid AL, Pollak P, Seigneuret E, Hoffmann D, Gay E, Perret J. Chronic VIM thalamic

stimulation in Parkinson’s disease, essential tremor and extra-pyramidal dyskinesias. Acta

Neurochir Suppl (Wien). 1993; 58:39-44. [PubMed: 8109299]

58e. Passamonti L, Cerasa A, Quattrone A. Neuroimaging of Essential Tremor: What is the Evidence

for Cerebellar Involvement? Tremor Other Hyperkinet Mov (N Y). 2012; 2 pii: 02-67-421-3 The
authors discussed the neuroimaging research investigating the brain structure and function of ET
patients relative to healthy controls. They concluded that current neuroimaging research provides
converging evidence for the role of the cerebellum in the pathophysiology of ET, although some
inconsistencies exist, particularly in structural studies. These inconsistencies may depend on the

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Louis

Page 11

high clinical heterogeneity of ET as well as on differences among the experimental methods used
across studies.

59. Bucher SF, Seelos KC, Dodel RC, Reiser M, Oertel WH. Activation mapping in essential tremor
with functional magnetic resonance imaging. Ann Neurol. 1997; 41(1):32-40. [PubMed: 9005863]

60. Jenkins IH, Bain PG, Colebatch JG, et al. A positron emission tomography study of essential
tremor: evidence for overactivity of cerebellar connections. Ann Neurol. 1993; 34(1):82-90.
[PubMed: 8517685]

61. Colebatch JG, Findley LJ, Frackowiak RS, Marsden CD, Brooks DJ. Preliminary report: activation
of the cerebellum in essential tremor. Lancet. 1990; 336(8722):1028-30. [PubMed: 1977019]

62. Louis ED, Shungu DC, Chan S, Mao X, Jurewicz EC, Watner D. Metabolic abnormality in the
cerebellum in patients with essential tremor: a proton magnetic resonance spectroscopic imaging
study. Neurosci Lett. 2002; 333(1):17-20. [PubMed: 12401550]

63. Pagan FL, Butman JA, Dambrosia JM, Hallett M. Evaluation of essential tremor with multi-voxel
magnetic resonance spectroscopy. Neurology. 2003; 60(8):1344—7. [PubMed: 12707440]

64. Shin DH, Han BS, Kim HS, Lee PH. Diffusion tensor imaging in patients with essential tremor.
AJNR Am J Neuroradiol. 2008; 29(1):151-3. [PubMed: 17921227]

65. Klein JC, Lorenz B, Kang JS, et al. Diffusion tensor imaging of white matter involvement in
essential tremor. Hum Brain Mapp. 2011; 32(6):896-904. [PubMed: 20572209]

66. Nicoletti G, Manners D, Novellino F, et al. Diffusion tensor MRI changes in cerebellar structures
of patients with familial essential tremor. Neurology. 2010; 74(12):988-94. [PubMed: 20308683]

67. Benito-Leon J, Alvarez-Linera J, Herndndez-Tamames JA, Alonso-Navarro H, Jiménez-Jiménez
FJ, Louis ED. Brain structural changes in essential tremor: voxel-based morphometry at 3-Tesla. J
Neurol Sci. 2009; 287(1-2):138-42. [PubMed: 19717167]

68. Quattrone A, Cerasa A, Messina D, et al. Essential head tremor is associated with cerebellar vermis
atrophy: a volumetric and voxel-based morphometry MR imaging study. AINR Am J Neuroradiol.
2008; 29(9):1692-7. [PubMed: 18653686]

69. Cerasa A, Messina D, Nicoletti G, et al. Cerebellar atrophy in essential tremor using an automated
segmentation method. AJNR Am J Neuroradiol. 2009; 30(6):1240-3. [PubMed: 19342539]

70. Yu M, Ma K, Faust PL, et al. Increased number of Purkinje cell dendritic swellings in essential
tremor. Eur J Neurol. 2012; 19(4):625-30. [PubMed: 22136494]

71. Axelrad JE, Louis ED, Honig LS, et al. Reduced Purkinje cell number in essential tremor: a
postmortem study. Arch Neurol. 2008; 65(1):101-7. [PubMed: 18195146]

72+, Louis ED, Faust PL, Vonsattel JP, et al. Neuropathological changes in essential tremor: 33 cases

compared with 21 controls. Brain. 2007; 130(Pt 12):3297-307. The primary objective of this
study was to describe and quantify the pathological changes in 33 ET and 21 control brains. The
majority of ET brains had cerebellar changes (including Purkinje cell loss) without Lewy bodies;
a smaller proportion had brainstem Lewy bodies. The study showed that the pathological changes
of ET were both heterogeneous and degenerative. [PubMed: 18025031]

73. Kuo SH, Erickson-Davis C, Gillman A, Faust PL, Vonsattel JP, Louis ED. Increased number of
heterotopic Purkinje cells in essential tremor. J Neurol Neurosurg Psychiatry. 2011; 82(9):1038-
40. [PubMed: 20802031]

T4ee. Erickson-Davis CR, Faust PL, Vonsattel JP, Gupta S, Honig LS, Louis ED. “Hairy baskets”
associated with degenerative Purkinje cell changes in essential tremor. J Neuropathol Exp
Neurol. 2010; 69(3):262—-71. The authors observed a dense and tangled appearance (“hairiness”)
of the basket cell axonal plexuses that surround Purkinje cell soma in Bielschowsky preparations
of cerebellar cortex in ET brains. Here, they quantified this change in ET case vs. control brains,
noting an increase in axonal plexus density in ET. These data indicate that structural changes are
not restricted to Purkinje cells in ET, and that other neurons within their functional network may
be involved in its pathogenesis. [PubMed: 20142764]

75. Kuo SH, Tang G, Louis ED, et al. Lingo-1 expression is increased in essential tremor cerebellum
and is present in the basket cell pinceau. Acta Neuropathol. 2013; 125(6):879-89. [PubMed:
23543187]

76. Shill HA, Adler CH, Sabbagh MN, et al. Pathologic findings in prospectively ascertained essential
tremor subjects. Neurology. 2008; 70( 16 Pt 2):1452-5. [PubMed: 18413570]

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Louis

77.

78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

Page 12

Rajput A, Robinson CA, Rajput AH. Essential tremor course and disability: A clinicopathologic
study of 20 cases. Neurology. 2004; 62(6):932-6. [PubMed: 15037695]

Critchley M, Greenfield JG. Olivo-ponto-cerebellar atrophy. Brain. 1948; 71:343-64.

Louis ED. From Neurons to Neuron Neighborhoods: the Rewiring of the Cerebellar Cortex in
Essential Tremor. Cerebellum. In Press.

Louis ED, Yi H, Erickson-Davis C, Vonsattel JP, Faust PL. Structural study of Purkinje cell axonal
torpedoes in essential tremor. Neurosci Lett. 2009; 450(3):287-91. [PubMed: 19047012]

Louis ED, Ma K, Babij R, et al. Neurofilament protein levels: quantitative analysis in essential
tremor cerebellar cortex. Neurosci Lett. 2012; 518(1):49-54. [PubMed: 22561033]

Grimaldi G, Manto M. Is essential tremor a Purkinjopathy? The role of the cerebellar cortex in its
pathogenesis. Mov Disord. 2013; 28(13):1759-61. [PubMed: 24114851]

Liem RK, Leung CL. Neuronal intermediate filament overexpression and neurodegeneration in
transgenic mice. Exp Neurol. 2003; 184(1):3-8. [PubMed: 14637070]

Cleveland DW, Rothstein JD. From Charcot to Lou Gehrig: deciphering selective motor neuron
death in ALS. Nat Rev Neurosci. 2001; 2(11):806-19. [PubMed: 11715057]

Robertson J, Kriz J, Nguyen MD, Julien JP. Pathways to motor neuron degeneration in transgenic
mouse models. Biochimie. 2002; 84(11):1151-60. [PubMed: 12595144]

Rossi F, Jankovski A, Sotelo C. Differential regenerative response of Purkinje cell and inferior
olivary axons confronted with embryonic grafts: environmental cues versus intrinsic neuronal
determinants. J Comp Neurol. 1995; 359(4):663-77. [PubMed: 7499555]

Bravin M, Savio T, Strata P, Rossi F. Olivocerebellar axon regeneration and target reinnervation
following dissociated Schwann cell grafts in surgically injured cerebella of adult rats. Eur J
Neurosci. 1997; 9(12):2634-49. [PubMed: 9517469]

Dusart I, Sotelo C. Lack of Purkinje cell loss in adult rat cerebellum following protracted axotomy:
degenerative changes and regenerative attempts of the severed axons. J Comp Neurol. 1994;
347(2):211-32. [PubMed: 7814665]

Chan-Palay V. The recurrent collaterals of Purkinje cell axons: a correlated study of the rat’s
cerebellar cortex with electron microscopy and the Golgi method. Z Anat Entwicklungsgesch.
1971; 134(2):200-34. [PubMed: 4326068]

Dusart I, Morel MP, Wehrlé R, Sotelo C. Late axonal sprouting of injured Purkinje cells and its
temporal correlation with permissive changes in the glial scar. J Comp Neurol. 1999; 408(3):399-
418. [PubMed: 10340514]

Carulli D, Buffo A, Strata P. Reparative mechanisms in the cerebellar cortex. Prog Neurobiol.
2004; 72(6):373-98. [PubMed: 15177783]

Rossi F, Jankovski A, Sotelo C. Target neuron controls the integrity of afferent axon phenotype: a
study on the Purkinje cell-climbing fiber system in cerebellar mutant mice. J Neurosci. 1995; 15 (3
Pt 1):2040-56. [PubMed: 7891151]

93ee. Babij R, Lee M, Cortés E, Vonsattel JP, Faust PL, Louis ED. Purkinje cell axonal anatomy:

quantifying morphometric changes in essential tremor versus control brains. Brain. 2013; 136(Pt
10):3051-61. The authors performed a detailed morphological analysis of the Purkinje cell
axonal compartment in 49 ET and 39 control brains, using calbindin D28k
immunohistochemistry on 100-um cerebellar cortical vibratome tissue sections. They
documented a range of changes in the Purkinje cell axonal compartment in ET. Several of these
changes are likely to be compensatory changes in response to Purkinje cell injury, thus
illustrating an important feature of Purkinje cells, which is that they are relatively resistant to
damage and capable of mobilizing a broad range of axonal responses to injury. [PubMed:
24030953]

94. Mentis GZ, Diaz E, Moran LB, Navarrete R. Early alterations in the electrophysiological

95.

properties of rat spinal motoneurones following neonatal axotomy. J Physiol. 2007; 582(Pt 3):
1141-61. [PubMed: 17510183]

Ma WY, Vacca-Galloway LL. Reduced branching and length of dendrites detected in cervical
spinal cord motoneurons of Wobbler mouse, a model for inherited motoneuron disease. J Comp
Neurol. 1991; 311(2):210-22. [PubMed: 1721631]

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Louis

Page 13

96. March PA, Thrall MA, Brown DE, Mitchell TW, Lowenthal AC, Walkley SU. GABAergic
neuroaxonal dystrophy and other cytopathological alterations in feline Niemann-Pick disease type
C. Acta Neuropathol. 1997; 94(2):164—72. [PubMed: 9255392]
97. Sasaki S, lwata M. Dendritic synapses of anterior horn neurons in amyotrophic lateral sclerosis: an
ultrastructural study. Acta Neuropathol. 1996; 91(3):278-83. [PubMed: 8834540]
98. Rossi F, Borsello T, Strata P. Exposure to kainic acid mimics the effects of axotomy in cerebellar
Purkinje cells of the adult rat. Eur J Neurosci. 1994; 6(3):392—-402. [PubMed: 8019676]
99. Louis ED, Mazzoni P, Ma KJ, et al. Essential tremor with ubiquitinated intranuclear inclusions and
cerebellar degeneration. Clin Neuropathol. 2012; 31(3):119-26. [PubMed: 22551915]
100. Louis ED, Faust PL, Vonsattel JP. Purkinje cell loss is a characteristic of essential tremor:
towards a more mature understanding of pathogenesis. Parkinsonism Relat Disord. 2012; 18(8):
1003—-4. [PubMed: 22795481]

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny Yd-HIN

Louis Page 14

Table 1

Problems with the olivary model of essential tremor

1 | The model is purely conjectural and there is no evidence that the hypothesized processes are occurring in the human disease ET.

2 | Pacemakers exist in numerous locations in the central nervous system (locus ceruleus, dorsal raphe nucleus, thalamus, and the cerebellum).
Thus, olivary pacemakers are not unique, and there has been no attempt to explain why these rather than the numerous other pacemakers
are posited to be patho-mechanistically relevant in ET.

3 | The harmaline model is an animal toxin model of tremor rather than a model of the human disease, ET, which occurs in nature. Action
tremor is a non- specific neurological sign, and is not the equivalent of the human disease ET. Also, harmaline-exposed animals develop
an acute tremor that resolves after a few hours - it is a model of acute action tremor rather than chronic action tremor.
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Table 2

Morphologic Changes Currently Identified in the ET Cerebellum
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CERBELLAR COMPARTMENT

CEREBELLAR MORPHOLOGICAL CHANGE

FINDING (i.e., ET CASE VS. CONTROL
DIFFERENCE)

Purkinje cell dendrite

Purkinje cell dendritic swellings

7.3x — 30x increase’®

Purkinje cell body

Reduction in Purkinje cell linear density

30 — 40% reduction’®: 72

Empty baskets

1.5x increase (unpublished)

Purkinje cell heterotopias

3x increase’

Purkinje cell axon

Purkinje cell torpedoes

6 — 7x increase’?

Purkinje cell axonal recurrent collaterals

2.3x increase?

Purkinje cell axonal branching

2.2x increase®

Purkinje cell terminal axonal sprouting

2.5x increase®

Purkinje cell arciform axons

2.0x increase®

Purkinje cell thickened axonal profiles

17% increase?3

Increase in Purkinje cell infraganglionic plexus

40% increase®

Basket cell axonal processes

Hairy baskets

5.2x increase’™

Elongated LINGOL1 pinceau processes

2.4x — 4.4x increase’®
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