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Abstract

Essential tremor (ET) is one of the most common neurological diseases, with an estimated 7
million affected individuals in the United States. Postmortem studies in the past few years have
resulted in new knowledge as well as a new formulation of disease pathophysiology. This new
formulation centers on the notion that ET might be a disease of the cerebellum and, more
specifically, the Purkinje cell (PC) population. Indeed, several investigators have proposed that ET
may be a “Purkinjopathy.” Supporting this formulation are data from controlled postmortem
studies demonstrating (1) a range of morphological changes in the PC axon, (2) abnormalities in
the position and orientation of PC bodies, (3) reduction in the number of PCs in some studies, (4)
morphological changes in and pruning of the PC dendritic arbor with loss of dendritic spines, and
(5) alterations in both the PC-basket cell interface and the PC-climbing fiber interface in ET cases.
This new formulation has engendered some controversy and raised additional questions. Whether
the constellation of changes observed in ET differs from that seen in other degenerative disorders
of the cerebellum remains to be determined, although initial studies suggest the likely presence of
a distinct profile of changes in ET.
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Introduction to Essential Tremor

Essential tremor (ET) is a chronic, progressive neurological disease (Putzke and others
2006). It is characterized by considerable clinical heterogeneity; indeed, it has been
proposed that ET may represent a family of diseases rather than a single clinical-
pathological entity (Louis 2014b). The most characteristic feature of ET is kinetic tremor in
the hands or arms, which early in the disease process is mild and difficult to distinguish from
enhanced physiological tremor (Louis 2013). As the disease advances, tremor (1) becomes
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more severe, resulting in functional difficulties; (2) may become more varied, with the
development of rest and intention tremors; and (3) often becomes more anatomically
widespread, involving cranial structures (e.g., head, voice, jaw) (Cohen and others 2003;
Sternberg and others 2013). Aside from tremor, patients with ET may present with other
motor features that indicate cerebellar dysfunction; these include gait ataxia as well as eye
movement abnormalities (Gitchel and others 2013; Louis and others 2013c). A recent
literature has also documented the presence of non-motor features, which can include
cognitive, psychiatric, and sensory abnormalities (i.e., problems with hearing and olfaction)
(Benito-Leon and others 2006; Louis and others 2002; Ondo and others 2003).

Greater interest in ET research in the recent decade has resulted in fresh knowledge of this
entity and a new formulation of disease pathophysiology. This new formulation proposes
that ET may be a disease of the cerebellum and, more specifically, the Purkinje cell (PC)
population (Grimaldi and Manto 2013; Louis 2014d). Indeed, some investigators have even
proposed that ET may be a “Purkinjopathy” (Grimaldi and Manto 2013). This new
formulation has engendered some controversy and it has also raised additional questions.
This review will present the postmortem data that link ET to the cerebellum and, more
specifically, the PCs, and consider several issues that on the surface seem at variance with
this notion.

Introduction to ET: Epidemiology

A discussion of ET should not exclude consideration of the fact that this is one of the most
common neurological disorders and the most common tremor disorder (Louis and Ferreira
2010). In the United States, an estimated 7 million individuals are affected (Louis and
Ottman 2014). The majority of affected individuals have some functional disability (Louis
and others 2001). Hence, from a public health perspective, ET is of considerable importance.

ET as a Disorder of the Cerebellum or Cerebellar System

An ever-growing literature now provides support for the tenet that ET is a disorder of
cerebellar or cerebellar system dysfunction. Furthermore, there is a new literature, still
controversial (Deuschl and Elble 2009; Rajput and others 2012a; Rajput and others 2012b),
which reveals the presence of structural, degenerative changes in the cerebellum itself (Louis
2014d; Louis and others 2012a).

The clinical literature on ET indicates the presence of “cerebellar signs” in many patients.
Thus, nearly one half of patients have intention tremors in the arms, and 10% in the head
(Leegwater-Kim and others 2006; Louis and others 2009b). Gait ataxia, though often mild in
ET, can be more severe in some cases (Louis and others 2013c). Additional problems in
motor timing and motor control point to a mild problem of cerebellar dysfunction in patients
with ET (Bares and others 2012).

Neuroimaging studies, including both structural and functional, most consistently point to
abnormalities in the cerebellum, with several of these revealing the presence of cerebellar
atrophy and/or possible neuronal loss (Louis and others 2014a; Passamonti and others 2012).
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The clinical pharmacology of ET also implicates the cerebellum. Nearly all of the
commonly used prescription medications for ET enhance gamma-aminobutyric acid
(GABA)-ergic transmission. These medications include primidone, phenobarbital,
benzodiazepines, gabapentin, and topiramate (Rincon and Louis 2005). Ethanol, also an
effective treatment for ET, acutely reduces the severity of tremor and, in low doses, ataxia.
Among ethanol’s several actions is the enhancement of GABA-ergic transmission (Rincon
and Louis 2005). This all suggests that there is a reduction in GABA-ergic tone in ET. Given
the fact that PCs are the major GABA-ergic output of the cerebellum, this implies that a loss
of PCs in ET is responsible for a reduction in GABA-ergic tone in that disease.

Postmortem studies in recent years have documented a growing number of structural
changes in the ET cerebellum and none in other brain regions, further substantiating the
notion that the seat of the disease is the cerebellum (Louis 2014c, 2014d). An older literature
had attempted to link ET to a problem in the inferior olivary nucleus, although this notion is
questionable, as it is supported by little empiric evidence (Louis 2014c).

ET as a Disorder of the PC: Postmortem Studies

Introduction

Although some ET cases exhibit brainstem Lewy bodies (Louis and others 2005), most ET
cases do not exhibit such lesions (Louis and others 2007). The postmortem changes
identified in ET have largely been restricted to the cerebellum. More specifically, a variety of
morphological changes have been noted in the PC population or in neighboring neuronal
populations that relate intimately to the PCs (Figs. 1-5). The presentation of these changes
below is ordered in terms of the anatomical location of the lesion, with respect to the PC, as
it is challenging to precisely designate some changes as primary and others as secondary
remodeling.

Morphological Changes in the PC Axon

A variety of changes have been observed in the PC axon, and these likely represent the
effects of injury as well as attempts at reparation. Torpedoes (Figs. 1, 2, 4, and 5), which are
abnormal ovoid swellings of the proximal portion of the PC axon, have been observed to be
approximately seven times more common in ET brains compared with brains from age-
matched controls (Louis and others 2006b; Louis and others 2007). Moreover, a single PC
axon in ET may contain several such torpedoes. Torpedoes contain a massive accumulation
of abnormally phosphorylated and disorganized neurofilaments and other disrupted
organelles (Louis and others 2009¢; Mann and others 1980). In general, such neurofilament
mis-accumulations and resulting axonal swellings are thought to inhibit both anterograde
and retrograde axonal transport, ultimately leading to cell strangulation. This strangulation
may lead to the selective degeneration and, in some instances, death of neurons (Louis
2014a). This will be discussed further below. Of interest is the observation that the reduction
in numbers of PCs is greatest in ET brains that contain the most torpedoes (Louis and others
2007). Torpedoes are present in the brains of patients with other neurodegenerative disorders
(e.g., Parkinson’s disease, Alzheimer’s), but not nearly to the same degree as occurs in ET
(Louis and others 2009a). Torpedoes also occur in other diseases of the cerebellum (e.g.,
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some forms of spinocerebellar ataxia), although in these diseases the number of such
torpedoes is numerically greater than that seen in patients with ET, and the relationship of
torpedoes to PC loss seems to follow a different pattern than that seen in ET (Louis and
others 2014b). More specifically, in these other diseases, the dramatic loss of PCs eventually
leads to a paradoxical reduction in observed torpedoes.

As noted above, the neurofilament mis-accumulations in PC axons in ET seem at times to
produce ovoid swellings (torpedoes), whereas in other instances result in other aberrant
morphologies. Most notable among these is a linear thickening of the PC axonal profile
(Figs. 1 and 2). Such linear thickenings occur to a greater degree in ET cases than in age-
matched controls (Babij and others 2013). These lesions appear as more elongated
expansions of the diameter of the PC axon in contrast to the ovoid expansions of the PC
axon that characterize the torpedo (Babij and others 2013). On a mechanistic level, these
linear thickenings probably represent a similar event or perhaps an even earlier axonal event
prior to the formation of a full, ovoid, out-pouching or torpedo. Of interest is that in ET, PCs
with torpedoes were 5.3 times more likely to also have a thickened axonal profile when
compared with PCs without torpedoes (Babij and others 2013).

Aside from torpedoes and thickened axonal profiles, a series of more extensive changes have
also been observed in PC axons in patients with ET relative to age-matched controls (Babij
and others 2013; Louis 2014c). These changes are highly correlated with one another (Babij
and others 2013), suggesting that they represent a series of parallel expressions of an
underlying pathomechanistic problem or closely related events in a pathomechanistic
cascade. On a physiological level, this axonal remodeling also likely results in the formation
of aberrant synapses, and the creation of new/abnormal cerebellar cortical circuits in ET
(Dusart and others 1999; Louis 2014c). Before reviewing these changes, however, it is
important to point out that the general response of PCs to stress involves a range of
reparative axonal changes (Louis 2014c; Rossi and others 1995a). For example, fetal PCs in
organotypic cultures are able to regenerate their axons on mature cerebellar slices, and these
regrowing axons invade all cerebellar regions of the apposed mature slices, including
cerebellar white matter (Carulli and others 2004). We also know that, in contrast to most
neurons in the central nervous system, PCs often still survive despite marked injury (Dusart
and Sotelo 1994; Louis 2014c; Rossi and others 1995b), exhibiting a vigorous inclination
toward sprouting and other changes both along the intracortical segment and the distal stump
(Carulli and others 2004; Chan-Palay 1971; Dusart and others 1999; Louis 2014c). It has
been hypothesized that these reparative axonal changes represent the PC’s attempt to access
trophic factors by establishing additional connections with other PCs or other granule layer
neurons (Babij and others 2013).

The axonal changes noted above are of several types. First, there is an increased number of
arciform axons compared to age-matched controls (Babij and others 2013). These are axons
that gradually curve back toward the PC layer rather than continuing downward to the deep
cerebellar nuclei. In other words, these axons seem to be heading in a cortical direction
rather than a normal corticofugal direction. Second, there is an increase in the number of
axon recurrent collaterals (Fig. 2) compared to age-matched controls (Babij and others
2013). These are axons or axon branches that, in contrast to arciform axons, make at least a
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90° turn back toward the PC layer. Third, there is an increase in axonal branching (Fig. 2)
(Babij and others 2013). These are axons with at least one branch point and, sometimes,
multiple bifurcations. Fourth, there is an increase in terminal axonal sprouting compared to
age-matched controls (Babij and others 2013). In other words, there is a fraying of the
terminal Purkinje axon near to the PC layer. As noted above, on a mechanistic level, these
structural abnormalities indicate a likely increase in aberrant Purkinje—Purkinje interactions
and/or aberrant PC interactions with other neurons, with an implied alteration in the normal
cerebellar cortical circuitry and output (Babij and others 2013).

Reduction in PCs

As noted above, in cerebellar disease, neurofilament mis-accumulations and resulting PC
axonal swellings are thought to inhibit both anterograde and retrograde PC axonal transport,
ultimately leading to neuronal strangulation. This inhibition could lead to the selective
degeneration and, in some instances, death of PCs (Louis 2014a). There is a debate in the
current literature as to the presence and extent of PC loss in ET, some of which could be
attributable to methodological issues (Axelrad and others 2008; Louis and others 2007;
Louis and others 2012a; Louis and others 2013b; Rajput and others 2012a; Rajput and others
2012b; Symanski and others 2014). Nonetheless, several studies, using a range of methods,
have demonstrated PC loss in patients with ET (Axelrad and others 2008; Louis and others
2007; Louis and others 2013b), with the number of PCs being inversely related to the
number of torpedoes. This issue is further discussed below.

While on the topic of PCs, brief mention should be made that PCs are highly vulnerable to
excitotoxic stress (Gugger and Kapfhammer 2010). Glutamatergic excitatory signals are
transmitted to PCs via climbing fibers as well as parallel fibers, and one postulated
mechanism for ET is an overexcitation of glutamatergic fibers, leading to excitotoxic death
of PCs. Excitatory amino acid transporter type 2 (EAAT2), expressed in glial cells, normally
clears glutamate from the synaptic cleft. A significant reduction in cerebellar cortical
EAAT2 protein levels in ET, reported in a recent study (Lee and others 2014), suggests that
PCs in ET might be even more vulnerable to excitotoxic damage than those of controls.
Additional studies are needed.

Changes in the Positioning/Orientation of PCs

Previous paragraphs discussed changes that are likely to result in alterations in local
cerebellar cortical circuitry in ET. In addition, a reduction in the number of PCs in ET,
discussed above, as well as pruning of the extensive PC dendritic arbor, as will be discussed
below, likely also result in changes in the local cerebellar cortical architecture, with an
untethering and rearrangement of structures. For example, one sees an increase in the
number of heterotopic PCs in the ET relative to age-matched control brains (Kuo and others
2011). These PCs are displaced (Fig. 3), with their soma in the molecular layer rather than
the PC layer. In some instances, the orientation of these PCs is abnormal, with the dendritic
arbor paradoxically facing downward, toward the granular layer, and the PC axon emerging
and traveling upward into the molecular layer, away from the PC layer. The effect(s) that this
might have on local cortical circuitry is unknown.
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Changes in the PC Dendritic Arbor

Changes in the PCs in ET may be found in the dendritic arbor. Indeed, the number of
abnormal swellings (Figs. 3 and 4) on PC dendrites is increased in comparison to age-
matched control brains (Yu and others 2012), indicating a more widespread involvement of
the PC, extending beyond the axonal compartment. Furthermore, recent data show a
significant pruning of the PC dendritic arbor with a reduction in the number of dendritic
spines in ET cases compared to age-matched controls (Louis and others 2014c). In
neurological diseases, in general, pruning of the dendritic arbor is a more proximate
structural change that may precede frank neuronal death (Ferrer and others 1984). Such
pruning is by no means specific to ET, and it has been noted in PCs in other disorders in
which there is a loss of PCs, ranging from patients with hereditary ataxias (Shintaku and
Kaneda 2009) to chronic alcoholics and patients with Alzheimer’s disease (Ferrer and others
1984; Mavroudis and others 2013).

Changes in the PC—Basket Cell Interface

The changes in the PC described above, including the loss of PCs themselves, likely lead to
a remodeling of the surrounding basket cell processes. Basket cells are GABA-ergic
inhibitory interneurons. In humans, up to 50 axon collaterals from neighboring basket cells
descend from the molecular layer and combine to form a complex basket-shaped structure
around the PC body (Leclerc and others 1985). We have observed a dense and tangled
appearance (hypertrophy) of the basket cell axonal plexuses that surround PC soma in
Bielschowsky preparations of cerebellar cortex in ET brains (Fig. 5); this occurs to a greater
extent in ET than in age-matched control brains, and brains with greater reduction in PCs
had greater hypertrophy of basket cell axonal processes (Erickson-Davis and others 2010). It
has been postulated that this hypertrophy represents an accumulation of converging basket
cell processes recruited from neighboring PCs that have been damaged or died. Although
there has been little investigation of such a phenomenon in the human cerebellum, selective
preservation and reorganization of basket cell axonal processes has been demonstrated in
basket cells in the CA1 and CAS3 regions of the hippocampus (Erickson-Davis and others
2010). These neurons form baskets around hippocampal pyramidal cells and function as
local inhibitory GABA-ergic interneurons, analogous to the relationship between cerebellar
basket cells and PCs. These hippocampal basket cells undergo extensive reorganization in
the setting of pyramidal cell death (Arellano and others 2004; Erickson-Davis and others
2010).

Changes in the PC-Climbing Fiber Interface

Climbing fibers are excitatory neurons that project from the inferior olivary nucleus to the
cerebellar cortex, where they form synaptic connections with PCs. In a recent study (Lin and
others 2014), ET cases were observed to have decreased climbing fiber—PC synaptic density,
with more climbing fibers extending to the outer portion of the molecular layer, and more
climbing fiber—PC synapses on the thin PC spiny branchlets. The mechanism that underlies
these abnormal climbing fiber—PC synaptic connections in ET is unclear. However, climbing
fiber synaptic density and distribution is highly plastic and is dynamically regulated in the
context of PC degeneration. In mouse models of spinocerebellar ataxias, for example,
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expression of mutant proteins in PCs causes PC degeneration and abnormal climbing fiber—
PC connections, which include changes in the climbing fiber—PC synaptic territory,
abnormal climbing fiber—PC synapses on PC soma, and defective climbing fiber—PC
synaptic transmission (Lin and others 2014). Therefore, it is possible that abnormal climbing
fiber—PC synaptic connections in ET could be secondary to PC degeneration.

Changes in the Cerebellar Dentate Nucleus

In most ET cases, changes have not been detected in the cerebellar dentate nucleus, although
in one case, there were abnormalities in the dentate nucleus, in the form of neuronal loss,
neuronal atrophy, microglial clusters, and reduction in the number of efferent fibers (i.e.,
pallor of the hilum) (Louis and others 2006a). A recent study reported a reduction in both
GABAp and GABAGg receptors in the dentate nucleus of ET patients (Paris-Robidas and
others 2012). This finding has yet to be reproduced and its interpretation is uncertain.
Whether the reduction in both receptors restricts the postsynaptic action of GABA released
from PC axons is not known, but has been postulated (Paris-Robidas and others 2012).
Additional studies are needed.

Other Changes

The presence of gliosis in the cerebellar cortex has been noted in several postmortem studies
of ET (Louis and others 2006b; Shill and others 2008); however, this has not been
quantified.

ET Not as a Disorder of Other Brain Regions: Postmortem Studies

The section above reviewed the pathological changes in ET that have been observed in the
cerebellum. It is important to point out that 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), as well as other brain regions, have not noted any
significant pathologic changes in these brain regions (Rajput and others 2004; Shill and
others 2008). Aside from the presence of brainstem Lewy bodies in some cases, brain
changes are not evident in other brain regions in postmortem studies of ET (Louis and others
2005; Louis and others 2006a; Louis and others 2007). Most worth emphasizing is a detailed
and systematic postmortem study of the inferior olivary nucleus in ET cases versus controls,
in which a series of metrics was used to quantify microscopic neuronal and glial changes in
the inferior olivary nucleus and its input and output tracts (Louis and others 2013a). Olivary
linear neuronal density also was assessed. The study did not detect any differences between
cases and controls (Louis and others 2013a). These data serve to reinforce the notion that the
cerebellum is the focal point of interest in ET (Louis 2014d).

Heterogeneity of Postmortem Findings in the ET Cerebellum

It is important to point out that not all ET cases exhibit precisely the same set of changes in
the cerebellum on postmortem examination. In this way, postmortem findings reflect the
clinical findings in this disorder, and both serve to support the notion that ET itself is likely
to be a family of diseases (Louis 2014b). Thus, a small number of ET cases exhibit
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ubiquitin-positive intranuclear inclusions in the PCs and elsewhere (Louis and others 2010;
Louis and others 2012b) and others exhibit pronounced changes in the cerebellar dentate
nucleus, as noted above (Louis and others 2006a). Some also exhibit Lewy bodies in the
brainstem and, particularly, in the locus ceruleus (Louis and others 2005; Louis and others
2007), a structure whose neurons synapse directly with PCs. Despite the presence of this
heterogeneity, in the majority of ET cases, the postmortem changes that have been observed
to date are the changes described in previous sections.

ET as a Disorder of the PC: Important Issues to Consider

A new pathomechanistic formulation centers on the notion that ET might be a disease of the
cerebellum and, more specifically, a disease of the PC population (Grimaldi and Manto
2013; Louis 2014d), with some investigators even proposing that ET may be a
“Purkinjopathy” (Grimaldi and Manto 2013). This formulation contrasts to the older olivary
model of ET, put forward in the 1970s, which posited that ET might be the result of a
disordered pacemaker in the inferior olivary nucleus. As reviewed elsewhere, that model is
problematic for many reasons and its utility as a model for ET is questionable (Louis

2014a). This reformulation of ET as a disorder of PC degeneration has engendered some
controversy (Deuschl and Elble 2009), and as discussed below, there are several observations
that on the surface seem to be at variance with this notion. These merit elaboration.

First, several studies have not been able to reproduce the finding of PC loss in ET. There are
several possible explanations. One is the methodological problems with these studies, which
include both insufficient study power (Louis and others 2012a) and problems with case
definition (Louis and Faust 2014). Another possibility, in the absence of a study that has
used an unbiased sampling scheme, is sampling bias (Jellinger 2014). A more recent
approach, which used a stereological-based approach to eliminate potential field selection
bias, continues to find a reduction in PC counts in ET cases compared to controls (Louis and
others 2015). A third possibility is that PC loss is a mild and/or late finding in ET and not
appreciable across all samples. Additional studies are clearly needed to study this
phenomenon.

A second, related concern about the notion that ET is a Purkinjopathy, raised by some
(Rajput and others 2012a; Rajput and others 2012b; Symanski and others 2014), is the
contention that if this were the case, that PC loss should uniformly be present across all ET
cases, even before the development of tremor. That is, the presence of some ET cases
without PC loss is of concern if one is proposing that ET is a Purkinjopathy. On further
consideration, however, this is not concerning. For example, if PC loss in ET were a
byproduct of long-standing pathological molecular/cellular processes involving the PC in
ET, it might not be the earliest finding. Rather, it could be a relatively late finding and might
long follow the onset of tremor. Indeed, as noted above, frank PC loss in ET may be a
relatively late event, with earlier markers (e.g., changes in the dendritic or axonal
compartment) serving as markers of more proximate metabolic and molecular disarray in the
PC (Louis and Faust 2014).
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In addition, one might expect that the longer the duration of symptoms, the more
pronounced the morphological changes in the cerebellum (Louis 2014c). Although some of
the postmortem morphological changes in the PC in ET have been shown to correlate with
disease duration (Babij and others 2013), others have not. While at first glance this
observation is somewhat concerning, there are a number of possible plausible explanations.
As a general principle, cerebellar response to injury leads to changes that are likely to be
partly regenerative and compensatory while others are regressive and degenerative (Louis
20144, 2014c; Rossi and others 1995b). For example, as has been observed in PCs in various
settings (Dusart and others 1999) some of the observed axonal changes in ET likely
represent either successful or aborted regenerative attempts that are later followed by
degeneration (Louis 2014c). Therefore, it is important to recognize that at any one time, the
observed morphological changes in a given brain region likely represent a complex mélange
of regenerative (both aborted and successful) and degenerative events (Louis 2014a, 2014c).
This mixed array of ambi-directional events is likely to make simple linear models that
attempt to regress morphological counts on disease duration unrevealing (Louis 2014c).

Fourth, PC loss has been reported in a variety of disorders other than ET (e.g., Alzheimer’s
disease and Huntington’s disease) (Mavroudis and others 2013; Rub and others 2013), yet
action tremor is not a prominent feature of either of these diseases. On the surface, this
seems at variance with the notion that PC loss is at the root of ET. However, it is important
to keep in mind that PC loss does not occur in isolation in ET but is accompanied by a
variety of additional changes in PC morphology, as noted above. Furthermore, the time
course of unfolding PC changes in ET is important. It is not acute/sudden (as in a stroke);
indeed, it is very slow (in many cases, 20—-60 years), which is far longer than the time course
observed in patients with Alzheimer’s disease and Huntington’s disease. Aside from PC
loss, it is the extent of local GABA-ergic circuit reorganization (e.g., recurrent collateral
formation, terminal axonal sprouting) that is likely of equal or greater importance in ET as
the frank PC loss. The primary molecular disturbance, the ordering and nature of what is
likely to be a complex cascade of unfolding events in the ET cerebellum, the time course of
such changes, as well as the extent of local cerebellar cortical circuit reorganization are
likely to be key importance in defining this disease.

ET and Cerebellar Degeneration: Is There an ET-Specific Set of Changes?

The presence of postmortem changes in the ET cerebellum naturally raises several intriguing
questions. For one, are the morphologic changes that have been observed in the ET
cerebellum specific to ET or merely of a garden-variety nature (i.e., generic features of
cerebellar injury)? Furthermore, one may ask whether there is a particular “profile” of
morphological changes in the ET cerebellum, which distinguishes ET from other
degenerative diseases of the cerebellum. Stated in another way, is there a disease signature?
Current data that may be used to address this are limited. Despite this, there is evidence that
cerebellar diseases, including ET, do not all display a uniform set of postmortem changes.
The various spinocerebellar ataxias themselves differ from one another in terms of the
relative involvement of the cerebellar cortex, inferior olivary nucleus and dentate nucleus,
and the extent of PC loss is not uniform across these disorders (Koeppen 2005). Torpedo
formation is a feature of cerebellar diseases; however, the relationship between torpedo and
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PC counts has been shown to be heterogeneous across these diseases. With more severe
cerebellar disease, torpedoes can be quite numerous and are likely a common feature of
surviving PCs, but eventually, in diseases in which there is a dramatic loss of PCs, there is a
paradoxical reduction in observable torpedoes (Louis and others 2014b); thus, the ET and
the spinocerebellar ataxia brain differ from one another with respect to the PC—torpedo ratio.
We have also demonstrated that the extensive degree of PC loss in patients with
spinocerebellar ataxia-1 seems to result in an increase in molecular layer cellular density that
is not apparent in patients with ET, in whom PC loss is less dramatic (Louis RJ and others
2014). Lengthening of the basket cell processes in the region of the PC initial axonal
segment, as observed in ET, is not present in patients with spinocerebellar ataxia (Kuo and
others 2013). These are among some of the emerging data that are demonstrating that the
changes seen in the ET brain are not identical to those seen in patients with other forms of
cerebellar degeneration. Additional studies are currently underway to better characterize the
ET signature.

In summary, studies of the pathophysiology of ET have shifted interest in recent years from
the inferior olivary nucleus to the cerebellum. These recent studies, which are tissue-based,
have revealed a host of changes in the cerebellum of ET cases and these changes are not
present to the same degree in the brains of age-matched controls, indicating that they are in
excess of what is observed in normal aging. Based on these studies, a new formulation of ET
centers on the notion that ET may be a disease of the cerebellum and, more specifically, the
PC population. This formulation has engendered some controversy and raised additional
questions, serving to further drive research in this area. How the described changes differ
from those seen in other disorders of the cerebellum remains to be determined, although
initial studies suggest that there is a distinct set of events in the ET brain.
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Figure 1.
Cerebellar cortical section from an ET case. The PC axon is thickened proximally (short

arrow) and there is also a single torpedo (medium arrow). The PC soma is also seen (long
arrow). Bielschowsky x200. ET = essential tremor; PC = Purkinje cell.
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Figure 2.
Cerebellar cortical section from an ET case. The normal appearance of the proximal portion

of the PC axon (black arrow) is followed by a torpedo (white arrow), a post-torpedo
thickened axon (blue arrow), an axonal recurrent collateral (green arrow), and axonal
branching (yellow arrow). Calbindin x200. ET = essential tremor; PC = Purkinje cell.
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Figure 3.
Cerebellar cortical section from an ET case. Heterotopic PC with an elongated and rotated

soma in the molecular layer (black arrow). There is an adjacent dendritic swelling (white
arrow). Luxol fast blue hematoxylin and eosin x200. ET = essential tremor; PC = Purkinje
cell.
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Figure 4.
Cerebellar cortical section from an ET case. A PC dendritic swelling (black arrow) is

adjacent to a torpedo (green arrow). The PC soma is also seen (blue arrow). Luxol fast blue
hematoxylin and eosin stain x200. ET = essential tremor; PC = Purkinje cell.
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Figureb.
Cerebellar cortical section from an ET case. A torpedo (black arrow) is seen in close

proximity to PC soma surrounded by hypertrophic basket cell processes (green arrow).
Bielschowsky x200. ET = essential tremor; PC = Purkinje cell.
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