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Objective—Purkinje cell loss has been documented in some although not all postmortem studies
of essential tremor. Hence, there is considerable controversy concerning the presence of Purkinje
cell loss in this disease. To date, few studies have been performed.

Methods—Over the past eight years, we have assembled 50 prospectively-studied cases and 25
age-matched controls; none were reported in our prior large series of 33 essential tremor and 21
controls. In addition to methods used in prior studies, the current study used a random sampling
approach to quantify Purkinje cells along the Purkinje cell layer with a mean of 217 sites
examined in each specimen, allowing for extensive sampling of the Purkinje cell layer within the
section. For the first time, we also quantified the distance between Purkinje cell bodies - a nearest
neighbor analysis.

Results—In the Purkinje cell count data collected from fifteen 100x-fields, cases had lower
counts than controls in all three counting criteria (cell bodies, nuclei, nucleoli, all p<0.001).
Purkinje cell linear density was also lower in cases than controls (all p<0.001). Purkinje cell linear
density obtained by random sampling was similarly lower in cases than controls in all three
counting criteria (cell bodies, nuclei, nucleoli, all p<0.005). In agreement with the quantitative
Purkinje cell counts, the mean distance from one Purkinje cell body to another Purkinje cell body
along the Purkinje cell layer was greater in cases than controls (p=0.002).

Conclusions—These data provide support for the neurodegeneration of cerebellar Purkinje cells

in essential tremor.

Keywords
essential tremor; cerebellum; Purkinje cell; neurodegeneration; pathology

Introduction

Essential tremor (ET) is a chronic, progressive neurological diseasel:2 that seems to involve
the cerebellar system.3-> Controlled postmortem studies in recent years have documented a
growing number of structural changes in the ET cerebellum, involving the Purkinje cell and
neighboring neuronal populations.5-2 In addition to these changes, Purkinje cell loss has
been documented in some19-12 although not all studies.13-14 Hence, there are conflicting
data, 15 resulting in considerable controversy over the issue of Purkinje cell loss in this
disease.1416 Overall, however, there have been few studies and there is a paucity of data.
All but one of the previous studies selected microscopic fields with a straight Purkinje cell
layer, thereby introducing the possibility of field selection bias. By contrast, one study!3
quantified Purkinje cells using random field selection, although a small number of fields
(i.e., 10) were quantified in each ET and control cerebellar section.

In our prior large series, we reported data collected between 2003 and 2007 on 33 ET cases
and 21 controls.10 Over the past eight years, we have assembled a larger replicate sample of
50 prospectively studied ET cases and 25 age-matched controls and now report the results.
In this study, we used quantification methods employed in our prior study (i.e.,
quantification of Purkinje cells in fifteen fields),10 but also added additional, unique
approaches. First, we now use a random sampling approach to eliminate potential field-
selection bias in the quantification of Purkinje cells; a mean of 217 sites were examined in
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each specimen, allowing for extensive sampling of the Purkinje cell layer within the section.
Second, for the first time, using a nearest neighbor analysis,}” we quantify the distance (i.e.,
the length of the gap) between Purkinje cells; this is another potentially useful marker of
Purkinje cell loss. The study specifically tests the hypothesis that there is a reduction in the
number of Purkinje cells and an increase in the distance between Purkinje cells in ET cases
compared with age-matched controls.

Cases and Controls

This study was conducted at the Essential Tremor Centralized Brain Repository,® an effort
that involves the prospective collection of ET brains from study participants who reside
throughout the United States and have agreed to brain donation. All ET cases self-referred to
the Repository rather than being referred by their physician. ET cases were diagnosed as
described below.18 Controls were normal elderly subjects from the New York Brain Bank
(Columbia University Medical Center, New York, NY), Harvard Brain Tissue Resource
Center (McLean Hospital, Belmont, MA) and University of Kentucky Alzheimer’s Disease
Center (Sanders-Brown Center on Aging, Lexington, KY). The controls were free of clinical
diagnoses of Alzheimer’s disease, ET or Parkinson’s disease and without neuropathological
diagnoses of neurodegenerative disease.® All study subjects signed informed consent
approved by these University Ethics Boards.

Data were available on 67 ET cases; however, 17 (25.4%) with Lewy bodies were excluded
as prior research has indicated that these may represent a distinct and separable sub-group of
ET cases, which may have a different patho-mechanistic basis than the majority of cases, in
whom the most distinctive postmortem changes are in the cerebellum.10 This left 50 for
analyses. Controls were frequency-matched to cases using a 2:1 scheme, reflecting the
greater availability of ET tissue. The final sample comprised 50 ET cases and 25 age-
matched controls. None of these had been included in our previously-reported extensive
series of cases and controls.10

Clinical Evaluation

ET diagnoses were assigned using three sequential methods, as described in detail.® First,
the majority (>95%) of cases were diagnosed clinically with ET by their treating physician.
Second, the cases completed a series of semi-structured clinical questionnaires
(demographic data, general medical data including medications, tremor-specific data), which
included data on age of onset (i.e., age at first symptoms and signs of ET). Each case then
submitted four standardized hand-drawn Archimedes spirals (two right and two left hand,
each drawn on an 8.5 x 11 inch sheet of white paper). These drawings were supplemented
with additional clinical information from clinical records, treating physicians, and family
members. ET diagnoses were then confirmed by a senior neurologist specializing in
movement disorders (E.D.L.) who used the following criteria: (i) moderate or greater
amplitude arm tremor (rating of 2 or higher using the Washington Heights Inwood Genetic
Study of Essential Tremor Rating Scale)!® in at least one of the submitted Archimedes
spirals; (ii) no history of Parkinson’s disease or dystonia; and (iii) no other etiology for
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tremor (e.g. medications, hyperthyroidism). Third, ET cases then underwent a standardized,
videotaped neurological examination, including a detailed assessment of tremor. The
videotape protocol included assessments of postural tremor (two positions), kinetic tremor
(five activities with each arm), and intention tremor of the arms, as well as neck, voice and
jaw tremors. The videotaped examination also included the motor portion of the Unified
Parkinson’s Disease Rating Scale,1? including assessments of speech, facial expression, rest
tremor (with arms in four positions: resting in the lap, relaxed at sides while standing, while
walking, and while lying down), bradykinesia, posture, arising from a chair, and gait while
walking and turning. Each videotape was reviewed (E.D.L.) and, based on the questionnaire
and videotape data, the diagnosis of ET was re-examined in each case using published
diagnostic criteria (moderate or greater amplitude kinetic tremor [tremor rating =2] during
three or more activities or a head tremor in the absence of Parkinson’s disease or other
known causes).20 Based on the videotape, ET cases were also assigned a total tremor score
(range = 0 — 36), using the 0 — 3 ratings of postural and kinetic tremors on examination.
Intention tremor during the finger-nose-finger maneuver and dysmetria during the heel-to-
shin maneuver, which were videotaped, were rated using the International Cooperative
Ataxia Rating Scale.?!

In ET cases, data on lifetime exposure to medications (e.g., lithium, diphenylhydantoin,
chemotherapeutic agents) known to cause cerebellar damage were collected and the average
number of daily drinks of beer, liquor, or wine was collected. Heavy ethanol use was
previously defined as consumption of an average of 4 or more standard drinks (15 mL of
absolute ethanol) per day for a man or 3 or more per day for a woman at any point in their
lives.5:10.22 Every 6 months, a follow-up semi-structured telephone evaluation was
performed on ET cases and hand-drawn spirals were collected.

Neuropathological Assessment

At the time of death, the brain was removed by a local pathologist, and then the intact, fresh
brain was tightly double bagged, placed in a pail containing wet-ice and water, and
immediately shipped to the New York Brain Bank according to the Bank’s protocol.23 As
previously described in detail,® brains underwent a complete neuropathological assessment
and all evaluations reported here were performed at the New York Brain Bank. Standardized
measurements of brain weight (in grams) and postmortem interval (hours between death and
placement of brain in a cold room or on ice) were recorded. Paraffin embedded blocks from
standardized brain regions were sectioned at 7-um and stained respectively with Luxol fast
blue and hematoxylin and eosin (LH&E) for general tissue survey and assessment of myelin,
and the modified Bielschowsky silver stain for axons and neurofibrils. Additional sections
were processed with peroxidase-antiperoxidase methods for a-synuclein-, p—amyloid-, and
for tauopathic-burdens. Brains underwent Braak and Braak Alzheimer’s Disease staging for
neurofibrillary tangles,24 Consortium to Establish a Registry for Alzheimer’s Disease rating
for neuritic plaques,?® and Braak Parkinson’s disease staging for Lewy bodies.2

Quantification of Purkinje Cells Using Fifteen 100x Fields (Method 1)

A standard 3 x 20 x 25 mm parasagittal, formalin-fixed, tissue block was harvested from the
neocerebellum; the block included the cerebellar cortex, white matter, and dentate nucleus.
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The block contained the anterior quadrangulate lobules in the anterior lobe of the cerebellar
cortex, which are involved in motor control.2” Using a LH&E stained 7-pm thick section, 12
a senior neuropathologist (P.L.F.) blinded to clinical information quantified torpedoes in the
entire section. Using the same section, a trained research technician (M.C.) blinded to
clinical information counted Purkinje cells using three counting criteria (cell bodies, nuclei,
and nucleoli) in fifteen 100x fields. The fields were selected as follows: (i) non-adjacent
fields representing different regions of the section, and (ii) fields that were between but not
inclusive of the base of the fissure and the apex of the folium. In an initial test sample of 35
fields in five cases, the correlation between the two investigators was high - for cell body
counts, Pearson’s r = 0.99, p <0.001; for nuclei counts, Pearson’s r = 0.98, p <0.001; for
nucleoli counts, Pearson’s r = 1.00, p <0.001.

Quantification of Purkinje Cell Linear Density (Method 2)

The counts obtained above, from fifteen 100x fields, were divided by the length of the
Purkinje cell layer centered in the microscopic field (cells/fmm). This resulted in a measure
of Purkinje cell linear density.

Quantification of Purkinje Cells Using a Random Sampling Approach (Method 3)

To eliminate potential field-selection bias, we used Stereo Investigator software, version 11
(MBF Biosciences, Williston, Vermont). Using the same standard LH&E stained cerebellar
section, the boundaries of the cerebellar cortex were initially outlined at low magnification
(2x magnification) using the closed contour function of Stereo Investigator. A uniformly
random sampling grid (1000 x 1000 um?) was placed over the outlined cortex, and within
each sampling site at 100x magnification an optical disector counting frame (600 x 600
um?) defined the area for quantification. At each disector site, the blinded technician
manually focused on the tissue surface and quantified Purkinje cells using either cell body,
nucleus or nucleolus as counting criterion; optical magnification was increased to 200x or
400x within the disector frame to clearly visualize the presence of nucleus or nucleolus, as
needed. There was a 2.6-times increase in the total number of Purkinje cells counted per
section by the random sampling approach (mean = 358 + 93) in comparison to the 15-field
approach (mean = 135 + 29). The software, based on each criterion, then estimated the total
number of Purkinje cells in the cerebellar cortex in the section. A line was drawn along the
entire Purkinje cell layer in the section, and the linear density of Purkinje cells was
determined (total Purkinje cells/Purkinje cell layer length).

Quantification of the Distance between Purkinje Cells

The distance between Purkinje cells (i.e., the length of the gap) was determined using a
nearest neighbor analysis.1” Using the same standard LH&E stained cerebellar section, each
of the individual gyri within the Purkinje cell layer was assigned a number in sequential
order (approximately 40 — 50 gyri per section). A random number generator was used to
select ten gyri per section for quantification. These ten gyri were centered in a 5x objective
microscopic field and imaged using a Zeiss Axioplan 2 microscope. The distance between
each Purkinje cell body was measured in Open Lab software, version 5 (Improvision,
Waltham, MA) by drawing a freehand line between adjacent Purkinje cell bodies along the
entirety of the Purkinje cell layer within a given image. The average distance between
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Purkinje cell bodies was determined from each of the ten images and then averaged together
to determine the mean nearest neighbor distance (um) for each ET case and control.

Statistical Analyses

Results

Statistical analyses were performed in SPSS (version 21.0). Clinical and pathological data
were compared in ET cases vs. controls using Student’s t-tests and chi-square tests. When a
continuous variable was not normally distributed, a non-parametric statistical test (Mann-
Whitney test) was used. We used chi-square tests to assess the proportion of ET cases whose
inter-Purkinje cell distance was greater than the median inter-Purkinje cell distance of
controls, as well as greater than the 90th percentile inter-Purkinje cell distance of controls.
Correlations between continuous variables were assessed using Pearson’s correlation
coefficients and differences across groups were assessed using analysis of variance.

The 50 ET cases and 25 controls were similar in age at death, gender, brain weight,
Consortium to Establish a Registry for Alzheimer’s Disease score, and Braak and Braak
stage (Table 1). The postmortem interval was shorter in ET cases than controls. No cases
were heavy ethanol users and none had lifetime exposure to cerebellar toxic medications.
Age of onset was < 65 years in 82% of ET cases and the mean tremor duration was 43.7 =
23.1 years; the mean total tremor score was 24.4 + 6.4. Lewy bodies (alpha-synuclein:
dorsal vagal nucleus, locus ceruleus, pars compacta of substantia nigra) were detected in
none.

For the Purkinje cell count data collected from fifteen 100x-fields, ET cases had lower
counts than controls in all three counting criteria (cell bodies [Figure 1A], nuclei, nucleoli,
all p values <0.001, Table 1). Similarly, Purkinje cell linear density obtained from the 15
field approach was lower in ET cases than controls in all three counting criteria (all p values
<0.001). Randomly-sampled Purkinje cell linear densities were similarly lower in ET cases
than controls in all three measures (cell bodies [Figure 1B], nuclei, nucleoli, all p values
<0.005). Indeed, 47 (94%) of 50 ET cases had a value (cell body) that was below the central
tendency for the controls (i.e., below the norm for the norm [Figure 1B]).

The mean Purkinje cell nearest neighbor distances (distance from one Purkinje cell body to
another Purkinje cell body along the Purkinje cell layer) was greater in ET cases than
controls (p = 0.002, Table 1, Figure 1). The median inter-Purkinje cell distance for controls
was 165.5 pm. The proportion of ET cases whose inter-Purkinje cell distance was greater
than this value was 84% - this proportion differed from that seen in controls (i.e., 50%) (chi-
square test = 8.73, p = 0.003). The proportion of ET cases whose inter-Purkinje cell distance
was greater than 207.3 pm (the 90% percentile of the inter-Purkinje cell distance for
controls) was 42.0% - this proportion differed from that seen in controls (i.e., 10%) (chi-
square test = 6.89, p = 0.009).

The Purkinje cell quantitative data derived from the different methods (15-field method and
randomly-sampled method) were highly correlated (Pearson’s r values ranging from 0.49 —
0.98, all p values <0.001) and was highly inversely correlated with the Purkinje cell nearest
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neighbor distance, as would be expected. Brains with the fewest Purkinje cells had the
greatest distance between Purkinje cells (Pearson’s r values ranging from —0.62 to —0.69, all
p values <0.001), and had the highest torpedo counts (Pearson’s r values ranging from —0.26
to —0.46, all p values <0.03).

The Purkinje cell counts and Purkinje cell nearest neighbor distances were not correlated
with age or postmortem interval, either in cases or in controls (all Pearson’s correlation
coefficients >0.05). The Purkinje cell counts and Purkinje cell nearest neighbor distances
were not correlated with Consortium to Establish a Registry for Alzheimer’s Disease plaque
score or Braak and Braak stage for neurofibrillary tangles, in either cases or controls
(analysis of variance, all p values >0.05). Therefore, these variables could not have been
confounders in our analysis. Nonetheless, Consortium to Establish a Registry for
Alzheimer’s Disease plaque scores were missing in 36% of controls, raising the issue of
residual confounding. Therefore, we performed a series of secondary analysis in which we
stratified the sample by Consortium to Establish a Registry for Alzheimer’s Disease scores,
comparing ET cases to controls within stratum that were defined by these scores. This was
designed to further remove the possible confounding effects of this co-morbid Alzheimer’s-
type pathology. These analyses continued to show the same within-strata ET case vs. control
differences in Purkinje cell counts and nearest neighbor Purkinje cell distances.

In ET cases, the average number of daily drinks (beer, wine and liquor combined) was not
associated with any of the Purkinje cell counts or with the Purkinje cell distances (all
Pearson’s correlation coefficient p values > 0.05), which strongly suggests that differences
between ET cases and controls in these counts were not confounded by any potential case-
control differences in ethanol intake. In an additional analysis, we also compared controls to
ET cases with the lowest daily ethanol consumption, excluding a full 50% of ET cases
whose daily ethanol consumption was above the mean value for ET cases. None of these ET
cases reported ethanol consumption of more than 2 — 4 drinks per week. In this analysis, the
case-control differences remained significant for nine of ten comparisons (Table 1).

The controls were free from clinical diagnoses of Alzheimer’s disease. The more recently
enrolled ET cases (n = 20) had a cognitive screen (Folstein Mini-Mental State
Examination),28 although none were excluded based on the results. In 19 of these 20 ET
cases, the Mini-Mental State Examination score was 225 (mean in these 19 = 26.1 + 1.7),
and hence, according to published guidelines, they were deemed cognitively normal.2930 |n
an analysis in which we compared these 19 cognitively normal ET cases to our 25 controls,
the case-control differences in Purkinje cell counts and the Purkinje cell distances remained
significant for all ten comparisons (all p values <0.01).

In ET cases, the total tremor score did not correlate with tremor duration (Pearson’s r = 0.20,
p = 0.19) or with any of the Purkinje cell counts (all p values > 0.05). Tremor duration did
not correlate with Purkinje cell counts (all p values > 0.05).
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Discussion

Controlled postmortem studies employing a range of quantitative assessments have
documented a large number of structural changes in the ET cerebellum, involving the
Purkinje cell and neighboring neuronal populations.5- Aside from these many changes,
Purkinje cell loss has been documented in somel%-12 although not all studies.?3-14 Hence,
there remains considerable controversy over the issue of Purkinje cell loss in this
disease.14-16

Given the small number of studies and the paucity of data, we carefully assembled another
large prospective replicate sample of ET cases over the past eight years, and used a variety
of methads, including a random sampling approach, to quantify Purkinje cells in ET cases
vs. controls. In this study, we demonstrated a significant reduction in Purkinje cells in ET
cases using all counting methods employed as well as a greater distance between Purkinje
cell bodies in a nearest neighbor analysis. The quantitative results on Purkinje cell counts
that we now report corroborate those we had reported previously. In our cohort in 2007,10
we reported that the mean number of Purkinje cells per 100x field was reduced in ET cases
vs. controls (6.6 £ 2.4 vs. 9.6 = 3.4), values that are similar to those we now report in this
replicate cohort (7.9 + 1.3 vs. 10.7 £ 1.4). One methodological improvement over the prior
study is that fifteen rather than five fields were sampled, resulting in a more precise measure
and a lower standard deviation. The random sampling approach we now employed further
eliminates potential field selection bias, with equal chance to sample areas of curvature (e.g.,
base and gyral crest) and intervening straight portions of each gyrus, and also samples a
large number of fields and greater number of Purkinje cells per section. There was still a
significant reduction of Purkinje cells in ET cases compared to controls. In a small study of
Purkinje cell linear density in 7-um sections on 8 ET cases and 11 controls,1! the Purkinje
cell linear density was 2.1 + 0.8 vs. 3.5 £ 1.3 cells/mm, values that are within but on the
lower end of the range of what we report in this replicate study.

In this study, we also employed a new method to measure the distance between Purkinje cell
bodies along the Purkinje cell layer. Here, too, we demonstrated a case-control difference;
importantly the increase in mean distance between Purkinje cells in ET cases is consistent
with a reduction in Purkinje cells in ET. We were able to show that our various methods,
though different, yielded results that were robustly correlated with one another. This
provides significant construct validity for these findings.

Although the mean numbers of Purkinje cells differed between ET cases and controls, and
94% of the ET cases had a value (cell body) that was below the central tendency for the
controls (i.e., the norm for the norm [Figure 1B]), we recognize that the two distribution
curves overlapped. It is important to note, however, that even in patients with
spinocerebellar ataxia, who have marked and indisputable Purkinje cell loss, Purkinje counts
in individual cases have been shown to fall within the range of normal controls.3! The
presence of overlap in distribution is not used as an argument that Purkinje cell loss is of no
pathomechanistic importance in spinocerebellar ataxia. Indeed, as shown in most biomarker
studies, ranges overlap considerably and separation is rarely complete. Two additional
points are worthy of reiteration. As discussed in detail previously,12 a modest and partial
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depletion of the Purkinje cell population, in conjunction with a variety of Purkinje cell
axonal and dendritic changes and remodeling of basket cell processes around surviving
Purkinje cells in ET, all suggest that the as-yet unknown underlying molecular abnormality
in ET is one that leads to cellular injury and dysfunction of Purkinje cells. In some cases, the
underlying abnormality probably overwhelms the cell, leading to Purkinje cell death. Thus,
the likely primary pathophysiology of ET, occurring on a molecular and then cellular-
physiological level, seems to involve to some extent a partial loss of Purkinje cells, with this
being a gross and possibly imperfect cellular bio-marker of a larger underlying systems
problem.12 As further discussed previously,12 postmortem data show cell counts at only one
point in time (i.e., after death). Therefore, in the strictest sense, it is not possible using
postmortem data to show a reduction in cells in one individual patient over time. While
some cases and controls may have similar cell counts at the time of death, giving the
impression of the absence of cell loss in some cases, this impression does not take into
consideration the fact that cell counts may have started at different places at baseline.12
There is a range of cell counts even in normal individuals of the same age.12 Thus, as noted
previously, a case who began with 1.50 cells/mm™1 prior to disease onset (e.g., age 50) and
who had 1.00 cells/mm™ at death (e.g., age 80), experienced a 33% loss of Purkinje cells,
whereas a control who may have begun with 1.20 cells/mm™ at age 50 and had 1.00
cellssmm™1 at death (e.g., age 80), experienced only a 20% loss of Purkinje cells.1?

Two studies have not detected Purkinje cell loss in patients with ET,13-14 although a number
of valid methodological concerns have been raised about both studies.16:32 Several plausible
explanations could account for the differences across studies, and more specifically, the null
and/or inconclusive findings reported by the Arizona and Canada studies.t314 The first issue
is case selection. In the Arizona study,!3 tremor was defined simply as “action tremor of the
hand, voice, or isolated head tremor.” This liberal definition does little to exclude enhanced
physiological tremor, which is an action tremor of the hands and is very common in the
elderly. Although the authors note that tremor had to have a rating of 2 or higher, for their
cases who had had tremor for 3 or more years (i.e., most of their cases), a low-amplitude
tremor (<2) was deemed acceptable. Furthermore, the specific examination maneuvers that
they performed to assess kinetic tremor were not explicitly delineated, further raising
questions about the extent of the clinical assessment and the stringency of the requirements
for the ET diagnosis (i.e., whether it required moderate or greater amplitude kinetic tremor
on several examination maneuvers). Indeed, in the Arizona study,!3 this liberal case
definition is a considerable problem - 177 of 753 enrolled subjects were diagnosed by study
personnel as “ET” (i.e., 23.5%). The mean age of the subjects enrolled and evaluated in their
study was 75 years. In other population-based studies, the expected prevalence of ET in this
age group is on the order of 6 — 8%,33 which is 1/3 of that in their study. This raises the
distinct possibility that the large majority of their ET cases, as many as 2/3, likely had other
conditions such as enhanced physiological tremor. The possibility of such extensive
diagnostic mis-classification could account for the null finding. Furthermore, the short
duration of tremor in their ET cases could also have contributed to the null finding. The
second issue relates to postmortem methods. Our standard tissue block was harvested from a
specific region of the neocerebellum; the block contained the anterior quadrangulate lobules
in the anterior lobe of the cerebellar cortex, which are involved in motor control.2” Neither
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of the other studies!3-14 noted the precise location of their tissue block or whether it was
derived from the motor rather than cognitive cerebellum. The third issue relates to
unaccounted confounding as neither of the other studies excluded individuals exposed to
chemotherapeutic agents; 1314 these agents are known to result in Purkinje cell loss.
Furthermore, neither of the other studies considered the possible confounding effects of
Alzheimer-type changes.1314 The final issue is study interpretation. The Canadian studyl4
has often been misinterpreted as a null finding. However, as noted previously, that study was
underpowered to detect a case-control difference, making this an inconclusive study rather
than a null study.16

One issue is that our results reflect a decreased Purkinje cell density in ET cases. In theory,
this could be the result of decreased Purkinje cell numbers, or, alternately, of a reduction in
neuropil volume relative to Purkinje cell perikaryal volume in controls or conversely, and
expansion of neuropil volume relative to Purkinje cell perikaryal volume in ET cases. This
theoretic scenario could occur in the setting of a reduction of the Purkinje cell dendritic
arborization in controls or expansion of the Purkinje cell dendritic arborization in ET cases.
However, our prior study has actually demonstrated the converse; namely, that there is a
statistically significant reduction in the Purkinje cell dendritic arbor in ET cases.”

The total tremor score was not correlated with any of the Purkinje cell counts and also did
not correlate with tremor duration. Hence, one must wonder about the utility of the total
tremor score as a measure of underlying disease duration or disease severity. This finding
also raises the possibility that Purkinje cell loss is an epiphenomenon and not the direct and
proximate cause of the tremor in ET. The following data should be considered. We have
previously reported significantly increased Purkinje cell dendritic pruning and loss of
dendritic architecture in ET, which are likely to be earlier postmortem findings.”
Importantly, there was a robust correlation of pathologic and clinical findings, where total
tremor score was inversely associated with a variety of measures of dendritic arbor
complexity including branch length (Spearman’s r = —0.44), maximum branch order
(Spearman’s r = —0.41), and number of terminations (Spearman’s r = —0.43) (i.e. more
severe tremor was associated with more marked dendritic pruning). By contrast, Purkinje
cell loss is likely to be a later (i.e., more mechanistically downstream) and less constant
finding in ET, which could account for the fact that it does not correlate with total tremor
score. In a recent study,3* we compared postmortem changes in the right vs. left cerebellar
hemisphere in 25 ET cases, including Purkinje cell linear density, torpedo counts, and a
group of changes in Purkinje cell axonal shape and connectivity, and examined how these
correlated with asymmetry of tremor on neurological examination. In 18 (72.0 %) of 25 ET
cases, clinical and pathological features were concordant, providing additional evidence that
the pathological changes in the cerebellum in ET are of patho-mechanistic importance.

Even though our study utilized several different methods to quantify Purkinje cells, it should
be interpreted within the context of an important limitation; namely, the entire cerebellum
was not available for these analyses and therefore a stereological approach was not used.
Although stereological studies allow for an unbiased approach to tissue sampling, there are
real issues of feasibility for stereological studies of the cerebellum, as the entire cerebellum
or even a hemi-cerebellum are rarely if ever available, as is required for such analyses.
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Indeed, the number of stereological studies of the human cerebellum during the past decade
have been limited,35-38 and the number of brains examined per study quite limited (4 — 10
per study group rather than the 50 and 25 per study group in this study).35-38 As an
alternative, the non-stereological approach that we used has and continues to be used in
numerous other studies, and furthermore, the sample sizes in these studies are considerable
(up to 148 subjects in one study).3%-42 Finally, in a small pilot study, we have previously
shown that Purkinje cell counts that we obtain using the method we report in this study are
highly correlated with stereologically-based Purkinje cell counts (r = 0.781, p < 0.05),3!
demonstrating the validity of our findings.

Another limitation of the study was that we restricted our sampling to one region in the
cerebellar hemisphere, and it would be of considerable interest in future studies to sample
additional cerebellar regions. In a prior study,*3 we showed that the increase in torpedoes
observed in the cerebellar cortex of ET cases was also present in the vermis; however, that
study did not quantify Purkinje cells. Both motor and cognitive regions occur in the
cerebellar hemispheres.** Whether differences in sampling, across studies, could account for
the discrepant findings across these studies is worth considering but is not known.

This study provides additional evidence for the neurodegenerative hypothesis of ET. These
findings may be added to the growing catalog of structural changes in the Purkinje cell
population in ET.12 This study focused on more accurately quantifying Purkinje cell counts
in an unbiased manner, and on validating our previous studies involving Purkinje cell
counts.0:12 OQur findings indicate that there is a significant reduction in Purkinje cells in ET
cases compared to controls. This is likely to be important in the events involving the
cerebellar cortex in ET.”
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Figure 1.

Purkinje Cell Count (fifteen 100x fields)

Purkinje Cell Linear Density (Random Sampling)
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Reduced Mean Purkinje Cell Counts quantified in fifteen100x fields (A) or by randomly-
sampled Purkinje cell linear density (B) in 50 Essential Tremor Cases (black squares) versus
25 Age-Matched Controls (gray circles) and Correlation with Mean Nearest Neighbor
Distance. (C) Purkinje cell nearest neighbor quantification in LH&E- stained cerebellum
cortical section. The nearest neighbor measurements between Purkinje cell bodies in a
control are displayed and measured based on the Purkinje cell layer shown in green (100x
magnification). All measurements were taken in micrometers (um), scale bar in white is 100
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Table 1

Clinical and Pathological Data on Essential Tremor Cases and Controls

| Controls (n = 25) | Essential Tremor Cases (n = 50) | Significance

Age (years)

| 849+54 | 86.8 5.8 | p=0172

Women

| 15 (60.0) | 31 (62.0) | p=087P

Post-mortem interval (hours) | 10.8 + 12.8 [5.6] | 2.7+3.1[18] p <0.001¢
Brain weight (grams) | 1183 + 150 | 1187 £ 154 | p=0922
* - b
CERAD plaque score p=0.32
0,AorB 16 (100) 42 (87.5)
c 0(0) 6 (12.5)
Braak and Braak neuronal tangle stage * p=1.002
0-4 22 (95.7) 46 (97.9)
50r6 1(4.3) 1(2.1)
Torpedo count 4.2+28[3.0] 18.5+ 15.0 [15.0] p<0.001°¢
15-Field Purkinje cell body count (per 100x field) 78+12 p<0.0012
106+1.4 80+10 b <0.0012
15-Field Purkinje cell nucleus count (per 100x field) 65+0.9 p<0.0012
85+1.1 6.6+ 0.8 '
6x0. p<0.0018
15-Field Purkinje cell nucleolus count (per 100x field) 31+08 p<0.0012
42+07 240 '
33+0.7 p<0.0012
15-Field approach — Purkinje cell body linear density (cells/mm) 36+05 p<0.0012
49+07 37:05 '
20 p<0.0012
15-Field approach - Purkinje cell nucleus linear density (cells/mm) 3.0+04 p <0.001 a
39+05 31404 ’
10, p<0.0012
15-Field approach - Purkinje cell nucleolus linear density 145+ 0.4 p<0.0012
(cells/mm) 20£03 15+03 p<0.0012
Random sampling approach - Purkinje cell body linear density 38+08 <0001 @
(cells/mm) 4809 40409 z =0.0022
Random sampling approach - Purkinje cell nucleus linear density 36+0.8 p<0.0012
(cells/mm) 45+0.9 3.8+0.9 p=0.0052
Random sampling approach - Purkinje cell nucleolus linear density 14+04 =0.005 2
(cells/mm) 1704 15404 E =0.132
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| Controls (n = 25) | Essential Tremor Cases (n = 50) | Significance

Purkinje cell nearest neighbor distance (um) 209.3 + 46.9 p=0.0022

1rab=aLa 202.8 +45.6 0=0032

All values represent mean + standard deviation [median] or number (percentage).

For Purkinje cell counts and Purkinje cell nearest neighbor distance in ET cases, the upper value represents the data for the entire sample of 50 ET
cases and the lower value represents the data for the sample which only included the 50% of ET cases with the lowest daily ethanol consumption.

aStudent’s t test.
b . N

Chi-square test or Fisher’s Exact test.
c .

Mann-Whitney test.

*
Data not available for some brains.

Consortium to Establish a Registry for Alzheimer’s Disease (CERAD), um = microns
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