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Abstract

In recent years, numerous morphologic changes have been identified in the essential tremor (ET) cerebellar cortex, distin-
guishing ET from control brains. These findings have not been fully contextualized within a broader degenerative disease
spectrum, thus limiting their interpretability. Building off our prior study and now doubling the sample size, we conducted
comparative analyses in a postmortem series of 320 brains on the severity and patterning of cerebellar cortex degenerative
changes in ET (n = 100), other neurodegenerative disorders of the cerebellum [spinocerebellar ataxias (SCAs, n =47, includ-
ing 13 SCA3 and 34 SCAL, 2, 6, 7, 8, 14); Friedreich’s ataxia (FA, n=13); multiple system atrophy (MSA), n=29], and other
disorders that may involve the cerebellum [Parkinson’s disease (PD), n=62; dystonia, n=19] versus controls (n=50). We
generated data on 37 quantitative morphologic metrics, grouped into 8 broad categories: Purkinje cell (PC) loss, heterotopic
PCs, PC dendritic changes, PC axonal changes (torpedoes), PC axonal changes (other than torpedoes), PC axonal changes
(torpedo-associated), basket cell axonal hypertrophy, and climbing fiber-PC synaptic changes. Principal component analysis
of z scored raw data across all diagnoses (11,651 data items) revealed that diagnostic groups were not uniform with respect
to pathology. Dystonia and PD each differed from controls in only 4/37 and 5/37 metrics, respectively, whereas ET differed
in 21, FA in 10, SCA3 in 10, MSA in 21, and SCA1/2/6/7/8/14 in 27. Pathological changes were generally on the milder
end of the degenerative spectrum in ET, FA and SCA3, and on the more severe end of that spectrum in SCA1/2/6/7/8/14.
Comparative analyses across morphologic categories demonstrated differences in relative expression, defining distinctive
patterns of changes in these groups. In summary, we present a robust and reproducible method that identifies somewhat
distinctive signatures of degenerative changes in the cerebellar cortex that mark each of these disorders.
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Introduction

Until recently, the pathological anatomy of essential tremor
(ET) had been largely unexplored [26, 33], a fact that is
surprising given the high prevalence of this disease [30].
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Southwestern, 5323 Harry Hines Blvd, Dallas, the entire US population) [31], with prevalence estimates
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exceeding 20% in advanced age [30]. For many years, the
few postmortem studies that had been conducted were
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In recent years, we and others have identified a growing
compendium of morphologic changes in the ET brain, pre-
dominantly centered in and around the Purkinje cells (PCs)
in the cerebellar cortex [1, 2, 5-7, 18, 20, 22, 24, 27, 29, 36,
39, 46], and distinguishing ET from age-matched control
brains. These changes were observed in the PC dendritic
arbor and the PC axonal compartment as well as the con-
nections between PCs and neighboring neuronal populations
(climbing fibers, basket cells) [1, 2, 5-7, 18, 20, 24, 26, 27,
29, 36, 39, 46]. Several studies, from our group [1, 5, 7,
18-20, 22, 24, 27-29, 46] and others [36], also observed
PC loss, along with increased distances between PC bodies
and high percentages of empty baskets, both of which are
indirect measures of PC loss.

The degree to which these same changes occur in other
diseases, either those that are cerebellar degenerative [e.g.,
spinocerebellar ataxias (SCA), Friedreich’s ataxia (FA),
multiple system atrophy (MSA)] or those that are more
broadly degenerative but physiologically also involving the
cerebellum and manifesting tremor [e.g., Parkinson’s disease
(PD), dystonia], or are unique to ET is not clear. Thus, the
above-mentioned findings [1, 2, 5-7, 18, 20, 24, 26, 27, 29,
36, 39, 46], which are based on ET-control comparisons,
had not been put into a larger disease context. These changes
had not been contextualized within a broader degenerative
disease spectrum, and this limited their interpretability.

To address what was considered a gap in knowledge, we
proposed a large comparative analysis with two phases (NIH
RO1 NS088257). Phase 1 (2015-2018) was a discovery
phase—an initial sample of 156 brains including ET, 7 other
diseases (dystonia, PD, SCA3, SCA1, SCA2, SCA6, MSA)
and controls [26]. Phase 2 (2018-2022) was designed both
as a validating phase—to double the total sample numbers
as well as increase the number of disease states (now also
including FA, SCA7, SCAS, SCA14). During each phase,
data on a large number (n=37) of quantitative morphologic
metrics of cerebellar pathology were compared across these
diseases.

Phase 1 suggested that that the degree of cerebel-
lar degeneration in ET aligns it with a milder end in the
spectrum of cerebellar degenerative disorders, and further-
more, that a somewhat distinctive signature of degenerative
changes marks each of these disorders [26].

In this publication, we fully complete our analyses. We
present data on 164 additional brains, thereby doubling our
sample size; we further expand the number of disorders to
include ET, 11 other diseases and controls; and we present
the entire pooled data in its totality. As such, this represents
not only the largest but the only organized effort to compare
ET brains with brains of several other neurological disor-
ders, for which such data are also surprisingly sparse. We
present data on more than 300 brains and > 10,000 quantita-
tive data points intensively collected over a 6-year period.
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Using this novel approach, which enables statistical compar-
isons based on composite analyses of multiple morphologi-
cal metrics, we have now identified reproducible patterns of
disease changes in cerebellar cortex across these numerous
disorders. As such, these combined analyses (1) represent
the most detailed and comprehensive analyses of ET neuro-
pathology to date, (2) provide a direct connection between
ET neuropathology and that which is observable in other
degenerative motor disorders, and (3) present the results of
a refined set of histopathological analyses of the cerebellar
cortex in a family of disorders of cerebellar degeneration.

Methods

ET brain repository, study subjects and brains,
and clinical assessment

Analyses included 320 brains in total. All study subjects
signed informed consent forms approved by the respective
university or institutional ethics boards.

All ET brains (n=100) were from the Essential Tremor
Centralized Brain Repository (ETCBR), a longstanding,
joint collaboration between investigators at University Texas
Southwestern Medical Center and Columbia Universities
[26, 27]. Established in 2003, the ETCBR serves ET cases
throughout the United States. ET diagnoses were carefully
assigned by a senior movement disorders neurologist spe-
cializing in tremor (E.D.L.) who used three sequential meth-
ods, as documented in detail elsewhere [1, 26]. Briefly, the
clinical diagnosis of ET was initially assigned by treating
neurologists, and second, confirmed by E.D.L. who reviewed
semi-structured clinical questionnaires, medical records and
Archimedes spirals and who used the following criteria: (i)
moderate or greater amplitude kinetic tremor (rating of 2
or higher [32]) in at least one of the submitted Archimedes
spirals; (ii) no history of PD or dystonia; and (iii) no other
etiology for tremor (e.g., medications, hyperthyroidism) [1,
26]. Third, a detailed, videotaped, neurological examina-
tion was performed, from which action tremor was rated
and a total tremor score assigned [range 0-36 [maximum])
[1, 26]. This and clinical questionnaire data were used to
assign a final diagnosis of ET [1, 26], using previously
published diagnostic criteria [moderate or greater ampli-
tude kinetic tremor (tremor rating > 2) during three or more
activities or a head tremor in the absence of PD or other
known causes] [32], which have been shown to be both reli-
able and valid [25, 34]. None of the ET cases reported a
history of traumatic brain injury, exposure to medications
with associated cerebellar toxicity (e.g., phenytoin, chemo-
therapeutic agents), or heavy ethanol use, as defined [9].
Every 6-9 months, a follow-up semi-structured telephone
evaluation was performed and hand-drawn spirals were
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collected; a detailed, videotaped, neurological examination
was repeated if there was concern about a new, emerging
movement disorder. Many of the cases were also enrolled in
a longitudinal, prospective study that necessitated regular,
18-month, detailed, videotaped neurological examinations
(NIH RO1 NS086736).

We were able to obtain 47 SCA brains (14 SCAIL, 7
SCA2, 13 SCA3,5 SCAG6, 5 SCA7,2 SCAS8 and 1 SCA14)
and 13 Friedreich’s ataxia (FA) brains from multiple brain
repositories: 34 from a hereditary ataxia specimen reposi-
tory at the Veterans Affairs Medical Center in Albany,
New York, 6 from the National Institutes of Health Neu-
roBioBank (University of Maryland, Baltimore, MD), 12
from the Center for NeuroGenetics Ataxia Brain Bank at the
University of Florida, Gainesville FL, 7 from the University
of Washington, Seattle WA, 1 from The Sheffield Biore-
pository at the University of Sheffield, Sheffield UK and 1
from the New York Brain Bank. As done previously [26],
we grouped the SCA1, SCA2, SCA6, SCA7, SCAS, and
SCA14 brains together (i.e., “SCA1/2/6/7/8/14”, n=34) as
these disorders are characterized by marked PC loss; by con-
trast, SCA3 (n=13) is not characterized by marked PC loss.

Tissue from 62 PD brains was obtained from the New
York Brain Bank. We also obtained 29 MSA brains [16 from
the New York Brain Bank, 2 from the University of Florida
Neuromedicine Human Brain and Tissue Bank, Gainesville
FL and 11 from the National Institutes of Health Neuro-
BioBank (3 from University of Miami, Miami, FL, 4 from
University of Maryland, Baltimore, MD, and 4 from the Har-
vard Brain Tissue Resource Center, McLean Hospital, Bel-
mont, MA)] and 19 dystonia brains [3 from the New York
Brain Bank and 16 from the National Institutes of Health
NeuroBioBank (8 from University of Maryland, and 8 from
the Harvard Brain Tissue Resource Center, McLean Hospi-
tal, Belmont, MA)].

There were 50 control brains. Thirty-nine control brains
were from the New York Brain Bank. These had been indi-
viduals who were prospectively followed at the Alzheimer’s
Disease Research Center or the Washington Heights Inwood
Columbia Aging Project, Columbia University. During serial
neurological examinations, these individuals were clinically
free of ET and other neurodegenerative disorders, includ-
ing Alzheimer’s disease, PD, or progressive supranuclear
palsy. Eleven control brains were obtained from the National
Institutes of Health NeuroBioBank (eight from University of
Miami, Miami, FL and three from University of Maryland,
Baltimore, MD).

In sum, therefore, 320 postmortem brains were analyzed.
Subject selection was guided by available tissue. We iden-
tified 100 ET cases from the New York Brain Bank and
selected 50 controls to achieve a 2:1 ratio. We selected older
controls whose ages most closely approximated those of our
ET cases as well as a subset of younger controls (n=18, age

36-67 years), to provide some age-matching with other disease
entities where death occurs at younger ages. These 100 ET
cases had been selected to lack widespread marked hypoxic-
ischemic damage, concurrent Alzheimer’s-type changes that
would meet criteria for high likelihood of Alzheimer’s disease,
or evidence of other neurodegenerative disease pathology such
as progressive supranuclear palsy, corticobasal degeneration,
Lewy body disease, or traumatic encephalopathy. We used
all available SCA and dystonia brains from multiple sources
and aimed to obtain approximately as many PD brains as con-
trols. As presented in detail for our discovery dataset (Phase
1, n=156 brains) [26], we were adequately powered to detect
cerebellar pathology across different diagnoses. By compari-
son, the combined dataset (Phases 1 and 2, n=320) now has
double the number of brains for nearly all diagnostic categories
(100 rather than 50 ET, 47 rather than 23 SCAs, 62 rather than
29 PD, 29 rather than 15 MSA, 50 rather than 25 controls)
other than dystonia (19 rather than 14 dystonia).

Tissue processing and initial neuropathologic
examination

Brains from the New York Brain Bank had a complete
neuropathological assessment with standardized measure-
ments of brain weight (grams) and postmortem interval
(hours between death and placement of brain in a cold room
or upon ice) [1, 26]. Seventeen standardized blocks were
harvested from each brain and processed, and 7 um-thick
formalin-fixed paraffin-embedded sections were stained with
Luxol fast blue/hematoxylin and eosin (LH&E) [26, 35].
Additionally, selected sections were stained by the Biels-
chowsky method, and with mouse monoclonal antibodies to
alpha-synuclein (clone KM51, Novocastra), phosphorylated
tau (clone ATS8, Research Diagnostics, Flanders, NJ) and
beta-amyloid (clone 6F/3D, Dako, Carpenteria, CA) [26,
35]. All tissues were examined microscopically by a senior
neuropathologist (J.P.G.V.) blinded to clinical information
[26, 35]. Braak and Braak Alzheimer’s disease staging for
neurofibrillary tangles, Consortium to Establish a Regis-
try for Alzheimer’s disease (CERAD) ratings for neuritic
plaques and Thal amyloid stage were assigned [3, 4, 26,
38]. Cerebellar tissues received from other brain repositories
were from the same standard region as harvested at the New
York Brain Bank. In most instances, brain weights (grams)
were available, and in many instances, data were also avail-
able on postmortem interval, Braak Alzheimer’s disease
staging and CERAD staging.

Quantification of PCs, torpedoes and additional
cerebellar pathology

We obtained a standard 3 X 20 X 25-mm formalin-fixed tis-
sue block from each brain from a parasagittal slice located
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1-1.5 cm from the cerebellar midline and containing anterior
and posterior quadrangulate lobules and the underlying den-
tate nucleus [26]. We used this block to quantify 37 metrics,
each of which was within one of the following eight broad
categories of pathological change: (1) PC loss, (2) hetero-
topic PCs, (3) PC dendritic changes, (4) PC axonal changes
(torpedoes), (5) PC axonal changes (other than torpedoes,
e.g., recurrent collaterals, thickened axons), (6) PC axonal
changes (torpedo-associated), (7) basket cell axonal hyper-
trophy, (8) climbing fiber-PC synaptic changes (Table 1 here
and Fig. 1 in Louis et al. [26]). To account for variations in
quantity of cerebellar cortex in the tissue block and/or micro-
scopic field imaged, we normalized several of these metrics
(i.e., we divided by the PC layer length) and expressed them
as per mm [33], as described [26]. To account for PC loss,
which may affect the ability to detect a PC-associated patho-
logical change and thus result in an artificially low value
[e.g., the counts for displaced PCs (i.e., heterotopic PCs)
and the counts for normally placed PCs would be low when
PCs are lost], we divided other metrics by the number of
PCs [26]. We identified morphologic changes by a variety of
methods, including histologic stains (LH&E, Bielschowsky),
immunostain for calbindinD,g on 100 um-thick vibratome
sections [1, 26], dual immunostain for calbindin,g, and glu-
tamic acid decarboxylase (GAD) [19, 26], and immunostain
for vesicular glutamate transporter type 2 (VGlut2) [15, 20,
26] (Table 1). For FA cases, ‘wet’ formalin fixed tissue to
quantify metrics identified by calbindinD,g, immunostain of
100 um-thick tissue sections (n =21 metrics, Table 1) was
only available on four cases; the remaining 16 metrics that
required only paraffin embedded tissue were performed on
all 13 FA cases available. The composite of multiple met-
rics provided a comprehensive and mutually complementary
view of pathological changes, which one metric alone would
be unable to provide. Below we now describe each category
of pathological change in detail.

PC cell loss

Metrics in this category include three measures of PC linear
density, which differ with respect to the structures counted
(e.g., PC cell bodies or PC nucleoli) and staining method
(LH&E or calbindinD,g, immunostain). “Empty baskets”
were quantified by dual immunohistochemical staining for
calbindinD,g, and GAD in paraffin sections as the plexus
of basket cell axons around the PC soma without a detect-
able PC body; the percentage of empty baskets provides an
indirect measure of PC loss [19].

Heterotopic PCs

Heterotopic PCs are those whose cell body is misplaced
in the molecular layer [27]. The metrics in this category
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include four measures of the number of heterotopic PCs,
which differ with respect to the staining method (LH&E or
calbindinD,g, immunostain) and whether they were normal-
ized to PC layer length or to the number of PCs.

PC dendritic changes

Focal swellings of PC dendritic processes, defined as
rounded-to-ovoid masses in the molecular layer that are
associated with PC dendrites [46] were quantified with six
metrics. The six metrics differ with respect to the staining
method (LH&E, Bielschowsky, or calbindinD,g immu-
nostain) and whether they were normalized to PC layer
length or to the number of PCs.

PC axonal changes (torpedoes)

Common among the axonal changes in ET are torpedoes,
which are round or ovoid swellings of the proximal portion
of the PC axon. In this category are seven metrics that differ
with respect to the staining method used (in order of increas-
ing sensitivity: LH&E, Bielschowsky, calbindinD,g, immu-
nostain), whether they were normalized to PC layer length
or to the number of PCs, and whether axons with single
torpedoes or axons with multiple torpedoes were counted.

PC axonal changes other than torpedoes

A variety of additional changes in PC axonal anatomy have
been described in ET, including PC axonal recurrent collat-
erals, PC thickened axonal profiles, and PC axonal branch-
ing [1]. Other metrics were the PC plexus percentage (the
percent of the length of the PC layer covered by a visible
recurrent collateral plexus) [1] and PC puncta (the number
of PCs with several dark puncta along the PC soma and
proximal dendrites; it is proposed to represent the synapses
of PC recurrent collaterals or aggregates of degenerating PC
cytoplasm) [26]. PC terminal axonal sprouting (the pres-
ence of a frayed terminal axonal region) was rated using a
0-3 scale, as previously described [26]. In this category, the
seven metrics all are based on calbindinD,g, immunostains
of 100 um-thick cerebellar sections.

PC axonal changes (torpedo-associated)

In ET, PCs with torpedoes are more likely to have additional
axonal changes (e.g., thickened profiles, recurrent collater-
als, branching) than PCs without torpedoes [26]. The six
metrics in this group assess axonal changes in PCs with
torpedoes; the metrics are normalized either to the number
of torpedoes (%) or the PC layer length (per mm). These
metrics all are based in calbindinD,g, immunostains of
100 pm-thick cerebellar sections.
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Table 1 Category of pathological changes and metrics

Category of pathological change Stain used Metric Published methods Comment
PC cell loss LH&E PC body linear density (cells/mm) See [5] Adjusted for PC layer length
LH&E PC nucleolus linear density (cells/mm) See [5] Adjusted for PC layer length
CB PC body linear density (cells/mm) See [22] Adjusted for PC layer length
CB-GAD Percentage of empty baskets See [19] Indirect measure of PC loss
Heterotopic PCs LH&E Heterotopic PC linear density (cells/mm) See [27] Adjusted for PC layer length
LH&E Heterotopic PCs per PC See [27] Adjusted for the number of PCs
CB Heterotopic PC linear density (cells/mm) See [27] Adjusted for PC layer length
CB Heterotopic PCs per PC See [27] Adjusted for the number of PCs
PC dendritic changes LH&E PC dendritic swelling density (swellings/ See [46] Adjusted for PC layer length
mm)]
LH&E PC dendritic swellings per PC See [46] Adjusted for the number of PCs
Bielschowsky  PC dendritic swelling density (swellings/ See [46] Adjusts for PC layer length
mm)]
Bielschowsky  PC dendritic swellings per PC See [46] Adjusted for the number of PCs
CB PC dendritic swelling density (swellings/ See [1] Adjusted for PC layer length
mm]
CB PC dendritic swellings per PC See [1] Adjusted for the number of PCs
PC axonal changes (Torpedoes) LH&E Torpedo linear density (torpedoes/mm)  See [24] Adjusted for PC layer length
LH&E Torpedoes per PC See [24] Adjusted for the number of PCs
Bielschowsky  Torpedo linear density (torpedoes/mm)  See [35] Adjusted for PC layer length
Bielschowsky  Torpedoes per PC See [35] Adjusted for the number of PCs
CB Torpedo linear density (torpedoes/mm)  See [1] Adjusted for PC layer length
CB Torpedoes per PC See [1] Adjusted for the number of PCs
CB Multiple (>2) torpedo density (multiple ~ See [1] Adjusted for PC layer length
torpedoes/mm)
PC axonal changes (other than torpe- CB PC axonal recurrent collaterals density See [1] Adjusted for PC layer length
does) (recurrent collaterals per mm)
CB PC thickened axonal profiles (thickened ~ See [1] Adjusted for PC layer length
axonal profiles per mm)
CB PC axonal branching (branches per mm) See [1] Adjusted for PC layer length
CB PC terminal sprout rating See [26]
CB PC plexus percentage See [1]
CB PC puncta density (puncta per mm) See [26] Adjusted for PC layer length
CB PC puncta per PC See [26] Adjusted for the number of PCs
PC axonal changes (torpedo-associated) CB Percentage of torpedoes with axonal See [1]
recurrent collaterals
CB Torpedoes with axonal recurrent col- See [1] Adjusted for PC layer length
laterals (per mm)
CB Percentage of torpedoes with thickened ~ See [1]
axons
CB Torpedoes with thickened axons (per See [1] Adjusted for PC layer length
mm)
CB Percentage of torpedoes with branching ~ See [1]
axons
CB Torpedoes with branching axons (per See [1] Adjusted for PC layer length
mm)
Basket cell axonal hypertrophy Bielschowsky  Basket cell rating See [1]
climbing fiber-PC synaptic changes VGlut2 Climbing fiber synaptic density See [20]
VGlut2 Percentage of climbing fibers in the See [20]

outer 20% of the molecular layer

CB calbindin, GAD glutamic acid decarboxylase, LH&E Luxol fast blue/hematoxylin and eosin, PC Purkinje cell, VGLut2 vesicular glutamate

transporter type 2
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Basket cell axonal hypertrophy

This category includes a single metric—a semi-quantitative
rating of the density of the basket cell axonal plexus sur-
rounding PC bodies in Bielschowsky stain, with a scale of
0-3 [7]. This density is increased in ET, and likely reflects
a secondary response to PC loss [7].

Climbing fiber-PC synaptic changes

This category includes two metrics assessing the distribu-
tion of climbing fiber-PC synapses on PC dendrites. One is
a measure of the density of these synapses and the other is a
measure of the re-distribution of these synapses to the paral-
lel fiber synaptic territory in the outer 20% of the molecular
layer [20].

Statistical analyses

Comparing demographic and primary pathological features
across diagnostic categories

We compared clinical and pathological features of each diag-
nostic group, using controls as our reference group. Categor-
ical or ordinal variables were compared using Chi-square
tests. For continuous variables, we tested for normality using
the Kolmogorov—Smirnov test. If they were normally dis-
tributed, we compared continuous variables using Student’s
t tests; if they were not, we used Mann—Whitney tests.

Correlation between demographic and primary
pathological features and quantitative morphologic
metrics

We assessed whether postmortem features were associated
with demographic or primary pathological features (e.g.,
postmortem interval). To avoid performing an excessive
number of comparisons (i.e., there were 37 postmortem
features), we selected one metric from each of the eight
categories of pathological features. These eight core met-
rics were as follows; (1) The inverse of the PC body count
per mm (LH&E stain), (2) heterotopic PCs per PC (LH&E
stain), (3) PC dendritic swellings per mm (LH&E stain),
(4) torpedoes per mm (Bielschowsky stain), (5) Purkinje
cell terminal sprout rating (calbindinD,g, immunostain), (6)
torpedoes with recurrent collaterals per mm (calbindinD,g,
immunostain), (7) rating of basket cell axonal hypertrophy
(Bielschowsky stain, mean value), (8) percentage of climb-
ing fiber-Purkinje cell synapses in outer 20% of molecular
layer (VGlut2 immunostain) [26].

We then assessed whether the eight core metrics cor-
related with age, sex, brain weight, Thal stage, Braak
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Alzheimer’s disease staging, CERAD and postmortem inter-
val. These analyses were performed separately in each of
the following eight diagnostic categories: control, dystonia,
PD, ET, SCA3, FA, MSA, and SCA1/2/6/7/8/14. Due to
the large number of comparisons (8 core metrics X 7 vari-
ables x 8 diagnostic categories =448), we used a Bonferroni
correction to set the significant p value at<0.000112 (i.e.,
0.05/448).

Principal component analysis

Due to the large number of metrics (n=37), we first per-
formed a principal component analysis to obtain a broad
overview of the distribution of the data points and to identify
underlying unifying dimensions (i.e., groupings of metrics).
For this analysis, we used z-scored raw data for each metric
across all diagnostic categories. We used the PCA function
in GraphPad Prism v9.4 package to compute the principal
components of the z-scored data, and the loadings function
(coordinates of the variables divided by the square root of
the eigenvalue associated with the component) to determine
the correlation and weighted effect that each metric contrib-
utes to each principal component.

Quantifying change in each metric in each diagnosis

Next, for each diagnosis, we quantified the change in each
metric, using controls as our reference group. To compute
an average fold-change effect size for each metric in each
diagnosis, we first calculated the average value of the con-
trol samples for each metric and the average value of each
diagnosis’ samples for each metric. Then, for each met-
ric and diagnosis, we computed the log,-ratio of these two
average values. We evaluated the statistical significance of
these changes relative to controls using the Mann—Whitney
test and corrected the resulting p values for false discovery
using the Benjamini—-Hochberg method. There were differ-
ences in age between several diagnoses and controls. There-
fore, we wanted to consider the effects of age on our data.
To do so, we adjusted for age in a series of multiple linear
regression models. Therefore, for each diagnosis, there were
37 models, with the dependent variable = metric data, and
independent variables = diagnosis (disease vs. control) and
age. We then compared the effect sizes in these adjusted
models with those in our unadjusted analyses, using Spear-
man’s rho [26].

Determining whether there is a core signature of cerebellar
degeneration

To formally determine whether there was a robust co-vary-
ing core signature of cerebellar degeneration, the correlation
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between all pairwise combinations of metrics was computed
and the correlation coefficients were hierarchically clustered
[26].

Examining patterns of change across diagnoses

We also generated three violin plots: (1) a “Severity Score”
containing the core set of 25 highly correlated metrics, (2) a
“PC Loss Score” [PC body/mm, percentage empty baskets],
and (3) percentage of climbing fibers in the outer 20% of the
molecular layer.

Finally, to further delineate the disease pattern in ET
versus other primary disorders of cerebellar degeneration
(SCA 3, SCA 1/2/6/7/8/14), we compared data from our
eight core metrics to visually display group differences in
a skyline plot. For this plot, we normalized our data so that
each of the eight core metrics would appear to be on the
same scale; otherwise some bars would have been several
orders of magnitude greater than other bars and the plot
would have been difficult to read. We normalized to one
(i.e., the mean of each of the eight metrics was determined
as well as the value that the mean would need to be mul-
tiplied by to be 1.0. For example, if the mean =0.25, then
that value would be 4.0. Then each data point in each brain
was multiplied by this value. This operation was performed
separately for each of the eight metrics) [26].

Developing a neuropathological scoring system

We developed a cumulative score derived from the morpho-
logically most evident and biologically most relevant met-
rics. This comprised 10 metrics, as indicated by asterisks in
Table 3 (although the inverse of LH&E PC/mm was used).
For ET, controls and each of the remaining diagnoses, we
reported the median, mean, 25th quartile and 75th quartile
score for this “ET neuropathological score.”

Results

Demographic and primary pathological features
across diagnostic categories

Several of the groups differed from controls with respect
to age, sex, brain weight, Thal stage, Braak stage, CERAD
score and postmortem interval (Table 2). Several of these
differences were expected given the natural history of these
disorders, with younger ages of onset in FA, SCAs and MSA
than in ET or PD.

Correlation between demographic and primary
pathological features and quantitative morphologic
metrics

We generated data on 37 quantitative morphologic metrics
that were further grouped into eight broad categories. As
described in our statistical analysis section, we selected
one metric from each of the eight categories and assessed
whether these eight core metrics were correlated with
age, sex, brain weight, Braak Alzheimer’s disease stag-
ing, CERAD and postmortem interval. This operation was
repeated in eight diagnostic categories. Given the large
number of comparisons (n=448), we set the significant
p value at <0.000112. Only two correlations had p values
that were < 0.001 and only one had a p value that was less
than 0.000112. These correlation analyses indicate that
differences between diagnostic groups in these variables
(e.g., age, sex, brain weight, Thal stage, etc.) were not
likely to account for differences in cerebellar pathology
between diagnostic groups; that is, they were not likely to
be acting as confounders.

Principal component analysis

Given the large number of metrics and data generated (37
metrics in nearly all of the 320 brains=11,651 data items),
we first performed principal component analysis of the
z-scored raw data to identify underlying unifying dimen-
sions (i.e., groupings of metrics). When analyzed across all
diagnostic categories, the two major axes of variation in the
data segregated individual patients into distinct groupings
(Fig. 1a). To a large extent, the first axis of variation (princi-
pal component 1, PC1) separated MSA and SCA1/2/6/7/8/14
from the remaining diagnoses, with the data points in MSA
and SCA1/2/6/7/8/14 distinctly situated to the right of the
main cluster. The second axis of variation (principal compo-
nent 2, PC2) mainly separated MSA from SCA1/2/6/7/8/14,
with most data points for SCA1/2/6/7/8/14 located above
those of MSA (Fig. 1a).

To the best of our knowledge, clinical intake diagnosis
as MSA-parkinsonism (MSA-P) or MSA-cerebellar (MSA-
C) subtypes [40] was available for 17 of 29 of MSA cases
(16 from NYBB) and revealed differential stratification
across the PCA graph. All 5 MSA cases with PC1>5 and
PC2 > 0 that clustered on the upper right side of the PCA
graph among SCA1/2/6/7/8/14 cases were MSA-C subtype
(Fig. 1a), suggesting that with severe, typically near end-
stage cerebellar involvement in MSA at autopsy, the met-
rics in this study do not distinguish them from also severely
affected SCA cases; indeed, these entities have been broadly
classified as olivopontocerebellar atrophies [12]. MSA-P
cases (n=11 with clinical diagnoses) were distributed in
two regions of the PCA graph: (1) seven cases scattered
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Table 2 Demographic and pathological features by diagnosis

Control Dystonia PD ET Friedreich’s SCA3 SCA MSA
ataxia 1/2/6/7/8/14
N 50 19 62 100 13 13 34 29
Ageatdeath  753+16.1  80.6+8.8[81] 77.9+6.3 88.8+6.1 41.4+18.1 57.0+113  605+16.1  66.6+9.0
(years) [79.0] [79.0] [89.5] [37.0] [57.0] [63.0] [69.0]
p=0.09 p=025 p=0.001 p<0.001 p=0.001 p=0.001 p=0.003
Male sex 29 (58.0) 4(21.1) 49 (79.0) 36 (36.0) 5(38.5) 7(53.8) 20 (58.8) 11 (37.9)
p=0.006 p=0.01 p=0.01 p=021 p=0.78 p=094 p=0.08
Brain weight 12624184  1.272+90 1345+137  1.188+132  1211+132  1.186+221  1213+204  1.222+107
(® p=0.87 p=0.06 p=0.02 p=0.19 p=0.24 p=034 p=0.58
Median 0(0-2) 1.5 (0-2) 2(0-3) 1.5 (0-2) NA NA 0 (0-3) 0(0-2)
(range) Thal p=0.15 p=0.001 p=0.01 p=0.33 p=0.96
stage for
beta-amyloid
Median 2 (0-5) 1.5 (0-2) 2 (0-4) 3(1-5) NA NA 1 (0-4) 1.5 (0-5)
(range) p=0.36 p=0.82 p=0.001 p=0.20 p=0.37
Braak
Alzheimer’s
disease stag-
ing
Median 0 (0-2) 0 (0) 1(0-2) 1(0-3) NA NA 0 (0-3) 1(0-3)
range — —_ —_ — —
(CERgA)D p=0.39 p=0.02 p=0.02 p=0.36 p=0.15
Median 5.8 25 1.8 2.2 28.5 12.0 6.7 16.8
postmortem p=0.03 p=0.001 p=0.001 p=0.01 p=0.66 p=0.02 p=0.12

interval (h)

Values are mean + standard deviation [median] or count (percentage) unless otherwise specified. Statistical comparisons are with controls

Bolded values are statistically significant (p <0.05)

Categorical or ordinal variables were compared using Chi-squares. For continuous variable, we tested for normality using Kolmogorov—Smirnov
test. If normally distributed, the variables were compared using the Student’s ¢ test. If not normally distributed, we compared groups using the

Mann—Whitney test (non-parametric)

CERAD Consortium to Establish a Registry for Alzheimer’s disease, ET essential tremor, g grams, /& hours, MSA multiple system atrophy, NA

not available, PD Parkinson’s disease, SCA spinocerebellar ataxia

among other diagnoses on the left side of the PCA graph,
although still with distinctly higher PC1 X-axis values than
in controls (Fig. 1b, PC1 < 2); neuropathological examina-
tion showed predominant striatonigral degeneration, consist-
ent with lesser cerebellar involvement in MSA-P, [12] and
(2) four cases with PC1>5 and PC2 <0, which had mixed
striatonigral and cerebellar degeneration on neuropathologi-
cal examination, suggesting a distinctive cerebellar pathol-
ogy when MSA progresses to involve cerebellum versus that
in most SCAs.

Figure 1c displays the strength of correlations between
each metric and each principal component, with metrics that
are a greater distance from the center (0.0, 0.0) contributing
more to the principal components. The figure also shows
the directionality of the relationship, reflecting their posi-
tive or negative contribution to each principal component.
Each of the eight broad categories of metric is color-coded.
The colors display clustering (e.g., green metrics lie close
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to other green metrics; yellow metrics lie close to other yel-
low metrics), a product of their membership in the same
broad category; however, for many metrics the overlap is
not complete, indicating that individual metrics within a
category provide unique information. Several of the purple
metrics are anti-correlated, which is expected given that the
% empty baskets reflect PC loss whereas the others directly
reflect PC counts. Metrics that are most strongly positively
correlated with PC1 drive the separation of SCA1/2/6/7/8/14
and MSA from other diagnoses, including torpedo counts
(green metrics), a subset of torpedo-associated changes
in PC axons (blue metrics on right side) and PC dendritic
swellings (yellow metrics). In contrast, metrics that were
anti-correlated with PC1 reflect greater PC loss (purple met-
rics) and poorly preserved climbing fiber synapses (light
blue metrics), which are features of SCA1/2/6/7/8/14 and
MSA [17, 26]. Metrics that in Fig. 1a differentially correlate
with PC2 and separate SCA1/2/6/7/8/14 and MSA, such as
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Fig. 1 Principal component analyses of cerebellar morphologic met-
rics across diagnoses. Principal component analysis of the z-scored
raw data across all eight diagnostic categories (a) or across select
diagnoses d, f shows how individual patients distribute across the
two major axes of variation in the data, identifying distinct disease
groupings. Each dot represents data from an individual patient. Panel
b is an enlargement of the boxed area in panel (a). Color coded verti-
cal lines d, f denote the median change along the x-axis in principal
component 1 for the corresponding diagnostic category. The loading
graphs ¢, e portray the strength and directionality of the correlation
between each metric with each principal component, with metrics
that are a greater distance from the center (0.0, 0.0) being most cor-

greater number of PC dendritic swellings and CB PC puncta
(yellow metrics, Fig. 1c) in SCA1/2/6/7/8/14 and greater
number of torpedo-associated changes in PC axons (blue
metrics, Fig. 1¢), other changes in PC axons (most orange
metrics, Fig. 1c), and a somewhat better preserved PC popu-
lation in MSA (purple metrics, Fig. 1c).

While controls, ET, PD, dystonia and several other diag-
noses (e.g., FA, SCA3) form a dense cluster (Fig. 1a), there
is considerable variance in these diagnoses along the axis of
PC1 (Fig. 1b). When MSA, FA and all SCAs are excluded
from the analysis, there is no complete overlap between ET,
PD and dystonia, and variable segregation is apparent pre-
dominantly along the axis of PC1 (Fig. 1d). The median of
all controls (black dots) centers at PC1 =— 2.46. Compared

T B T T T T
0.5 10 - 0 5 10 15

related with the principal components. Metrics are color coded based
on the eight categories of morphologic metrics, as indicated in the
legend including Purkinje cell loss (purple), Purkinje cell heteroto-
pia (gray), Purkinje cell dendrites (yellow), Purkinje cell torpedoes
(green), Purkinje cell axons, other (orange), Purkinje cell axons, tor-
pedo associated (blue), Basket cell plexus (red) and climbing fibers
(light blue). 1c includes all diagnoses and le is limited to controls,
ET, PD and dystonia. CB=calbindin, GAD glutamic acid decarboxy-
lase, LH&E Luxol fast blue/hematoxylin and eosin, PC Purkinje cell,
PC1I principal component 1, PC2 principal component 2, VGlut2
vesicular glutamate transporter type 2

to controls, PD (red dots, median PC1=— 1.00) and dysto-
nia (blue squares, median PC1 =— 0.51) patients are shifted
slightly to the right in close proximity to one another. ET
patients (green dots) are shifted even more considerably the
right (median PC1=0.67).

Figure le limits its analysis to controls, ET, PD and
dystonia, and portrays the strength of correlation between
each metric and each principal component. Similar to that
in Fig. lc, the colors display clustering, a product of their
membership in the same group; however, the overlap is not
complete. Again, the two sets of purple metrics are anti-
correlated, with expected inverse relationship between %
empty baskets and PC counts. In this dataset, VGlut2 climb-
ing fibers in outer 20% of the molecular layer and VGlut2
climbing fiber synaptic density (light blue metrics) show
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opposite correlations with PC1, reflecting greater number of
climbing fibers in outer 20% of the molecular layer (positive
correlation) and lower VGlut2 climbing fiber synaptic den-
sity (negative correlation) as commonly seen in ET cases.
Notably, the basket cell rating (red metric) has a stronger
positive correlation with PC1 in this dataset (Fig. le) com-
pared to that including all diagnoses (Fig. 1c), consistent
with its enrichment in ET cerebellum vs. controls [7].

We also compared the principal component data for ET,
FA, and all SCAs, as disorders whose primary identifiable
pathology is most evident in the cerebellum, versus controls
(Fig. 1f). The distribution of data for ET (green dots), SCA3
(pink triangles) and FA (yellow triangles) are shifted to the
right versus controls (black dots) along the PC1 x-axis, with
median values at — 2.58 (controls), — 1.17 (ET), — 0.91
(SCA3) and — 0.05 (FA). Notably, there is significant over-
lap in data points for SCA3 and FA and many ET cases.
SCA1/2/6/7/8/14 patients (blue dots) are shifted to a much
greater extent along both PC1 (median=5.91) and PC2 axes,
and some of those data points overlap with those of ET, FA
and SCA3. In considering only FA and individual SCA dis-
orders (Supplemental Fig. 1), the principal component data
show similar median PC1 x-axis values for SCA3 (— 3.46,
pink triangles) and FA (— 3.01, yellow triangles), consistent
with an overall lower burden of cerebellar cortical pathology
in these disorders, and increasing PC1 medians for SCA1
(0.51, green circles), SCA7 (1.10, blue triangles), SCA2
(2.13, orange circles) and SCAG6 (4.81, purple circles). The
most severe cerebellar pathology typically seen in SCAG6 is
consistent with the cerebellar cortex being the major focus
of disease in this disorder [42].

In summary, these analyses showed that these diagno-
ses were not uniform with respect to cerebellar pathology,
with the greatest (though not identical) changes observed in
MSA and SCA1/2/6/7/8/14 and lesser changes in the other
groups (Fig. la—e). In terms of primary disorders of cerebel-
lar degeneration, among which changes were most evident,
the changes lay along a spectrum, with those observed in
ET, SCA3 and FA forming the mildest grouping and those in
SCA1/2/6/7/8/14 being the most severe relative to controls
(Fig. 1f). As a whole, these latter disorders are arrayed along
a spectrum of cerebellar of degeneration.

Quantifying change in each metric in each diagnosis

We next quantified the change in each metric for each diag-
nosis, using controls as our reference group (Fig. 2a). Met-
rics (rows) and diagnoses (columns) are shown. Each cell
in the heatmap is the average log,-fold-change (disease vs.
control) for each metric. Dark purple cells indicate that there
is a high mean value for the metric relative to controls; green
cells indicate the opposite. Elements labeled with an aster-
isk indicate that the difference from controls is statistically

@ Springer

significant, with false discovery rate <0.01. We can make
several observations.

First, when compared to controls, dystonia differed sig-
nificantly in only 4/37 metrics (see four asterisks in dys-
tonia column). PD differed significantly from controls in
only 5/37 metrics (see five asterisks in PD column). By
contrast, the number of differing metrics was 21 for ET. For
FA and SCA3, the numbers were less (10 in each disorder).
The number was 21 for MSA and 27 for SCA1/2/6/7/8/14
(Fig. 2a).

Second, in 17 metrics across 6 categories [i.e., PC loss,
heterotopic PCs, PC dendritic changes, PC axonal changes
(torpedoes), PC axonal changes (other than torpedoes),
and PC axonal changes (torpedo-associated)], there was
a spectrum of change, with ET generally at the low end
and SCA1/2/6/7/8/14 or MSA at the high end of severity
(Fig. 2a, Table 3). Dystonia did not differ from controls in
any of these metrics, and PD differed from controls in only
2/18 metrics (LH&E PC body/mm, CB PC thickened axons/
mm).

Third, for three metrics, including the percentage climb-
ing fibers in the outer 20% of the molecular layer (VGlut2)
and two metrics involving PC puncta (calbindinD,g, ), the
pattern observed for ET was not merely on the cerebellar
degeneration spectrum. The mean percentage of climbing
fibers in the outer 20% of the molecular layer (VGlut2) was
distinctly increased in ET compared to controls, whereas in
SCA1/2/6/7/8/14 and MSA there was a decrease compared
with controls (Fig. 2a, c). In addition, ET is the only diag-
nosis in which increased climbing fibers in outer 20% of the
molecular layer is accompanied by significantly decreased
climbing fiber synaptic density. Of interest, increased climb-
ing fibers in outer 20% of molecular layer is also seen in FA,
but this is not accompanied by a decrease in climbing fiber
synaptic density, demonstrating a novel disease pattern. The
density of PC puncta (calbindinD,g,) was only significantly
increased in SCA1/2/6/7/8/14, and involved a larger percent-
age of PCs when seen in a sample. In all other disorders,
these structures were rare.

As there were differences in age between several diagno-
ses and controls, we adjusted for the effects of age using a
series of multiple linear regression models. We then com-
pared the effect sizes in these adjusted models with those in
our unadjusted analyses, using Spearman’s rho. The effect
sizes (i.e., fold-difference in each metric between each dis-
ease and control) were strikingly similar as were the direc-
tion of these differences, indicating that observed differences
in the unadjusted analyses were nearly universally conserved
in the age-adjusted analyses (Supplemental Fig. 2).

Finally, in our primary analyses we grouped
SCA1/2/6/7/8/14 together. For a secondary analysis, we
examined the spectrum of changes in each of the 37 met-
rics across SCA 1, 2, 6 and 7 subtypes [excluding SCAS8
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Fig. 2 Differences in fold-change for each metric across diseases and
key pathologic drivers. a Metrics (rows) and diagnoses (columns)
are shown. Each cell in the heatmap is the average log,-fold-change
(disease vs. control) for each metric. The scale ranges from dark pur-
ple (high relative to control) to dark green (low relative to control).
Elements with a black asterisk indicate a statistically significant dif-
ference vs. controls (Mann—Whitney test, p values corrected for
false discovery by Benjamini—-Hochberg method; *=FDR <0.01).
b Hierarchical clustering of the correlation coefficients between all
pairwise combinations of metrics, with colored scale of red (positive
correlation), white (no correlation) and blue (negative correlation).
Many of the prominent positively correlated (red and orange aster-
isks) or negatively correlated (blue asterisk) variables are the same

(n=2) and SCA14 (n=1) due to limited sample size] (Sup-
plemental Fig. 3). Overall, the SCA subtypes were broadly
similar in the direction of fold-change versus controls (i.e.,
purple and green colors indicate increased versus decreased,
respectively) when samples were either grouped (Fig. 2a) or
separated out (Supplemental Fig. 3). There were some dif-
ferences in terms of the extent of fold-change between these
SCAs, as demonstrated by the color saturation, indicating
that these SCA subtypes, though broadly similar, are not
identical.

variables that differ across disease categories (see black asterisks in
2a), and are designated here as “Key Drivers” in (a). ¢ Three scores
were computed across disease categories by combining the average
fold-change (disease/control) for selected metrics and plotted on a
log,-transformed scale, including a “Severity Score” (large block
of 25 positively correlated red and orange metrics in panel (b)), a
“Purkinje Cell Loss Score” (inverse Purkinje cell body and percent
empty baskets), and a score reflecting climbing fibers (CFs) in the
outer 20% of the molecular layer. Within each violin, the dashed line
shows the median value and the dotted lines indicate outer quartiles
in the data distribution. Data for Friedreich’s ataxia was derived from
4 cases in whom metrics from calbindinD,g, staining was performed
and 13 cases for all other metrics performed in paraffin sections

Determining whether there is a core signature
of cerebellar degeneration

To formally determine whether there was a robust co-var-
ying core signature of cerebellar degeneration, the correla-
tion between all pairwise combinations of observables was
computed and the correlation coefficients were hierarchi-
cally clustered (Fig. 2b). A large red block of observables
(16 metrics) was all strongly positively correlated with each
other and represent a core, common phenotypic signature
mainly related to torpedoes, other axonal changes and den-
dritic swellings (red asterisks). Nine additional metrics
were correlated with each other, although to a lesser degree
(orange asterisks), and mainly relate to heterotopic PCs and
PC swellings. Other metrics were anti-correlated (Fig. 2b,
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Table 3 Metrics in which a spectrum of pathological changes was observed

Category of pathological change Stain Metric Spectrum
of change
observed

PC cell loss LH&E PC body linear density (cells/mm)* \/

LH&E PC nucleolus linear density (cells/mm) \/
CB PC body linear density (cells/mm)
CB-GAD Percentage of empty baskets*
Heterotopic PCs LH&E Heterotopic PC linear density (cells/mm)
LH&E Heterotopic PCs per PC* \/
CB Heterotopic PC linear density (cells/mm)
CB Heterotopic PCs per PC

PC dendritic changes LH&E PC dendritic swelling linear density (swellings/mm) \/
LH&E PC dendritic swellings per PC \/
Bielschowsky  PC dendritic swelling linear density (swellings/mm) \/
Bielschowsky  PC dendritic swellings per PC* \/
CB PC dendritic swelling linear density (swellings/mm)
CB PC dendritic swellings per PC

PC axonal changes (Torpedoes) LH&E Torpedo linear density (torpedoes/mm) \/
LH&E Torpedoes per PC* \/
Bielschowsky  Torpedo linear density (torpedoes/mm) \/
Bielschowsky  Torpedoes per PC \/
CB Torpedo linear density (torpedoes/mm) \/
CB Torpedoes per PC \/
CB Multiple torpedo density (multiple torpedoes/mm) \/

PC axonal changes (other than torpedoes) CB PC axonal recurrent collaterals density (recurrent collaterals per mm)

CB PC thickened axonal profiles density (thickened axonal profiles per \/
mm)*
CB PC axonal branching density (branches per mm)
CB PC terminal sprout rating
CB PC plexus percentage
CB PC puncta density (PC with puncta per mm)
CB PC puncta per PC
PC axonal changes (torpedo-related) CB Percentage of torpedoes with axonal recurrent collaterals
CB Torpedoes with axonal recurrent collaterals (per mm)*
CB Percentage of torpedoes with thickened axons
CB Torpedoes with thickened axons (per mm)
CB Percentage of torpedoes with branching axons
CB Torpedoes with branching axons (per mm)
Basket cell axonal hypertrophy Bielschowsky  Basket cell rating*

VGlut2
VGlut2

Climbing fiber-PC synaptic changes

Climbing fiber synaptic density in molecular layer

Percentage of climbing fibers in the outer 20% of the molecular layer*

\/ =a spectrum of change was observed, with ET generally at the low end and SCA1/2/6/7/8/14 or MSA at the high end of severity
CB calbindin, GAD glutamic acid decarboxylase, LH&E Luxol fast blue/hematoxylin and eosin, PC Purkinje cell, VGLut2 vesicular glutamate

transporter type 2

*10 metrics in the ET neuropathological score

blue squares and asterisks), consistent with a common ten-
dency to lose PCs and climbing fiber synapses in several
cerebellar diseases. In sum, these co-varying morphologic
metrics defined “Key Drivers” of cerebellar pathology,
which correlated with many of the statistically significant
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differences across disease categories (Fig. 2a, red, orange
and blue asterisks).



Acta Neuropathologica

Examining patterns of change across diagnoses

Next, we computed scores for each patient as a fold-change
relative to control averaged over selected observables and
plotted on a log,-transformed scale (Fig. 2c), including
(1) a “Severity Score” containing the core set of 25 highly
correlated observables (Fig. 2b, red and orange asterisks),
(2) a “PC Loss Score” [inverse PC body/mm, percentage
empty baskets] and (3) climbing fibers in the outer 20%
of the molecular layer. The “Severity Score” varied across
diagnoses, with median scores for dystonia and Parkinson’s
disease being closest to controls; ET, SCA3 and FA were in
the middle; and MSA and SCA1/2/6/7/8/14 were furthest
from controls. The median PC loss score was furthest from
controls in SCA1/2/6/7/8/14, closest to controls in dysto-
nia, PD, and SCA3, and intermediate in ET, FA and MSA
(which had wide variability). The climbing fiber outer 20%
score showed an increase in ET and FA. In sum, these data
demonstrate that ET had both common and distinctive com-
binations of morphologic patterns across a spectrum of cer-
ebellar degeneration.

PC axonal and dendritic disease pathologies across these
categories are observed in calbindinD,g, immunostained cer-
ebellar sections, demonstrating varying degrees of changes
in axonal shape (e.g., torpedoes, thickened axons) and con-
nectivity (e.g., recurrent collaterals, axonal branching),
PC body changes (PC loss, heterotopias) and PC dendritic
swellings (Fig. 3). These PC changes are observed in cer-
ebellar cortex of SCA3 and FA (Fig. 3b, c), but are more
prominently seen in ET (Fig. 3d). SCA1/2/6/7/8/14 and
MSA have a wide range of PC loss, along with often marked
increases in PC axonal changes (Fig. 3e-h, n—p); there was
near complete loss of PC cellular elements in one SCAS case
(Fig. 3i). PC changes are less marked, although still distin-
guished from controls, in individuals with MSA-striatonigral
predominant degeneration (Fig. 3n, MSA-SND) (i.e., corre-
sponding to MSA-P cases in principal component analysis
that cluster among ET and controls, Fig. 1b), whereas in
MSA predominated by cerebellar atrophy (MSA-OPCA),
only few PCs may remain, although those surviving are still
often associated with axonal torpedoes [Fig. 3p, correspond-
ing to MSA-C cases that cluster in principal component anal-
ysis among SCA cases (Fig. 1a)]. With mixed striatonigral-
olivopontocerebellar degeneration (SND-OPCA) in MSA,
there was a distinctive pattern where there are numerous
PC axonal torpedoes throughout cerebellar cortex and many
are associated with prominent recurrent axons (Fig. 30),
a feature that may contribute to separation of these MSA
cases from most SCA cases in principal component analysis
(Fig. 1a, MSA cases in lower right quadrant). Foci where
clusters of axonal torpedoes are associated with prominent
recurrent axons are also seen in other diseases, including ET,

SCA1, SCA2, SCA7 (Fig. 3j—m), SCAG6 (Fig. 3g) and focally
in FA (inset in Fig. 3c), suggesting a common process of PC
axonal rerouting in cerebellar disease that would disconnect
PCs from their target cerebellar nuclei and contribute to a
reorganization of intracortical cerebellar circuitry.

In several disease entities the calbindinD,g immunostain
also identified rare highly degenerate PCs with a halo-like
arrangement of multiple dendrite processes emanating from
the cell soma, including in ET, FA, SCA1, SCA2, SCAS®,
SCAS8 and MSA (Fig. 4). These abnormal dendrites were often
hyperspiny, and spines were also seen on the PC soma. In a
subset of these cells, a residual PC dendrite still present in the
molecular layer had marked regressive changes and/or dendrite
swellings (Fig. 4a, b, d, e, white caret). These findings suggest
an extreme degenerative phenotype in these PCs.

Last, to further delineate the disease pattern in ET versus
primary disorders of cerebellar degeneration (SCAs), we com-
pared data from our eight core metrics to show their devia-
tion from the norm in a skyline plot (Fig. 5). For most met-
rics, SCA1/2/6/7/8/14 had higher values than ET and SCA3,
although not for all. In ET, the redistribution of climbing fiber
synapses to the outer 20% of the PC arbor is highest (light
blue bars), whereas climbing fiber synapses are markedly
destroyed in SCA1/2/6/7/8/14. The patterns of pathological
changes observed in ET, SCA3 and SCA1/2/6/7/8/14 differed
from one another, with the relative heights of the bars to one
another varying both within and across diagnostic categories.
Thus, it is apparent that ET, SCA3 and SCA1/2/6/7/8/14 dif-
fered with respect to the relative expression (i.e., signature) of
the degenerative features.

Developing a neuropathological scoring system

We developed a cumulative score derived from the morpho-
logically most evident and biologically most relevant metrics,
representing each category of pathological change. This com-
prised ten metrics, selected on the basis of their strength in
differentiating disease diagnoses in the principal component
analysis and control-disease fold change analyses (Figs. 1, 2a).
Next to each of the ten metrics is an asterisk (Table 3; the
inverse of LH&E PC/mm was used). For ET, controls and
each of the remaining diagnoses, we reported the median,
mean, 25th quartile and 75th quartile score for this ET neuro-
pathological score (Supplemental Table 1). The mean score
for ET was slightly higher than that for SCA3 and very simi-
lar to that of FA, approximately 50% higher than that of PD,
approximately 25% higher than that of dystonia and double
that of controls. It was markedly less than that of MSA and
SCA1/2/6/7/8/14 (Supplemental Table 1). Furthermore, there
was diagnostic separation between ETs and controls, with the
score for the lower 25% quartile of ET cases (1.224) exceeding
the upper 75% quartile of controls (1.211). Last, there was a
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«Fig.3 CalbindinD,g, immunohistochemistry on 100-pm cerebellar
neocortex sections across diagnoses. Several categories of morpho-
logic changes in Purkinje cells are identified, including cell body loss,
heterotopia (white arrow, b, ¢, f, g, n, p), dendrite swelling (white
caret, b—f, h, p), and axonal changes including torpedoes (large black
arrow, b-h, n—p), thickened axons (arrowhead, b, ¢ [inset], d-h, n,
0) and recurrent collaterals on torpedo bearing axons (black caret, h,
j—0). a Normal appearance of Purkinje cell dendrites and cell bod-
ies and thin axon profiles in the granule cell layer of a control. b, ¢
SCA3 and Friedreich’s ataxia (FA) with intermediate axonal changes
including torpedoes, thickened axons and recurrent collaterals. Het-
erotopic Purkinje cells and dendrite swellings are present. In FA, a
focus with multiple torpedoes associated with recurrent collaterals is
shown (inset, ¢). d Axonal changes and Purkinje cell loss are more
prominent in essential tremor (ET). A dendrite swelling is present.
e—i Spectrum of changes in SCA1/2/6/7/8 with moderate to severe
Purkinje cell body and dendrite loss, abundant torpedoes, thickened
axons and torpedo associated recurrent collaterals. J-m Foci in ET
(j), SCAL (k), SCA2 (I) and SCA7 (m) where there are clusters of
torpedo bearing axons with recurrent collaterals. n—-o Spectrum of
change in MSA, being mild in cases with predominant striatonigral
degeneration (MSA-SND, n) and severe in cases with predominant
olivopontocerebellar atrophy (MSA-OPCA, p). In MSA with mixed
striatonigral and olivopontocerebellar atrophy (MSA-SNA-OPCA,
0), there are numerous torpedoes that predominantly have recurrent
collaterals. SCA spinocerebellar ataxia, MSA multiple system atrophy.
Scale bar, 100 pm in m, p, inset in ¢

marginal but not significant correlation between the ET scores
and disease duration (Spearman’s rho=0.16, p=0.10).

Discussion

A growing compendium of morphologic changes has been
identified in the ET brain, centered in the cerebellar cortex
[1, 2, 5-7, 18, 20, 24, 27, 29, 36, 39, 46]. These findings,
based exclusively on ET-control comparisons, had not been
contextualized within a broader degenerative disease spec-
trum. To address this gap in knowledge, we conducted a two
phase study in which data on a large number of quantitative
morphologic metrics of cerebellar pathology were compared
in ET, controls and several other diseases. Phase 1, based
on 156 brains, suggested that that the degree of cerebel-
lar degeneration in ET aligns it with a milder end in the
spectrum of cerebellar degenerative disorders, and further-
more, that a somewhat distinctive signature of degenerative
changes marks each of these disorders [26]. Phase 2 involved
164 additional brains, and we now present the entire pooled
data in their totality. Many of our initial observations from
Phase 1 are borne out again in Phase 2, thereby providing
the needed construct validity for our first round findings. In
addition, by increasing the number of disease comparators,
several novel features are now identified.

From these pooled data, we make several core obser-
vations. First, although mild changes were observed in
the cerebellum of dystonia and Parkinson’s disease, these
were nowhere near the magnitude or number observed in

disorders whose primary identifiable pathology is most evi-
dent in the cerebellum (i.e., ET, SCA3, FA, SCA1/2/6/7/8/14
and MSA to varying degrees) (Figs. 1a, 2a). Second, within
the latter group of diseases, there was a marked spectrum of
change, with ET, SCA3 and FA generally near the lower end
and SCA1/2/6/7/8/14 and MSA at the high end of severity
(Figs. If, 2a, c). Thus, the degenerative changes observed
in ET lie on the milder end of what is observed in disor-
ders of cerebellar degeneration. In large part, the changes
observed across ET and the other disorders of cerebellar
degeneration comprised differences of degree rather than
kind, likely reflecting a stereotypic repertoire of cellular
reactions that characterize cerebellar degeneration. Third,
several features distinctive to specific disorders were also
identified, including a redistribution of climbing fiber syn-
apses to the outer PC dendritic arbor in ET and FA and
aggregation of calbindinD,g-positive puncta around the PC
soma most prominently in SCA1/2/6/7/8/14 (Fig. 2a). FA
was the only disorder in which there was redistribution of
climbing fiber synapses in the molecular layer but preserved
climbing fiber synaptic density. Each of these disorders had
a different signature with respect to cerebellar degeneration,
as evidenced by our metric “scores” that combine categories
of morphologic features (Fig. 2c) and a skyline plot (Fig. 5),
which showed that different patterns emerged for ET, SCA3
and SCA1/2/6/7/8/14, indicating that these disorders of cer-
ebellar degeneration do not form a homogeneous entity. In
this sense, there were differences not only of degree, but
also of kind.

As noted in our Phase 1 study [26], the constellation of
pathological changes in the PC and neighboring neuronal
populations in ET are not occurring in isolation with respect
to one another; rather, they are likely operating as part of a
system, as suggested by the array of morphologic changes
that formed core “Key Drivers” of cerebellar pathology
(Fig. 2a, b). The “Key Drivers” delineated in our prior study
were identified again in this expanded sample set, and the
strength of some additional correlations increased, such as
enrichment of high basket cell rating in ET samples (Fig. 2a)
[7].

As reviewed elsewhere, some of the cerebellar cortical
changes are likely to be primary, whereas others are likely
to be responsive, secondary and reparative [23]. The mor-
phologic metrics we analyzed highlight the variability in
mechanisms underlying cerebellar cortical degeneration. For
instance, in both SCA3 and FA, the brunt of degeneration in
cerebellum is centered in the dentate nucleus [13], and it has
been traditionally viewed that the cerebellar cortex is rela-
tively normal in these disorders. The findings in this study
demonstrate that the cerebellar cortex is not normal in SCA3
or FA, yet their patterns of degeneration differ from each
other and from ET. In SCA3 there was relative preservation
of PCs, and secondary changes seen in ET such as basket
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Fig.4 Dendritic and spine
abnormalities in highly
degenerate Purkinje cells.
CalbindinD,g, immunohisto-
chemistry on 100-pm cerebellar
neocortex sections in essential
tremor (ET, a, b), Friedreich’s
ataxia (FA, ¢), SCA1 (d), SCA2
(e), SCAG6 (f, g), SCAS (h) and
MSA (i) identifies Purkinje cells
with a halo-like arrangement of
multiple thin dendrites from the
Purkinje cell soma and somatic
spines. Dendrite swellings

are associated with residual
dendrites from these cells in the
molecular layer (white caret, a,
b, d, e). SCA spinocerebellar
ataxia, MSA multiple system
atrophy. Scale bars (in a, i),

50 pm
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Fig.5 Skyline Plot—Patterns of degenerative changes across disor-
ders. The median value for each of our eight core metrics are graphed
in essential tremor (ET) cases in comparison to primary disorders of
cerebellar degeneration (i.e., SCAs), including the following: basket
cell axonal hypertrophy rating scale (red bar, Bielschowsky stain),
heterotopic Purkinje cells per Purkinje cell (gray bar, LH&E stain),
PC terminal sprout rating (orange bar, calbindinD,g immunostain),

cell axonal hypertrophy, heterotopic un-anchoring of PCs
and climbing fiber redistribution to the outer PC dendritic
arbor in the setting of PCs loss are less apparent in SCA3
[26], but significantly increased PC dendrite swellings and
torpedoes were still detected and climbing fiber abnormali-
ties were limited to milder decreases in synaptic density. In
FA, PC loss was widely variant but overall median change
was like that in ET (although occurring at a much younger
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SCA3

SCA1/2/6/7/8/14

torpedoes per Purkinje cell (green bar, LH&E stain), torpedoes with
recurrent collaterals/mm (blue bar, calbindinD,q, immunostain),
Purkinje cell dendritic swellings per Purkinje cell (yellow bar, Biels-
chowsky stain), inverse (-1) Purkinje cell body/mm (purple bar,
LH&E stain), Climbing fibers in outer 20% of ML (light blue bar,
VGlut2 immunostain). ET essential tremor, ML molecular layer, SCA
spinocerebellar ataxia

patient age), there were increased PC axonal torpedoes and
dendrite swellings, and a unique pattern of climbing fiber
changes with increased climbing fiber extension to the outer
PC dendritic arbor but preserved climbing fiber synaptic
density. The common occurrence of increased PC dendritic
swellings and torpedoes seen in both SCA3 and FA may
reflect a dying-back-type PC degeneration due to loss of PC
terminals in cerebellar nuclei, although direct effects on the
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PC are not excluded. The decreased climbing fiber synap-
tic density in SCA3 may reflect combinations of mild PC
dendrite changes and/or brainstem degeneration that may
include mild neuronal loss in the inferior olive [42]. Redis-
tribution of climbing fiber synapses to the outer 20% of the
PC arbor correlates with degenerative regressive changes
in the PC dendritic arbor in ET, which have been demon-
strated in detail with Golgi staining in ET [29], and similarly
reflected by our finding of increased PC dendritic swellings
in FA along with a prior pathological study demonstrat-
ing abnormal PC arbors in one FA case [14]. Inferior olive
degeneration is not characteristically seen in either FA [16]
or ET [21]; while this may explain preservation of climbing
fiber synaptic density in FA, the exact mechanisms of this
synaptic loss in ET remains to be fully discerned, although
loss of PC dendritic spines may lead to climbing fiber syn-
aptic loss in ET [29].

In more severe forms of cerebellar degeneration (e.g., in
SCA1/2/6/7/8/14, MSA), nearly all cerebellar pathologies
are seen, commensurate with a greater degree of PC dam-
age, but climbing fiber changes are dominated by regression
of synapses in the molecular layer, potentially associated
with both marked PC loss and/or degenerative changes in the
inferior olive [17]. Furthermore, our studies in MSA identi-
fied a somewhat distinctive pattern of PC axonal pathology,
with widespread presence of numerous PC axons bearing
torpedoes associated with prominent recurrent collaterals
when MSA initially involves the cerebellar cortex. Nonethe-
less, foci with similar clusters of torpedoes associated with
recurrent collaterals were seen in ET and several SCAs. We
previously demonstrated that axonal recurrent collaterals
were threefold more frequently seen on the axons of PCs
with torpedoes versus Purkinje cells without torpedoes in
ET [1]. In sum, these findings suggest a common process of
rerouting of torpedo-bearing PC axonal connections away
from cerebellar nuclei that contributes to the reorganiza-
tion of intracortical cerebellar circuitry in several cerebellar
degenerative diseases.

We also observed a halo-like sprouting of multiple fine
dendritic processes from the PC soma and somatic spines in
rare PCs in ET, FA, SCA1, SCA2, SCA6 SCAS8 and MSA
(Fig. 4). PCs normally have somal spines and a multiden-
dritic morphology during their early development [37].
Thus, the marked regression seen in these PCs associated
with disease may reflect disturbance to the normal highly
polarized PC morphology and resulting plasticity changes
that recapitulate processes occurring in normal development.
PCs with similar morphology have been described in several
neurodegenerative diseases, including inherited ataxias [11,
41, 44, 45]; in one study it was shown that these somal spiny
dendrites in PCs form local synaptic connections [10]. In
SCA31, this multidendendritic morphology was associated
with fragmentation of the Golgi apparatus [45], and other

studies have shown that mislocalization of the Golgi appa-
ratus leads to multidendritic morphology in PCs [8, 43].

During Phase 1, we developed an “ET neuropathological
score”, which in the future might be of value for diagnostic
purposes, although further studies are needed to test and val-
idate these as possible criteria [26]. The results from Phase
2 were replicative of those in Phase 1. That is, the value for
ET was like that for SCA3, markedly higher than that for
PD or dystonia, yet also markedly less than that for MSA
and SCA1/2/6/7/8/14 (Supplemental Table 1). Furthermore,
there was diagnostic separation between ETs and controls,
with the score for the lower 25% quartile of ET cases (1.224)
exceeding the upper 75% quartile of controls (1.211).

This study should be interpreted within the context of
certain limitations. (1) There was some heterogeneity in the
age at death of our disease groups. However, in correlational
analyses, we showed that age was not correlated with our
metrics of pathological change, indicating that age differ-
ences were not likely to account for differences in cerebel-
lar pathology between groups. (2) We restricted our sam-
pling to one region in the cerebellar hemisphere involved
in motor function, and it would be of considerable interest
in future studies to sample additional cerebellar regions. (3)
Additional studies of the dentate nucleus, a site of major
pathology in patients with SCA3 and FA, of cerebellar white
matter in which different compartments (e.g., amiculum,
album) may degenerate according to variable involvement
of cerebellar afferents, and of other pathologies (e.g., glial
pathologies including microgliosis), would further add to the
neuroanatomical understanding of and ability to derive dis-
tinctions between these various diseases of the cerebellum
[26]. (4) Cerebellar cortical atrophy, which has been reported
in some neurodegenerative disorders, could paradoxically
result in higher PC linear densities, thereby masking PC loss.
We did not collect data on cerebellar weight, so we could
not adjust for such potential atrophy. However, one of our
metrics of PC loss was based on a dual immunostain for
calbindin,g, and GAD. This metric was expressed as a per-
centage rather than a linear density and, therefore, was not
sensitive to atrophy. Our data showed that SCA1/2/6/7/8/14
cases demonstrated significant increases in the percentage of
empty baskets (Fig. 2a). The study had numerous strengths
including the following: (1) the large number of brains over-
all, (2) inclusion of not only ET and control brains, but also
numerous other neurodegenerative disorders characterized
by cerebellar involvement and/or tremor, (3) the ability to
compare ET to several forms of SCA, including those in
which PC loss is a feature and others in which it is not, (4)
the detailed assessment of numerous metrics of cerebellar
pathology in the SCAs and FA, as such studies are rare.
Potentially, this combined quantitative morphologic method
could be applied to other brain regions outside of cerebellum
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and in other neurodegenerative diseases to identify patterns
of pathological processes in neurologic disorders.

In summary, the degree of degeneration that is observed
in ET brains aligns it with numerous other disorders of cer-
ebellar degeneration. These changes in ET are on the milder
end of what is observed in that spectrum. There is some
evidence that all these disorders do not blandly express the
same generic pattern of degeneration, with their only dis-
tinguishing feature being the degree to which they express
that pattern, and that a somewhat distinctive signature of
degenerative changes marks each of these disorders.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00401-022-02535-z.
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