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Abstract
The underlying biology of essential tremor (ET) is poorly under-

stood. Purkinje cell (PC) loss has been observed in some studies, al-

though this finding remains somewhat controversial. Basket cells

are interneurons whose axonal collaterals form a plexus around PC

soma. When there is PC loss, this basket plexus appears empty. We

used dual immunohistochemical staining for calbindin D28k and glu-

tamic acid decarboxylase to quantify “empty baskets” as an indirect

and alternative method of detecting PC loss. Microscopic analyses

on 127 brains included ET and a spectrum of motor neurodegenera-

tive diseases (50 ET, 27 spinocerebellar ataxias [SCAs], 25 Parkin-

son disease, 25 controls). The median percentage of empty baskets

in ET patients was 1.5 times higher than controls (48.8% vs 33.5%, p

< 0.001) but lower in ET than in SCA1 (59.7%, p ¼ 0.011), SCA2

(77.5%, p ¼ 0.003), and SCA6 (87.0%, p < 0.001). PC loss is not a

feature of SCA3, and the median percentage of empty baskets

(30.1%) was similar to controls (p ¼ 0.303). These data provide sup-

port for PC loss in ET and are consistent with the notion that ET

could represent a mild form of cerebellar degeneration with an inter-

mediate degree of PC loss.

Key Words: Basket cells, Cerebellum, Essential tremor, Neurode-

generation, Parkinson disease, Purkinje cells, Spinocerebellar

ataxia.

INTRODUCTION
Essential tremor (ET) is the most prevalent tremor disor-

der and one of the most common neurological diseases (1).
Despite this, its underlying patho-mechanisms are not well un-
derstood and this remains an area of active study. Recent post-
mortem studies have revealed a range of structural changes in
the ET cerebellar cortex compared to that of controls. These
changes, which are centered on the Purkinje cell (PC) and
neighboring neuronal populations, include an increase in the
number of torpedoes and related PC axonal changes, an in-
crease in number of PC dendritic swellings and a truncation of
the PC dendritic arbor, increased numbers of heterotopic PCs,
changes at the PC-climbing fiber synaptic interface and
changes at the PC-basket cell interface (2–8). In addition, PC
loss has been observed in ET patients compared to controls.
The latter finding has been reproduced variably across studies
and, therefore, it remains a focus of controversy (5, 9–12).
Therefore, additional studies and alternative approaches to the
question are called for.

Basket cells are c-aminobutyric acid (GABA)-ergic
interneurons that provide inhibitory input to the PCs on both
the PC body, forming a perisomal basket plexus, and around
the axon initial segment (AIS), where their axonal collaterals
form a pinceau structure (13–15). Basket cells and other mo-
lecular layer inhibitory interneurons serve to “sculpt” the re-
sponse and output of the PCs, affecting both complex and
simple spike activities as well as initiation of axon potentials
at the PC AIS (16–18). Multiple neighboring basket cells pro-
vide axon collaterals converging on PCs to form the perisomal
plexus, with direct “en passant” type synaptic contacts on the
PC soma; in contrast, only a small subset of basket cell axons
in the pinceau have direct synaptic contact with the PC AIS
and the majority of terminals end freely, where they join other
basket cell axons by septate-like junctions to provide an inhib-
itory electric field around the AIS (13, 19). In the setting of PC
loss and relatively preserved basket cells, the basket plexus
appears empty. Hence, “empty baskets” are a marker of
PC loss. As such, the quantification of empty baskets in ET
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provides us an indirect and alternative method of quantifying
PC loss in the disease.

Empty baskets have never been quantified in ET. Here,
we quantified empty baskets in ET patients and controls (i.e.
baskets in which the PC is completely missing, with no visible
PC body). We also quantified empty baskets across a spectrum
of cerebellar degenerative disorders characterized by variable
degrees of PC loss (spinocerebellar ataxia [SCA] types 1, 2,
and 6 [with marked loss] and SCA3 [with modest or no loss])
and another motor neurodegenerative disorder, Parkinson dis-
ease (PD) (20). The correlation between the empty basket pa-
thology and PC counts across this spectrum of disorders was
also studied to identify a potential interplay between these 2
neuronal types within the context of cerebellar degeneration.
The overarching goal of these analyses was to advance our un-
derstanding of the basic neuropathology of ET, and further-
more, to view it not only with respect to control brains but
within the context of a broader group of motor neurodegenera-
tive conditions as well.

MATERIALS AND METHODS

Brain Repository, Study Subjects, and Clinical
Assessments

ET brains were collected from the ET Centralized Brain
Repository, a longstanding joint collaboration between inves-
tigators at Yale and Columbia Universities (4) to bank ET
brains. This centralized repository of brains provided patients
with ET in the United States. ET diagnoses were carefully
confirmed or assigned by a senior movement disorder neurolo-
gist (E.D.L.) utilizing each of the following 3 sequential meth-
ods (21). First, the patients were clinically diagnosed with ET
by their treating physicians. Second, each patient answered a
set of semistructured clinical questionnaires to gather demo-
graphic and clinical data. All ET patients were required to sub-
mit 4 standardized hand-drawn Archimedes spirals (both right
and left hand). These spirals were then assessed and tremor
was rated. The following criteria were used for ET: (i) moder-
ate or greater amplitude arm tremor (rating of 2 or higher) in
at least one of the submitted Archimedes spirals; (ii) no history
of PD or dystonia; and (iii) no other cause for tremor (e.g.
medications and hyperthyroidism) (21). Third, ET patients
underwent a detailed videotaped neurological examination to
allow for assessment of tremor and other movements (E.D.L.)
(22). The videotaped examination included assessments of
postural tremor, kinetic tremor, rest, and intention tremor of
the arms, neck, voice, and jaw. The videotape assessment also
included the motor portion of the Unified PD Rating Scale
that made available information on speech, facial expression,
rest tremor, bradykinesia, posture, and gait and assessments of
dystonia (23). Combined with the questionnaire data, the final
diagnosis of each ET patient was re-examined, using previ-
ously published diagnostic criteria, which have been shown to
be both reliable and valid (24). ET patients were followed pro-
spectively, with clinical information regularly updated.

Eighteen control brains were from the New York Brain
Bank. These individuals were followed prospectively at the
Alzheimer’s Disease Research Center or the Washington

Heights Inwood Columbia Aging Project at Columbia Univer-
sity. During serial neurological examinations, these individu-
als were clinically free of ET and other neurodegenerative
disorders, including Alzheimer disease, PD, or progressive
supranuclear palsy (4). An additional 7 control brains were
obtained from the National Institutes of Health NeuroBioBank
(University of Miami, Miami, FL and University of Maryland,
Baltimore, MD).

We were able to obtain 27 SCA brains: 11 SCA1, 6
SCA2, 5 SCA3, and 5 SCA6. These were attained from multi-
ple brain repositories, with 21 from a hereditary ataxia speci-
men repository maintained by a coauthor (A.H.K.) at the
Veterans Affairs Medical Center in Albany, New York, 5
from the National Institutes of Health NeuroBioBank (Univer-
sity of Maryland, Baltimore, MD), and one from the New
York Brain Bank. Tissue from the PD brains was obtained
from the New York Brain Bank. During life, all study subjects
agreed to sign informed consent forms approved by the re-
spective university ethics boards.

Subject Selection
Subject selection was guided by available ET tissue. We

identified 50 ET patients from the New York Brain Bank and
selected 25 older controls to achieve a 2:1 age-matching
scheme. We performed a power analysis that utilized data
from our previous publication on PC counts in ET patients and
controls (5). Assuming alpha ¼ 0.05, and two-sided statistical
tests, a sample of 40 ET patients and 20 controls would pro-
vide >80% power to detect at least a 25.0% increase in the
empty basket pathology in ET patients compared to controls.
Our study sample of 50 ET patients and 25 controls exceeded
this required number. Cerebellar pathology in the SCA sub-
jects was expected to be double that of ET patients. We uti-
lized all available 27 SCA brains with a minimum number of
5 patients for each SCA type, and this provided >80% power
(alpha ¼ 0.05; 2-tailed) to detect differences between each
SCA type and controls. Assuming that PD subjects would
serve as disease controls, we set the number of PD brain tissue
equal to controls (n ¼ 25), preferentially selecting the oldest
PD patients first so as to achieve an age distribution that
approached that of our controls and ET patients. Thus, a total
of 127 postmortem brains were analyzed. Clinical data were
serially and prospectively collected on all ET cases and con-
trols from the New York Brain Bank; clinical data from other
patients were derived from clinical records after death.

Tissue Processing
All ET, PD, and 18 control brains had a complete neuro-

pathological assessment at the New York Brain Bank. Brains
had standardized measurements of brain weight (grams), and
postmortem interval (hours between death and the completion
of processing fresh brain into frozen tissues and placing
remaining brain in formalin) (25). Whenever possible, 17 stan-
dardized blocks were harvested from each brain and proc-
essed, and 7-lm-thick paraffin sections were stained with
Luxol fast blue/hematoxylin and eosin (LH&E) (5). In addi-
tion, selected sections were stained by the Bielschowsky
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method, and with mouse monoclonal antibodies to human
glial fibrillary acidic protein (GFAP, clone GA5, Novocastra,
Newcastle upon Tyne, UK), a-synuclein (clone KM51, Novo-
castra), phosphorylated tau (clone AT8, Research Diagnostics,
Flanders, NJ), and b-amyloid (clone 6F/3D, Dako, Carpen-
teria, CA) (5). All tissues were examined microscopically by a
senior neuropathologist blinded to clinical information includ-
ing age and diagnosis (5). Brains had Braak and Braak Alz-
heimer disease staging for neurofibrillary tangles, and
Consortium to Establish a Registry for Alzheimer’s disease
(CERAD) ratings for neuritic plaques (26–29). Cerebellar tis-
sues received from other brain repositories were from the
same standard region as harvested at the New York Brain
Bank.

Characterization of Cerebellar Pathology
Quantification of PCs, Torpedoes and Related
Cerebellar Pathology

A standard 3� 20� 25-mm formalin-fixed tissue block
from each brain was obtained from a parasagittal slice located
1–1.5 cm from the cerebellar midline and containing anterior
and posterior quadrangulate lobules and the underlying den-
tate nucleus. Hence, we sampled the motor cerebellum (30,
31). PCs and torpedoes were quantified in a single 7-lm-thick,
LH&E-stained section from that block (Fig. 1I). PCs (i.e.
stained PC bodies) were quantified by counting and averaging
the number of PCs across 15 100� nonoverlapping micro-
scopic fields (12, 32). Similarly, torpedoes (i.e. fusiform swel-
lings of the proximal portion of the PC axon [Fig. 1I, green
arrow]) were counted in one entire LH&E section, as de-
scribed in Refs. (4, 5). Torpedo counts were then normalized
to PC layer length (i.e. divided by PC layer length) to account
for any potential variations in amount of cerebellar cortex in
the tissue block; this metric was referred to as n-torpedo count.
We have previously shown that quantitative microscopic anal-
ysis of a single, standard section provided a sufficient repre-
sentation of the pathology within that sample block (32).
Using a Bielschowsky-stained section from the same block,
we assigned a semiquantitative rating of the density of the bas-
ket cell plexus surrounding PC bodies (ratings¼ 0, 0.5, 1, 1.5,
2, 2.5, and 3), with 3 indicating dense, tangled basket cell pro-
cesses, as described in Ref. (8).

Quantification of Empty Baskets

A trained graduate student (P.J.L.), who was blinded to
clinical and postmortem data, performed dual immunohisto-
chemical staining for calbindin D28k and glutamic acid decar-
boxylase (GAD). The dual staining was performed
sequentially on 7-lm-thick paraffin sections to visualize bas-
ket cell plexuses (brown-GAD antibody) around PC soma
(red-calbindin D28k antibody) in the PC layer (Figs. 1 and 2).
The sections were preheated in the incubator at 60�C for 1
hour, rehydrated and antigen retrieval performed in Trilogy
[Cell Marque, Rocklin, CA] in a steamer for 40 minutes fol-
lowed by 30 minutes at room temperature. The sections were
blocked with serum blocking solution (10% normal goat

serum, 1% IgG-free bovine serum albumin [Jackson Immu-
noResearch, West Grove, PA], 1% Triton X-100, in phosphate
buffered saline) and then incubated in rabbit anticalbindin
D28k primary antibody (1:1000) [Swant, Marly, Switzerland]
in antibody diluent (1% IgG-free bovine serum albumin [Jack-
son ImmunoResearch], 1% Triton X-100, in phosphate buff-
ered saline) overnight at 4�C. After several washes in
phosphate buffered saline-0.1% Tween 20, goat antirabbit al-
kaline phosphatase secondary antibody (1:1000) [Fisher Sci-
entific, Hampton, NH] was applied for 2 hours at room
temperature, and the calbindin stains were developed with
Immpact Vector Red alkaline phosphatase substrate according
to manufacturer’s instructions [Vector Laboratories, Burlin-
game, CA]. Next, endogenous peroxidase activity was
blocked with 3% H2O2, and mouse anti-GAD primary anti-
body (1:300) [MBL International Corp, Woburn, MA] was ap-
plied to the sections overnight at 4�C. The sections were
washed in phosphate buffered saline-0.1% Tween 20 and then
incubated with biotinylated goat antimouse secondary anti-
body (1:300) [Vector Laboratories] for 1 hour at room temper-
ature, followed by 1-hour incubation with peroxidase mouse
IgG substrate (Vectastain ABC kit) [Vector Laboratories].
The GAD stains were then developed with 3,30-diaminobenzi-
dine in DAKO DABþ chromogen solution (Agilent Technol-
ogies, Santa Clara, CA).

P.J.L. quantified empty basket pathology at �200–
�400 magnification. “Full baskets” and “empty baskets” were
identified as the plexus of basket cell axons around the PC
soma with and without a detectable PC body, respectively
(Fig. 1). The presence of PC cytoplasm stained by calbindin
D28k antibodies is a defining criterion in our dual immunohis-
tochemical stain; in particular, a full basket contains any por-
tion of the PC soma and is surrounded by variably complex
GAD-positive basket cell processes. The calbindin D28k anti-
bodies will highlight small portions of a PC body (Fig. 1C, E,
H, white arrows), thereby providing greater sensitivity in des-
ignating a basket as full versus empty. An empty basket is
identified by GAD staining of various portions of the pinceau
region located at the molecular layer-granule cell layer inter-
face, along with remaining perisomal basket processes that ex-
tend into the molecular layer and absence of any detectable
calbindin-labeled PC soma (Fig. 1A–H, black arrows).
P.J.L.’s counts agreed highly (Pearson’s r ¼ 0.98, p < 0.001)
with those of a senior neuropathologist (P.L.F.), who indepen-
dently quantified empty basket pathology in 15% of the sam-
ple (i.e. 20 patients) across all diagnoses (i.e. controls [n ¼ 3];
ET [n ¼ 6]; SCA [n ¼ 8, 2 of each subtype]; and PD [n ¼ 3]).
Quantification of empty basket pathology was performed us-
ing a primary and a secondary method. In the primary analy-
sis, the percentage of empty baskets was assessed. Thus, a
sample of 127 brains was analyzed by the counting on a micro-
scope of 400 basket plexuses per cerebellar tissue section. To
minimize potential bias in the selection of fields, 4 randomly
selected, noncontiguous regions of the cerebellar cortex were
selected, each region yielding up to 100 total basket plexus
counts. For each brain section, the percentage of empty bas-
kets was calculated by taking the number of empty baskets
and dividing by the total number of full and empty baskets. In
the secondary analysis, the number of empty baskets was also
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quantified in a randomly selected sample of 47 brains (i.e.
controls [n¼ 5]; ET patients [n¼ 10]; PD [n¼ 5]; SCA1 [n¼
11]; SCA2 [n ¼ 6]; SCA3 [n ¼ 5]; and SCA6 [n ¼ 5]); this
was done by counting and averaging the number of empty bas-
kets across 10 randomly selected microscopic fields at �200
magnification.

Statistical Analysis
Clinical and pathological features of ET patients,

controls, and other disease groups were compared (Table 1).

Categorical or ordinal variables (e.g. gender) were compared
using Chi-square tests. For the analysis of continuous varia-
bles (e.g. age, brain weight), we used parametric statistics
when the variable followed a normal (i.e. Gaussian or “bell-
shaped” curve) distribution, and we used nonparametric statis-
tics when the variable did not follow a normal distribution (33,
34). We used the Kolmogorov-Smirnov test to determine
whether each variable was normally distributed or not. Brain
weight and postmortem interval were normally distributed
(Kolmogorov-Smirnov normality test p value >0.05) and
were therefore compared across groups using parametric

FIGURE 1. Pathologic criteria for empty and full basket cells (A–H, calbindin D28k [CB] and glutamic acid decarboxylase (GAD)
dual immunohistochemical staining), and histologic identification of Purkinje cells and torpedoes (I, Luxol fast blue-hematoxylin
and eosin [LH&E]). (A–H) GAD-labeled pinceau (brown) have a characteristic overall triangular shape at the molecular layer-
granule cell layer junction and at the base of PC soma (red CB-labeled). Perisomal basket cell processes extend vertically into the
molecular layer, surrounding the PC soma (when present), and are of variable thickness and complexity. The presence of CB-
stained PC cytoplasm classifies a basket as full, even if only a small portion of PC cytoplasm is identified (e.g. white arrows in C, E,
H). Black arrows point to empty baskets, with a detectable portion of the pinceau, remaining basket processes in the adjacent
molecular layer and lacking any detectable PC body. Granule cell layer interneurons (blue arrows in B) also stain with GAD and
are distinguished by their rounder shape, presence of nucleus, and/or shorter branching processes. Axonal torpedoes (green
arrows in C, D) stain red to reddish-brown with a dense glassy appearance, and are located beneath the brown GAD-stained
pinceau, seen here in the upper granule cell layer. (A) Control. Three full baskets, 2 empty baskets; the perisomal basket
processes are slender in this specimen. (B) Control. Four full baskets (one on right partially cut off), 4 empty baskets. (C) ET. Four
full baskets, 3 empty baskets. (D) ET. Two full baskets, 3 empty baskets. (E) PD. Two full baskets, 6 empty baskets. (F) PD. Two
full baskets, 2 empty baskets. (G) SCA2. One full basket, 8 empty baskets. (H) SCA1. Two full baskets. (I) LH&E-stained paraffin
section from an ET case. Three PCs are counted; from left to right, the PC body has (i) only granular Nissl rich cytoplasm, (ii) a
nucleus and a prominent nucleolus, and (iii) a nucleus lacking a nucleous. The axonal torpedo (green arrow) has a fusiform shape
with glassy eosinophilic axoplasm. Scale bar (in I): 50 lm.
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statistics: one-way analysis of variance (ANOVA) with
Tukey’s post hoc comparison tests. Other postmortem varia-
bles, including PC counts, n-torpedo counts, basket rating, and
both metrics of empty baskets, were not normally distributed.
Therefore, these were compared across groups using nonpara-
metric statistics: Kruskal-Wallis tests and then Mann-Whitney
U tests. We also tested whether either of the 2 empty basket
metrics correlated with any clinical or pathological variables,
using Spearman’s rank correlation coefficient. Furthermore,
both linear and nonlinear quadratic regression models were fit,
and the 2 models’ goodness of fit were compared against each
other (ANOVA) to best model the relationship between PC
counts and the number of empty baskets. If the models were
significantly different from each other, the model with a supe-
rior fit was plotted. If there was no statistical significant differ-
ence between the models, a linear regression model was fit to
explain the relationship between PC counts and empty basket
pathology.

RESULTS
We compared all 4 groups (ET, SCAs, PD, and controls)

to one another as well as ET, SCA, and PD patients to controls
(our reference group). There were differences across groups in
terms of age, gender, brain weight, and postmortem interval
(Table 1). As expected, SCA patients were the youngest and a
large proportion of PD patients were male. We also compared
SCA and PD patients to ET patients, a diagnosis of primary in-
terest in our laboratory (Table 1). ET patients and controls had
similar ages, brain weight, and Braak Alzheimer disease and

CERAD plaque scores (Table 1). ET patients had a longer
postmortem interval than controls (p< 0.001, Table 1).

ET patients had significantly lower PC counts (p< 0.001
[LH&E]), higher normalized torpedo counts (p < 0.01
[LH&E]), and higher density of basket plexus rating (p < 0.01
[Bielschowsky]) than controls (Table 1). SCA subjects had sig-
nificantly lower PC counts (p < 0.001) and higher normalized
torpedo counts (p < 0.001) compared to both controls and
ET patients (Table 1). PD subjects had higher PC counts
(p < 0.01) and lower normalized torpedo counts (p < 0.05)
compared to ET patients, and with respect to these metrics they
were similar to controls (Table 1).

We used a dual light microscopic immunostaining to
clearly identify the PC soma (Calbindin D28K antibody-red al-
kaline phosphatase chromogen) and highlight the surrounding
basket cell plexus (GAD antibody-brown DAB chromogen)
(Figs. 1A–H and 2). This enabled us to identify potentially
small portions of a PC body in the basket plexus, as well as vi-
sualize atrophic PCs that were observed, particularly in SCA
patients (Fig. 2G, white arrows in panel and inset). Thus, this
procedure increased the accuracy of defining a basket plexus
as “empty.” We also identified prominent empty baskets in
SCA6 patients with a complex and anastomosing morphology,
seen throughout the cerebellar cortex in these subjects
(Fig. 2G).

Compared to controls, there was a significant increase
in the percentage of empty baskets for ET (p < 0.001), all
SCAs combined (p < 0.001), and PD (p ¼ 0.010) (Fig. 3A).
After separating the SCAs into their specific subtypes, the per-
centage of empty baskets was again compared to controls

FIGURE 2. Empty basket pathology revealed by calbindin D28k (CB) and glutamic acid decarboxylase (GAD) dual
immunohistochemical staining. (A) CB immunostain identifies the Purkinje cell (PC) soma (red), and the adjacent basket cell
plexus is highlighted by GAD immunostain (brown) in control, (B) essential tremor (ET), (C) Parkinson disease (PD), (D)
spinocerebellar ataxia (SCA) type 3, (E) SCA1, (F) SCA2, and (G) SCA6 subjects. An atrophic PC highlighted by the white arrow is
magnified in the inset. Black arrows, empty baskets. White arrows (G, inset in G), atrophic PC. Scale bar (in G), 50 lm; 20 lm for
inset.
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(Fig. 3B). SCA3 subjects (p ¼ 0.303) had similar percentage
of empty baskets compared to controls, while SCA1 (p <
0.001), SCA2 (p < 0.001), and SCA6 (p < 0.001) subjects all
had significantly higher percentages of empty baskets (Table 2;
Fig. 3B, which presents SCA groups from lowest to highest
value for percentage of empty baskets). Compared to ET
patients, SCA3 (p < 0.001) and PD (p ¼ 0.002) subjects as
well as controls (p < 0.001) had significantly lower percen-
tages of empty baskets (Table 2). All other disease groups, in-
cluding SCA1 (p ¼ 0.011), SCA2 (p ¼ 0.003), and SCA6 (p
< 0.001), displayed significantly higher percentages of empty
baskets than ET patients (Table 2). When the percentage of
empty baskets and PC counts were plotted by disease groups,
we observed an inverse relationship between the 2 variables
(Fig. 4A). Overall, disease groups with higher levels of PC
loss resulted in higher percentages of empty basket formation
(Fig. 3). In addition, SCA6 patients commonly had highly
complex and often anastomosing basket cell processes fre-
quently devoid of detectable PC somas (Fig. 2G).

The percentage of empty baskets did not correlate with
age at death (Spearman’s r ¼ �0.123; p ¼ 0.170), gender dis-
tribution (Spearman’s r ¼ �0.053; p ¼ 0.551), or postmortem
interval (Spearman’s r ¼ 0.160; p ¼ 0.086) among all 127
brains (Table 3). The n-torpedo count (Spearman’s r ¼ 0.399;
p < 0.001) and density of the basket cell plexus rating (Spear-
man’s r¼ 0.370; p< 0.001) positively correlated with the per-
centage of empty baskets (Table 3). As expected, PC counts
(Spearman’s r ¼ �0.741; p < 0.001) strongly and inversely

correlated with the percentage of empty baskets (Table 3;
Fig. 4A). The degree of this negative correlation varied mov-
ing down the fit line and across different disease states, partic-
ularly in diseases experiencing severe PC loss (Fig. 4A). The
inverse correlation between PC counts and percentage of
empty baskets remained significant among ET patients; how-
ever, the magnitude of the correlation coefficient decreased
(Spearman’s r ¼ �0.443; p ¼ 0.001) (Fig. 4B). Among all
SCA subjects, there was a more robust inverse correlation be-
tween the 2 variables (Spearman’s r ¼ �0.885; p < 0.001,
Fig. 4C). Both linear (adjusted R2 ¼ 0.678, residual sum of
squares ¼ 367.5, p < 0.001) and nonlinear quadratic (ad-
justed R2 ¼ 0.683, residual sum of squares ¼ 359.5, p <
0.001) regression models were fit to characterize the com-
plex association; however, there was no statistically signifi-
cant difference (p ¼ 0.099) in the regression fitness between
the 2 models (Fig. 4A).

A secondary analysis was performed to better estimate
the absolute number of empty baskets per 200� microscopic
field. SCA3 (p¼ 0.753) and PD (p¼ 0.465) subjects had simi-
lar numbers of empty baskets compared to controls (Table 2;
Fig. 3C). All the other disease groups, including ET patients
(p ¼ 0.023), SCA1 (p ¼ 0.002), SCA2 (p ¼ 0.006), and SCA6
subjects (p¼ 0.009), had higher numbers of empty baskets than
controls (Table 2; Fig. 3C). Compared to ET patients, SCA2
(p ¼ 0.014) and SCA6 (p ¼ 0.004) subjects displayed signifi-
cantly higher numbers of empty baskets while SCA3 (p ¼
0.013) and PD (p¼ 0.050) subjects had lower numbers of empty

TABLE 1. Clinical and Pathological Features by Diagnosis

Characteristics Controls ET SCAs PD Significance Across

4 Groups

N 25 50 27 25 NA

Age at death (years) 84.5 6 10.1 86.6 6 6.3 59.1 6 14.7 81.2 6 3.1 p < 0.001a

[84.0]NA/ns [87.0]ns/NA [61.0]***/*** [80.0]*/***

Male gender 14 (56.0%)NA/ns 17 (34.0%)ns/NA 19 (70.4%)ns/** 21 (84.0%)*/*** p < 0.001c

Brain weight (grams) 1255.1 6 205.1NA/ns 1182.7 6 143.2ns/NA 1178.3 6 189.5ns/ns 1320.2 6 126.9ns/** p ¼ 0.003b

[1250.0] [1167.8] [1185.0] [1308.4]

Braak Alzheimer disease score 2.5 6 1.3 2.9 6 1.1 ND 2.7 6 1.1 p ¼ 0.180a

[2.0]NA/ns [3.0]ns/NA [3.0]ns/ns

CERAD 0.6 6 0.7 0.8 6 0.9 ND 1.1 6 0.8 p ¼ 0.172a

[1.0]NA/ns [1.0]ns/NA [1.0]ns/ns

Postmortem interval (hours) 15.5 6 9.4NA/*** 29.0 6 10.0***/NA 17.7 6 12.2ns/*** 18.8 6 11.2ns/** p < 0.001b

[14.2] [26.6] [16.5] [16.1]

Purkinje cell counts 11.2 6 1.8 8.8 6 1.4 5.7 6 4.1 10.3 6 1.9 p < 0.001a

[11.4]NA/*** [8.5]***/NA [4.2]***/*** [10.1]ns/**

n-Torpedo counts 3.5 6 3.1 7.2 6 6.4 16.1 6 11.6 3.8 6 3.0 p < 0.001a

[2.4]NA/** [6.2]**/NA [12.7]***/*** [3.2]ns/**

Density of the basket plexus 1.6 6 0.5 2.0 6 0.7 2.2 6 0.8 1.9 6 0.6 p ¼ 0.011a

[1.5]NA/** [2.0]**/NA [2.5]**/ns [2.0]*/ns

Values represent mean 6 standard deviation, and median is reported in brackets.
ET, essential tremor; SCA, spinocerebellar ataxia; PD, Parkinson disease; NA, not applicable; ND, no data available on this metric for these brains; ns, not significant.
aKruskal-Wallis test comparing all four groups.
bANOVA with Tukey’s post hoc comparison comparing all four groups.
cChi-square test comparing all 4 groups.
p Values reported using controls as reference/p values reported using essential tremor cases as reference.
*p < 0.05 when compared to the reference in Tukey’s post hoc comparisons or in Mann-Whitney test.
**p < 0.01 when compared to the reference in Tukey’s post hoc comparisons or in Mann-Whitney test.
***p < 0.001 when compared to the reference in Tukey’s post hoc comparisons or in Mann-Whitney test.
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baskets (Table 2; Fig. 3C). When the number of empty baskets
and PC counts were plotted across disease types, the overall
trend closely mirrored that of the primary analysis (Fig. 3C).

FIGURE 3. Empty basket and Purkinje cell quantification across
motor neurodegenerative diseases. (A) The percentage of
empty baskets (black) and number of Purkinje cells (PC) (red)
across controls (CTL), essential tremor (ET) patients, all
spinocerebellar ataxia (SCA) patients, and Parkinson disease
(PD) patients. (B) The percentage of empty baskets (black)
and number of PCs (red) across CTL, ET patients, SCAs
stratified by type (SCA3, SCA1, SCA2, and SCA6; in order from
least to greatest in the percentage of empty baskets), and PD
patients. (C) The number of empty baskets (black) and
number of PCs (red) across CTL, ET patients, SCAs stratified by
type (SCA3, SCA1, SCA2, and SCA6; in order from least to
greatest in the percentage of empty baskets), and PD subjects.
LH&E, Luxol fast blue/hematoxylin and eosin; CB/GAD,
calbindin D28k and glutamic acid decarboxylase.

FIGURE 4. Correlation between the number of Purkinje cells and
percentage of empty baskets. (A) The number of Purkinje cells
(PC) [Y-axis] versus percentage of empty baskets [X-axis] in 25
normal controls (CTL; blue circle markers), 50 essential tremor
patients (ET; red diamond markers), 11 spinocerebellar ataxia
type 1 (SCA1; green up arrow makers), 6 SCA2 (purple down
arrow markers), 5 SCA3 (yellow hexagon markers), 5 SCA6
(black circle markers), and 25 Parkinson disease (PD; cyan square
markers) subjects. Spearman’s rank correlation coefficient is
�0.741 with p < 0.001. The fit line is linear (i.e. y ¼ 16.7–0.2 x
with adjusted R squared ¼ 0.678). (B) The number of PCs
[Y-axis] versus percentage of empty baskets [X-axis] in 50 ET
patients (red diamond markers). Spearman’s rank correlation
coefficient is �0.443 with p ¼ 0.001. The fit line is linear (i.e. y ¼
13.0–0.1 x with adjusted R squared ¼ 0.194). (C) The number of
PCs [Y-axis] versus percentage of empty baskets [X-axis] in 27
SCA subjects (11 SCA1 [green up arrow makers], 6 SCA2 [purple
down arrow markers], 5 SCA3 [yellow hexagon markers], and 5
SCA6 [black circle markers]). Spearman’s rank correlation
coefficient is �0.885 with p < 0.001. The fit line is nonlinear
quadratic (i.e. y ¼ 25.2–0.5 x–0.003 x2 with adjusted R squared
¼ 0.850). LH&E, Luxol fast blue/hematoxylin and eosin;
CB/GAD, calbindin D28k and glutamic acid decarboxylase.
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The number of empty baskets did not correlate with age
at death (Spearman’s r ¼ �0.226; p ¼ 0.128), postmortem in-
terval (Spearman’s r ¼ �0.221; p ¼ 0.154), and gender distri-
bution (Spearman’s r ¼ �0.055; p ¼ 0.715) (Table 3).
However, it did correlate inversely with brain weight (Spear-
man’s r ¼ �0.328; p ¼ 0.028) (Table 3). Among pathological
features, the number of empty baskets correlated inversely and
robustly with PC counts (Spearman’s r ¼ �0.815; p < 0.001),
and also correlated with torpedo counts (Spearman’s r ¼
0.444; p ¼ 0.002), and with the density of the basket cell
plexus rating (Spearman’s r ¼ 0.593; p < 0.001) (Table 3).
The relationship between PC counts and the number of empty
baskets across all diagnoses was best predicted by a nonlinear
quadratic model (adjusted R2¼ 0.644; residual sum of squares
¼ 230.5; p < 0.001), which displayed a fit that was superior
(p ¼ 0.006) to that of a simple linear regression model (ad-
justed R2 ¼ 0.575; residual sum of squares ¼ 275.1; p <
0.001) (Fig. 5).

DISCUSSION
Recent postmortem studies of ET brains have identified

a range of pathological features that are centered on the PC
population in the cerebellar cortex (2–6, 8, 12, 14, 21, 32).
These morphological changes indicate that these PCs are
experiencing stress, and the maintenance of neuronal function
is challenged (21). PC dysfunction initiates either compensa-
tory or degenerative processes in the cerebellum that also
involves the neighboring basket cell interneuron population
(35, 36). Specifically, a hypertrophy of basket cell axonal pro-
cesses and changes in the basket cell-PC interface have been
observed in ET (8, 14). In this study, we quantified basket cell

TABLE 2. Quantification Measures of Empty Baskets by Diagnosis

Characteristics Controls ET SCA1 SCA2 SCA3 SCA6 PD

n 25 50 11 6 5 5 25

Percentage of empty

baskets

35.2 6 9.8 [33.5] 49.3 6 7.5 [48.8] 59.1 6 13.0 [59.7] 75.5 6 16.5 [77.5] 30.8 6 1.7 [30.1] 84.9 6 8.6 [87.0] 42.9 6 9.7 [43.9]

p Valuea NA/<0.001 <0.001/NA <0.001/0.011 <0.001/0.003 0.303/<0.001 <0.001/<0.001 0.010/0.002

N 5 10 11 6 5 5 5

Number of empty

baskets per 200�
microscopic field

2.1 6 1.1 [2.2] 4.3 6 1.5 [4.9] 5.4 6 1.1 [5.5] 7.3 6 2.4 [6.6] 2.3 6 0.6 [2.2] 9.5 6 2.6 [9.7] 2.6 6 0.7 [2.4]

p Valuea NA/0.023 0.023/NA 0.002/0.130 0.006/0.014 0.753/0.013 0.009/0.004 0.465/0.050

Values represent mean 6 standard deviation, and for variables with a non-normal distribution, median is reported in brackets.
ET, essential tremor; SCA, spinocerebellar ataxia; PD, Parkinson disease; NA, not applicable.
aMann-Whitney test compared to reference group.
p Values reported using controls as the reference group/p values reported using essential tremor cases as the reference group.

TABLE 3. Correlations of Clinical and Pathological Characteris-
tics With Percentage of Empty Baskets and Number of Empty
Baskets

Percentage of

Empty Baskets

(n ¼ 127)

Number of Empty

Baskets per

200�Microscopic

Field (n ¼ 47)

rs
a p Value rs

a p Value

Age at death (years) �0.123 0.170 �0.226 0.128

Gender �0.053 0.551 �0.055 0.715

Brain weight (grams) �0.170 0.061 �0.328 0.028

Postmortem interval (hours) 0.160 0.086 �0.221 0.154

Purkinje cell counts �0.741 <0.001 �0.815 <0.001

n-Torpedo counts 0.399 <0.001 0.444 0.002

Density of the basket

cell plexus

0.370 <0.001 0.593 <0.001

aSpearman’s rank correlation coefficient is reported as rs with associated statistical
significance reported in p value.

FIGURE 5. Correlation between the number of Purkinje cells
and number of empty baskets. The number of Purkinje cells
(PC) [Y-axis] versus number of empty baskets per 200�
microscopic field [X-axis]. Correlations in all subjects,
including 5 controls (CTL; blue circle markers), 10 essential
tremor patients (ET; red diamond markers), 11 spinocerebellar
ataxia type 1 (SCA1; green up arrow makers), 6 SCA2 (purple
down arrow markers), 5 SCA3 (yellow hexagon markers), 5
SCA6 (black circle markers) and 5 Parkinson disease (PD;
cyan square markers) subjects. Spearman’s rank correlation
coefficient is �0.815 with p < 0.001. The fit line is nonlinear
quadratic (i.e. y ¼ 15.0–2.3 x–0.1 x2 with adjusted R squared
¼ 0.644). LH&E, Luxol fast blue/hematoxylin and eosin;
CB/GAD, calbindin D28k and glutamic acid decarboxylase.
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plexuses lacking a PC soma in ET and control brains, and
evaluated this change in the broader spectrum of motor neuro-
degenerative diseases, including SCAs and PD.

The percentage of empty baskets in ET patients was 1.5
times greater than that of controls. There was no significant
change in the percentage of empty baskets in SCA3 subjects
compared to controls. This may be due to the relative sparing
of PCs in the SCA3 cerebellar cortex compared to that of SCA
types 1, 2, and 6 (37, 38). The percentage of empty baskets in
SCA types 1, 2, and 6 were 1.8, 2.3, and 2.6 times that of con-
trols, respectively. The neurodegenerative processes of these
SCA types cause a marked and widespread neuronal loss in
the cerebellar PC layer (39). We also identified an excessively
complex and anastomosing morphology of the basket plexus
in SCA6 patients, demonstrating persistence of the basket
plexus despite marked PC degeneration. This may reflect the
often relatively late onset of disease and slow disease progres-
sion, and predominance of neuropathologic changes affecting
PCs in this disorder (36, 37). Compared to controls, there was
a mild but significant increase in the percentage of empty bas-
kets in PD subjects. The role of the cerebellum in PD has been
debated. Both pathological effects from dopamine neuronal
loss and compensatory changes in response to tremor modulat-
ing activities in the cerebellum have been reported (40, 41).

The increase in the percentage of empty baskets ob-
served between ET patients and controls was less marked than
that observed between SCA types 1, 2, 6, and controls. In this
sense, as well as others, ET seems to represent a milder form
of cerebellar degeneration, with an intermediate degree of PC
loss (4). Basket cell pathology has yet to be extensively quan-
tified in human SCAs, except for one recent study demonstrat-
ing increased basket cell plexus density in both human SCA1
subjects and a mouse model for this disease, supporting a path-
ogenic role for increased GABAergic inhibition in disrupting
PC function (36). The strong correlation between the percent-
age of empty baskets, PC loss, torpedo counts, and basket cell
plexus density that we demonstrated in this study suggests that
they are all part of the same pathophysiological cascade (i.e.
individuals with more torpedoes have also greater PC loss, a
greater percentage of empty baskets, and a compensatory in-
crease in the density of the basket cell plexus).

This study should be interpreted within the context of
several limitations. First, although this study was large, with a
total sample of 127 brains, the number of available brains for
each SCA type was small. Nevertheless, given the size of
expected differences, our power analysis confirmed that the
number of brains analyzed would be more than sufficient to
test our hypothesis, and indeed we were able to demonstrate
significant differences in basket cell pathology between SCA
types 1, 2, 6, and controls. Second, the age at death of SCAs
and PD subjects was lower than that of the age-matched ET
patients and controls. However, the age difference could not
have confounded the analyses as we demonstrated that the
empty basket pathology did not correlate with age at death.
Third, the analysis was restricted to one region in the cerebel-
lum, and future analyses examining other regions of the cere-
bellum are warranted. Fourth, with atrophy in the setting of
marked PC loss, for our secondary analysis (i.e. counting the
absolute number of empty baskets per 200� microscopic

field), it is conceivable that we overestimated our counts in
diseases with more atrophy due to PC loss (e.g. SCA 1, 2, and
6). However, for our primary analysis (i.e. counting the per-
centage of empty baskets), this would not have been an issue
because our primary measure was a percentage rather than an
absolute number. Fifth, our study focused on an anatomical
finding, the empty basket, and we are limited in terms of the
physiological inferences we can make based on our data.
Sixth, our findings are research findings and their diagnostic
import is uncertain at this time, particularly given the overlap
between diagnostic groups in terms of the degree of empty
basket pathology. This study had numerous strengths. First,
the research question we addressed was unique and has not
been examined before. Hence, this was the first study to quan-
tify the empty basket pathology in ET patients. Second, we
provided a comparative analysis with other neurodegenerative
disorders of the cerebellum as well as another degenerative
motor disorder, thereby placing our findings within the larger
context of such diseases. Empty baskets have been previously
noted in human SCA patients, although, to our knowledge, no
studies have quantified this change or examined its correlation
with other cerebellar pathologies. Third, based on age, we
carefully matched our ET patients to controls.

In summary, the quantification of empty baskets in ET
provides an indirect and alternative method of quantifying PC
loss in that disease. Here, we demonstrated that the percentage
of empty baskets in ET patients was 1.5 times greater than that
of age-matched controls. Although significant, this difference
was less marked than that observed between SCA types 1, 2, 6,
and controls. The notion that ET could be neurodegenerative is
controversial; however, these data provide support for PC loss
in ET and are consistent with the notion that ET could repre-
sent a mild form of cerebellar degeneration with an intermedi-
ate degree of PC loss (4). Furthermore, the presence of empty
baskets indicates that the basket cell plexus persists even after
the loss of PCs, demonstrating that basket cell neuronal pro-
cesses are more resistant to degeneration. This is particularly
evident in SCA types 1, 2, and 6 patients, where both the per-
cent and number of empty baskets are markedly increased. The
robust correlation between the percentage of empty baskets,
PC loss, torpedo counts, and basket cell plexus density suggests
that they are all part of the same pathophysiological cascade;
thus, individuals with more torpedoes have also greater PC
loss, a greater percentage of empty baskets, and a compensa-
tory increase in the density of the basket cell plexus.
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