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Abstract

Background: Climbing fibers (CFs) innervate Purkinje cells (PCs) with 1:1 relationship to
ensure proper cerebellar function. Although CFs abnormally extend into the parallel fiber domain
of PC dendrites in essential tremor (ET), the architecture of CFs in relation to PCs has yet to be
investigated in detail.
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Objective: The aim of this work was to study the architecture of CFs in relation to PCs in ET.

Methods: The number of PC somas and PC dendrites that a single CF crossed was quantified in
the postmortem cerebellum of 15 ET cases and 15 control cases.

Results: In ET, CFs crossed a greater number of PC somas and PC dendrites than in control
cases, raising the possibility that there is abnormal CF wiring onto the PCs. Interestingly, the
increase in CF-PC crossings positively correlated with tremor severity.

Conclusions: Patients with ET have increased CF crossings on PC dendrites. This abnormal
architectural arrangement may contribute to synchronous brain activity and tremor.

essential tremor; cerebellum; climbing fiber; Purkinje cell; pathology

Patients with essential tremor (ET) have kinetic tremor, a rhythmic and oscillatory
involuntary movement. The physiological underpinning of tremor is thought to be related to
synchronized, oscillatory neuronal activity in the cerebellum and the downstream
thalamocortical loop.1-3 However, the structural alterations in the ET cerebellum underlying
the oscillatory neuronal activity are still not well understood.

One of the brain intrinsic oscillators is inferior olive (10), which sends climbing fibers (CFs)
to innervate Purkinje cells (PCs). CFs form synaptic connections with PCs on the thick,
proximal part of PC dendrites, whereas parallel fibers (PFs) form synapses on the thin, spiny
PC dendritic branchlets.*> We previously used vesicular glutamate transporter type 2
antibody to label CF synapses and found that the ET cerebellum has CF synapses extending
into the PF territory,%-8 suggesting a disruption of cerebellar synaptic distribution. The
number of CF synapses in the PF territory inversely correlates with tremor severity,52
indicating that this pathological feature might only partially contribute to tremor.

Another important feature of CFs and PCs is that there is a 1:1 relationship of innervation
(ie, one CF innervates one PC).10 These multiple PC innervations by CFs might contribute
to synchronous and oscillatory neuronal activity in the cerebellum.11 Our prior studies of CF
synaptic pathology8-2-12 only allowed us to visualize synaptic puncta without tracing the
CFs across multiple PCs. To further evaluate the interface between CFs and PCs, we
developed a dual immunohistochemical method in thick tissue sections from postmortem
human cerebellar cortex to visualize CFs and PCs, and we quantified the extent that a CF
crosses multiple PC somas and dendrites. We examined whether these pathological metrics
distinguished ET versus control cases and whether these metrics correlated with tremor
severity.

Subjects and Methods

Postmortem Human Brains

We obtained ET brains from the Essential Tremor Centralized Brain Repository, a joint
effort between investigators from Yale and Columbia Universities.13 The diagnosis of ET
was previously described.14 A total tremor score (range, 0-36) was assigned to each case
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based on videotaped neurological examination, although data were incomplete in one.® No
ET cases had a history of heavy ethanol use as previously defined.®> We excluded ET cases
who had undergone deep brain stimulation, which can possibly change CF synaptic
pathology.12 Control cases were followed at the Alzheimer’s Disease Research Center at
Columbia University. During life, all study subjects signed informed consent approved by
their respective University Ethics Boards. We performed a power analysis based on data on
CF synaptic pathology.® Assuming two-sided testing and alpha = 0.05, a sample size of 11
per group would be powered at 90% to detect differences of the magnitude previously
described.® Assuming there would be some brains with inadequate staining, we initially
selected the available 20 control cases and frequency-matched these to 20 ET cases based on
age. Five ET cases and five control cases had inadequate staining, despite at least three
attempts, and these were excluded, yielding a final sample of 15 per group in the initial
cohort. In addition, we created a small replicate cohort by staining five ET cases and five
control cases, for which three ET cases and three control cases were successfully stained.

Cerebellar Immunohistochemistry

We examined the anterior lobe of the lateral hemisphere of the cerebellum in both ET and
control cases, which corresponds to the motor cerebellum, as previously described.® CFs
express cocaine and amphetamine-regulated transcript (CART),16 whereas PCs express
calbindin. We performed dual immunohistochemistry of CART and calbindin in 100-um-
thick vibratome sections. Brain sections were incubated with Proteinase K (#3115879001,;
Millipore Sigma, Burlington, MA) at 37°C, followed by 1% hydrogen peroxide (#H1009;
Millipore Sigma, Burlington, MA). Brain sections were subsequently treated with
suppression block of 10% normal goat serum and 1% Triton (#005-000-121; Jackson
ImmunoResearch, West Grove, PA) at room temperature for 1 hour. Sections were first
labeled with mouse anti-calbindin (1:250, #300; Swant, Marly, Switzerland) at 4°C
overnight, followed by alkaline phosphatase-conjugated anti-mouse 1gG (1:200,
#1:111-055-146; Jackson ImmunoResearch, West Grove, PA) for 2 hours, and staining was
visualized with ImmPACT ™ Vector® Red (#SK-5105; Vector Lab, Burlingame, CA).
Sections were then incubated with rabbit anti-CART antibody (1:2500, #H-003-62; Phoenix
Pharmaceuticals, Burlingame, CA) at 4°C overnight, followed by biotinylated secondary
antibody (1:200, #BA-1000; Vector Lab, Burlingame, CA) at room temperature for 2 hours,
and staining was visualized with 3, 3’-diaminobezidine precipitation (#3468; Dako,
Carpinteria, CA).

CF-PC Crossing Assessment

We assessed the CF—PC crossings by tracing individual CART-labeled CFs in the molecular
layer in three sections for each subject. First, we quantified the number of visualized PC
dendrites that a single CF crosses. Second, we measured the number of PC somas that a
single CF crosses by tracing to the origin the PC dendrites. Because the longer the CF
length, the more likely a CF will cross more PC dendrites or PC somas, we adjusted the
outcome measures by dividing the number of PC dendrites or PC somas that a CF crosses by
the CF length (number of crossings per millimeter). We randomly selected and quantified
five CFs in each case and used the average value. The rater (Y.-C.W.) was blinded to the
diagnosis when quantifying the outcome measures.
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Statistical Analyses

Results

Data were analyzed in Prism (v8.3.0). Our primary analyses were the number of PC
dendrites and the number of PC somas that a CF crossed. We further assessed the correlation
between these measures and tremor severity. Kolmogorov—-Smirnov test was used to
determine the normality of continuous variables. Student independent samples ¢test and
Mann-Whitney Utests were used to compare groups of normally and nonnormally
distributed variables, respectively. We used Pearson correlation coefficient and Spearman
rank correlation coefficient to study the association between normally distributed variables
and nonnormally distributed variables, respectively. We performed linear regression analyses
to assess the number of PC dendrites or PC somas that a CF crossed after adjusting for age,
sex, postmortem interval (PMI), and PC counts.

ET and control cases were similar in age and sex. ET cases had a longer PMI, lower PC
counts, and a higher percentage of CFs extending into the PF territory (Table 1), consistent
with previous studies.6-9-17

In control cases, the number of PC somas or PC dendrites that a CF crossed did not correlate
with PMI (P = 0.149 and 0.504, respectively), indicating that PMI is not a significant
confounding factor.

In comparison with control cases, a CF in ET cases crossed 19% more PC somas (8.8 £ 1.9
vs 10.5 £ 1.9; P=0.023) and crossed 39% more PC dendrites (10.7 £ 3.5vs 14.9 £5.1; P=
0.014) (Table 1 and Fig. 1A-E). Even after removing the lowest control value for the number
of PC somas that a CF crossed, the ET versus control difference still remained significant (P
= 0.044). Because ET cases also have modest PC loss, we further performed linear
regression analysis to adjust for PC counts, in addition to age, sex, and PMI. Compared with
control cases, ET cases still had a significantly higher number of PC somas or PC dendrites
that a CF crossed (P=0.037 and £ = 0.003, respectively).

We assessed the association between tremor severity and increased CF-PC crossings in ET;
both measures correlated with total tremor score (Pearson r = 0.623, A= 0.017 and r = 0.684,
P=0.007, respectively) (Fig. 1F,G). Because patients with ET may have asymmetric tremor,
we additionally assessed correlations between the number of PC somas or PC dendrites that
a CF crosses with the ipsilateral tremor scores, and the results remained similar (Pearson r =
0.546, P=0.044 and r = 0.635, P=0.015, respectively).

We studied a small replicate cohort of three ET cases and three control cases (age: 87.3 £ 4.5
vs 87.0 £ 10.6 years, respectively). In this cohort, in comparison with control cases, a CF in
ET cases crossed 13% more PC somas (11.6 + 3.6 in ET cases vs 10.3 = 1.1 in control

cases) and crossed 54% more PC dendrites (17.1 £ 9.1 in ET cases vs 11.1 + 0.9 in control
cases). Hence both the direction of the difference (ET cases > controls) and the magnitude of
difference (13%/54% in replicate cohort and 19%/39% in initial cohort) remained similar.
Statistical testing was not feasible, though, given the small size of the replicate cohort. The
degree of differences is similar to the original cohort.
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We further assessed the association between CF crossings with other PC pathological
features previously identified in ET. The number of PC somas or PC dendrites that a CF
crossed in ET cases did not correlate with either PC torpedo counts (Pearson r = =0.395, P=
0.182 and r = -0.359, P=0.229, respectively) or CF synapses in the PF synaptic territory
(Pearson r = 0.155, #=0.630 and r = 0.146, P=0.651, respectively).

Discussion

We found that CFs in ET cases extend laterally across more PC somas and PC dendrites than
in control cases. Our observation is even more remarkable given that ET cases have lower
PC counts!’ and less prominent PC dendritic arborization than control cases.1# Interestingly,
these pathological features robustly and positively correlated with tremor severity,
suggesting a possible structural alteration contributing to tremor.

The pathophysiological implications of our findings are not certain and deserve further
study. There are several possibilities. One is that the increased crossings are not
accompanied by increased synaptic contacts between CFs and PCs, although this is unlikely
due to the close physiological relationship between the two cell types. The second
possibility is that this represents a rewiring, with increased synaptic contacts between CFs
and PCs. Indeed, increases in crossings are seen in certain pathological states in rodents in
which there are multiple PC innervations by a CF.411.18

Several additional aspects of a potential rewiring are now discussed. First, this could be a
primary event in ET pathophysiology. The 10 is the source of CFs and is a robust oscillation
generator. Thus, multiple CF-PC innervations could enhance the coupling between 10 and
PCs to set up oscillatory activity in the cerebellum.1118 |n addition, ET cases also have CFs
extending to the distal part of PC dendrites, 28 further increasing the influence of 10 on PC
physiology. It is possible that the combination of these structural alterations can entrain PC
activity into a more synchronous and rhythmic mode, leading to tremor.

Alternatively, the potential rewiring could be a secondary event. Thus, in the setting of PC
and/or 10 damage, CFs could have compensatory sprouting to innervate multiple PCs.19-21
We have previously demonstrated a loss of CF synaptic density on proximal PC dendrites in
ET.5-8 If CF-PC synapses are focally lost due to PC degeneration, adjacent intact CFs
develop collateral branches to reinnervate PC dendrites, thereby disturbing the normal 1:1
ratio of CF to PC innveration.19-21 Therefore, it is possible that PC degeneration in ET,
which has been observed in several studies,17-22 leads to multiple PC innervations by CFs
and thereby potentially alters the cerebellar physiology linked to tremor.

This study had limitations. First, CART staining only partially visualized CFs; therefore, we
were not able to trace the entire course of CFs. Nonetheless, we performed blinded analysis
to eliminate the assessors’ bias as much as possible. Second, this dual
immunohistochemistry method is technically challenging, with ~25% failure rate in sample
staining. Nonetheless, the significant benefit of this technique is an enhanced ability to
visualize CF trajectories in thick tissue sections. Third, we do not know whether CFs that
cross multiple PCs actually form synaptic connections. Triple immunofluorescence of
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calbindin, vesicular glutamate transporter type 2, and CART might help us to understand this
issue; however, this has been proved to be technically difficult and will be an important
future direction. Fourth, our study focused only on the cerebellar hemisphere. Future studies
should investigate the CF crossing pathology in additional regions of the cerebellum, such as
vermis and paravermis, to elucidate any regional differences. Fifth, a CF crossing multiple
PC somas or PC dendrites is best visualized in the coronal sections in rodent studies,*®
whereas sagittal sections, as in our study, are likely to underestimate the amount PC somas
or PC dendrites crossed by a CF, leading to a potential bias toward the null hypothesis.
Nonetheless, we still detected the case—control differences. Future studies on coronal
sections might yield even more robust case—control differences.23 Finally, the sample size of
study remains modest; a larger study will be important to explore disease heterogeneity in
ET.

In conclusion, we identified a novel CF pathology in the ET cerebellum, with increased CF-
PC crossings that raise the possibility of multiple PC innervations by CFs. This represents an
additional change in cerebellar neuronal morphology that is likely linked to changes in
cerebellar circuitry, contributing to tremor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. L.
Climbing fibers (CFs) pathology in the essential tremor (ET) cerebellar cortex. (A-C)

Representative images of CFs, labeled by cocaine and amphetamine-regulated transcript
(CART) (brown), and Purkinje cells (PCs), labeled by calbindin (red), in a control (A) and
three ET cases (B, C). Arrows, CART-labeled CF crossings. Dashed lines, the pial surface of
the cerebellar cortex. Scale bar: 25 pm. (D, E) ET cases have CFs crossing more PC somas
and PC dendrites in comparison with control cases. (F, G) The number of PC somas or the

Mov Disord. Author manuscript; available in PMC 2021 June 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wu et al.

Page 9

number of PC dendrites crossed by a CF correlates with tremor severity. Error bars represent
the standard deviation.
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