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Abstract
The Lingo-1 sequence variant has been associated with essential tremor (ET) in several genome
wide association studies. However, the role that Lingo-1 might play in pathogenesis of ET is not
understood. Since Lingo-1 protein is a negative regulator of axonal regeneration and neurite
outgrowth, it could contribute to Purkinje cell (PC) or basket cell axonal pathology observed in
postmortem studies of ET brains. In this study, we used Western blotting and
immunohistochemistry to examine Lingo-1 protein in ET vs. control brains. In Western blots,
Lingo-1 protein expression level was significantly increased in cerebellar cortex (1.56 ± 0.46 in
ET cases vs. 0.99 ± 0.20 in controls, p = 0.002), but was similar in the occipital cortex (p = 1.00)
of ET cases vs. controls. Lingo-1 immunohistochemistry in cerebellum revealed that Lingo-1 was
enriched in the distal axonal processes of basket cells, which formed a “pinceau” structure around
the PC axon initial segment (AIS). We found that some Lingo-1 positive pinceau had abnormally
elongated processes, targeting PC axon segments distal to the AIS. In ET cases, the percentage of
Lingo-1 positive pinceau that were ≥30µm or ≥40 µm in length was increased 2.4- to 4.1-fold,
respectively, vs. pinceau seen in control brains (p<0.0001). Elongated Lingo-1 positive pinceau
strongly correlated with number of PC axonal torpedoes and a rating of basket cell axonal
pathology. The increased cerebellar Lingo-1 expression and elongated Lingo-1 positive pinceau
processes could contribute to the abnormal PC and basket cell axonal pathology and cerebellar
dysfunction observed in ET.
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Introduction
Essential tremor (ET) is among the most common movement disorders, with a prevalence of
more than 4% over the age of 65 [25]. Many ET patients have a family history of ET, which
seems to follow an autosomal dominant pattern of transmission [43]. Several studies
identified Lingo-1 polymorphisms as a risk factor for ET [9, 42, 44, 45, 48, 49]; however,
how Lingo-1 confers an increased risk of ET remains poorly understood.

In several neuroimaging studies in ET, the cerebellum has been consistently identified as an
affected brain region [11]. In addition, strokes disrupting cortico-cerebellar pathways can
lessen tremor in ET patients, supporting the role of cerebellum in tremor generation [12].
Recent postmortem studies have identified an increasing number of structural and
degenerative changes in ET cerebellum relative to age-matched control brains, including a
6–7 fold increase in Purkinje cell (PC) axonal swellings (i.e., torpedoes), significant PC loss
(approximately 30 – 40%) in some studies, heterotopic PCs, and an increase in Bergmann
gliosis [2, 19, 24, 39]. In addition, basket cell axonal processes surrounding the PC soma in
ET brains often have a dense and tangled appearance, indicating that structural alterations in
other neurons within the PC functional network may also contribute to ET pathogenesis
[13]. On the other hand, parallel fibers seem to be relatively unaffected in ET [20]. In
addition to cerebellar cortical changes, more extensive degenerative changes within the deep
cerebellar nuclei has been observed in some ET cases, [27] and loss of gamma-aminobutyric
acid (GABA)A and GABAB receptors in the dentate nucleus has also been described in ET
[36]. While these cerebellar structural changes support a central role of the cerebellum in
ET, the precise mechanisms whereby these changes lead to a tremor phenotype remain
poorly understood.

Lingo-1 is selectively expressed in the central nervous system and is widely distributed in
different brain regions including the cerebellum, inferior olivary nucleus, substantia nigra,
and cerebral cortex [3, 18, 21]. Within these regions, Lingo-1 is enriched in neurons and
oligodendrocytes [32]. Lingo-1 forms a ternary complex with Nogo-66 receptor (NgR1) and
p75 neurotrophin receptor (p75NTR) or TROY to form a NgR1 complex [32, 38]. NgR1
complex binds to inhibitory molecules such as Nogo-A, which then activates RhoA as a
negative regulator for neurite outgrowth [22, 29, 32, 51]. Inhibition of Lingo-1 promotes
dopaminergic neurite outgrowth and neuronal protection in the MPP+ toxin model of
Parkinson disease (PD) [18] and enhances oligodendrocyte maturation [30,31]. In the
cerebellum, Nogo-A mediated neurite-myelin interactions regulates axonal sprouting in PCs,
preventing aberrant growth of PC axons and stabilizing intracortical connectivity [14].

Since the Lingo-1 protein is a negative regulator of axonal regeneration and neurite
outgrowth, it could contribute to the PC or basket cell axonal pathology observed in
postmortem studies of ET brains. In this study, we determined the expression level and
cellular distribution of Lingo-1 protein in the cerebellar cortex of ET cases vs. controls.

Methods
Brain Repository and Study Subjects

The study was conducted at the Essential Tremor Centralized Brain Repository (ETCBR),
New York Brain Bank (NYBB), Columbia University, New York. Postmortem tissue was
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obtained from ET cases and age-matched non-diseased controls with a comprehensive
neuropathological diagnostic assessment as previously described [47].

The clinical diagnosis of ET was initially assigned by treating neurologists, and then
confirmed by an ETCBR study neurologist using medical records, a detailed, videotaped,
neurological assessment, and ETCBR diagnostic criteria [23]. All the ET cases and controls
are Caucasians and none of them have a history of traumatic brain injury or heavy ethanol
use, as previously defined [17]. Non-diseased control brains were obtained from the NYBB,
and were from individuals followed at the Alzheimer disease (AD) Research Center or the
Washington Heights Inwood Columbia Aging Project at Columbia University. They were
followed prospectively with serial neurological examinations and were clinically free of AD,
ET, PD, Lewy body dementia, or progressive supranuclear palsy. All brains received ratings
of neurofibrillary tangles using Braak and Braak staging [5, 6], and Consortium to Establish
a Registry for AD (CERAD) ratings for neuritic plaques [33]. Other neuropathological
changes are detailed in Supplemental Table 1. Postmortem interval (PMI) was the number of
hours between death and placement of the brain in a cold room or on ice. We selected the
available age-matched, non-diseased control brains from NYBB based on age at death to
perform immunohistochemistry (IHC) on cerebellar cortical tissue (11 ET cases, 12
controls) and Western blot analyses from cerebellar cortex (10 ET cases, 11 controls) and
occipital cortex (7 ET cases, 9 controls. Among these, 6 ET cases and 9 controls were the
same cases used for Western blot analysis of the cerebellar cortex).

A standard 3 × 20 × 25 mm parasagittal neocerebellar block was obtained from a 0.3 cm
thick parasagittal slice located 1 cm from the cerebellar midline. Paraffin sections (7μm
thick) were stained with Luxol Fast Blue Hematoxylin and Eosin (LH&E) or Bielschowsky
silver stain as described previously [2, 24]. Axonal torpedoes were quantified in the entire
LH&E-stained section. We previously developed a semi-quantitative rating scale to assess
basket cell axonal plexus morphology, a basket cell plexus (BP) score (range = 0 – 3), and
have shown that a high basket plexus score robustly correlates with number of torpedoes
[13]. All clinical demographics and pathological details of the ET cases and controls are
shown in Table 1 and Supplemental Table 1. None of the ET or control brains used for
cerebellar IHC had any Lewy body pathology. Axonal torpedo counts of 4 of these ET cases
and 4 controls were reported previously [24].

In a secondary analysis, we performed Lingo-1 IHC in 9 cases of cerebellar degenerative
disorders (Cbl-D) from the NYBB. This included 8 brains of pathologically confirmed
multiple system atrophy (MSA), which all had prominent cerebellar degeneration. One
additional brain had a genetically confirmed diagnosis of spinocerebellar ataxia type 7. The
MSA cases fulfilled the pathological diagnostic criteria of olivopontocerebellar atrophy [46].
For MSA cases, the mean age at death was 66.7 ± 6.1 years, mean brain weight was 1219 ±
81 grams, mean PMI was 8.1 ± 2.0 hours, and 62.5% (5 of 8) were of female gender. For the
SCA7 brain, age at death was 39 years, brain weight was 860 grams, and gender was female.

Cerebellar Immunohistochemistry
Cerebellar sections were incubated with polyclonal rabbit anti-Lingo-1 antibody (Millipore,
07-678, 1:100) at 4°C for 48 hours after antigen retrieval in Trilogy (Cell Marque) in a
vegetable steamer for 40 minutes, 100°C. The sections were subsequently incubated with
goat anti-rabbit IgG horseradish peroxidase conjugated antibody (Jackson ImmunoResearch
1:100), followed by 3,3'-diaminobenzidine (DAB) precipitation. This Lingo-1 antibody was
previously used in a study on paraffin-embedded human multiple sclerosis (MS) brain tissue
[37]. This Lingo-1 antibody (Millipore) and another Lingo-1 antibody (Abcam ab23631)
both recognize the same band in Western blots from human frozen brain samples (see
below, Western blot analysis). We also tested the immunohistochemical specificity of this
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Lingo-1 antibody with Lingo-1 peptide blockade (Abcam, ab25890) (Supplemental Figure
1); this peptide is within the c-terminal 20 amino acids of human Lingo-1 used as
immunogen. Lingo-1 peptide and Lingo-1 antibody at 10:1 molar ratio or Lingo-1 antibody
alone were incubated at 4°C for 24 hours and were then used as the primary antibody for
IHC.

Immunofluorescence studies were performed with antibodies to Lingo-1 and secondary
Alexa 488 donkey anti-rabbit IgG antibody (Invitrogen, 1:100). For dual localization
studies, Lingo-1 antibodies (1:100) were co-incubated with mouse monoclonal antibodies to
glial fibrillary acidic protein (GFAP) (Sigma 1:100), myelin basic protein (MBP) (SMI99,
Covance 1:100), CD68 (DAKO 1:100), phosphorylated-neurofilament (SMI31, Covance
1:100), glutamatic acid decarboxylase (GAD) (MBL International, 1:100), or parvalbumin
(Swant, #235, 1:100). The secondary antibodies were anti-rabbit IgG or anti-mouse IgG
conjugated with Alexa fluorophore 488 or 594 (1:100). Microscopic images were obtained
by confocal microscopy (Leica) or bright field microscopy (Olympus).

Morphologic features of the Lingo-1 immunopositive plexus around proximal PC axons
were quantified in the DAB-light microscopic cerebellar sections. All morphological
measurements were done by a rater blinded to the diagnosis, with a piece of colored tape
coded with an English alphabet character covering the identification number on each slide,
and random ordering of cases versus control specimens within the alphabetic blinded code.
A neuropathologist (PLF) randomly selected 20 fields in the cerebellar cortex with a 20X
objective lens and quantified the percentage of PC bodies associated with Lingo-1
immunopositive structures and the mean number of Lingo-1 immunopositive structures per
200× microscopic field. The area occupied by Lingo-1 pinceau in each brain was analyzed
in Image J software from digital images of 15–20 randomly selected microscopic fields with
40X objective lens. The length of the Lingo-1 immunopositive plexus around the PC axon
initial segment (AIS) was measured with an eyepiece micrometer using a 40X objective
lens, extending from the apex of the pinceau at the base of the PC body to the distal most
process along the adjacent PC axon. Plexus length was measured on at least 100 consecutive
plexuses within each immunostained section, and the percent of Lingo-1 plexuses with
length ≥30µm, ≥40 or ≥50 µm was determined. The diagnosis was unblinded at the data
analysis stage.

Western Blot Analysis
Frozen cerebellar cortex (10 ET, 11 controls) or occipital cortex (7 ET, 9 controls) in
standardized vials was solubilized in RIPA buffer (Sigma) with proteinase inhibitors (Roche
Diagnostics) and phosphatase inhibitors (Sigma) and was sonicated followed by
centrifugation at 16,870 g for 30 minutes. Proteins (20μg; Bradford assay) were separated
on a NuPAGE Novex 4–12% Gel (Invitrogen) and transferred to a nitrocellulose membrane
(Bio-Rad). Blots were incubated with primary antibodies to Lingo-1 (Abcam ab23631
1:1000) and β-actin (1:1000, Sigma) followed by horseradish peroxidase-conjugated anti-
mouse or anti-rabbit secondary antibodies (Thermo scientific, 1:10,000). Signals were
detected with ECL (Millipore) and Kodak BioMax MR films (Sigma). Films were analyzed
with ImageQuant (Amersham Biosciences, Piscataway, NJ) by a rater blinded to the
diagnosis. The Lingo-1 signal was normalized to β-actin for each sample. Each Western blot
was repeated three times to obtain an average value in each sample, expressed as relative to
the average control value, arbitrarily set at 1.0.

Data Analyses
Analyses were performed in GraphPad Prism (v 5.0). Demographic and clinical
characteristics of ET cases and controls were compared using Student’s t tests and chi
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square tests. The percentage of PC bodies associated with Lingo-1 positive PC AIS
plexuses, the total number of Lingo-1 labeled PC plexuses in a given 200X microscopic
field, the length of the Lingo-1 immunopositive PC plexus, and the Lingo-1 protein level in
the cerebellum all followed a normal statistical distribution (Kolmogorov–Smirnov test). We
used a parametric test (Student’s t test) to assess all IHC and Western blot results. We used
ANOVA analysis to compare the percentage of the Lingo-1 immunopositive plexus ≥30 µm,
≥40 µm, or ≥50 µm in ET cases, Cbl-D cases, and controls and Tukey’s post hoc test.

Results
Increased Lingo-1 protein expression in cerebellum of ET brains

We used Western blot analysis to determine the Lingo-1 protein levels in the cerebellar
cortex of 10 ET cases and 11 controls (Figure 1). The mean Lingo-1 protein level was nearly
60% higher in ET cases than controls (1.56 ± 0.46 vs. 0.99 ± 0.20, p = 0.002) (Figure 1a, b).
Two ET cases had incidental Lewy bodies (Table 1); even if these two samples were
excluded from this analysis, the mean Lingo-1 protein level was still significantly elevated
(1.46 ± 0.44, p = 0.02). We next analyzed Lingo-1 protein levels in the occipital cortex of 7
ET cases and 9 controls to determine whether the increased Lingo-1 level was specific to the
cerebellum. The Lingo-1 level in the ET occipital cortex did not follow a normal statistical
distribution (Kolmogorov–Smirnov test, p<0.02) due to the presence of one outlier that was
5 SDs above the mean of the remaining samples; excluding the outlier made the distribution
normal (Kolmogorov–Smirnov test, p>0.10). Excluding the outlier, ET cases had similar
Lingo-1 levels in occipital cortex compared to the controls (1.07 ± 0.21 in ET cases vs. 1.00
± 0.22 in controls, p = 1.00)(Figure 1c, d). Including the one outlier also produced similar
results (1.22 ± 0.44 in ET cases vs. 1.00 ± 0.22 in controls, p = 0.61). In the cerebellum,
Lingo-1 protein level was not significantly correlated with torpedo counts (r = 0.15, p =
0.54) and BP morphology rating (BP score) (r = 0.17, p = 0.48).

Lingo-1 is associated with a PC AIS plexus
We performed IHC to assess the cell type specificity of Lingo-1 expression in the
cerebellum. We found that the Lingo-1 expression was highly enriched in a plexus of thin
processes surrounding the PC AIS (Figure 2a, arrows), which often formed a distinct cone
shape extending along the PC AIS in the granule cell layer (Figure 2b). The morphology of
this plexus was highly similar to the “pinceau” structure produced by distal processes of
basket interneurons in cerebellar cortex [35]. These Lingo-1 stained processes often had
distinct small swellings, suggestive of synaptic structures (Figure 2b, c). Lingo-1 stained
processes were predominantly localized around the PC AIS, but occasionally extended to
more distal segments of PC axons (Figure 2d, e). Interestingly, Lingo-1 fibers surrounded
the PC axon proximal to torpedoes (Figure 2f, i), and only very rarely were observed
adjacent to the torpedo itself (data not shown). The Lingo-1 plexus was occasionally seen to
form a complex linear extension between adjacent PCs (Figure 2g, h). The Lingo-1 plexus
was observed adjacent to, but not consistently colocalizing with, PC recurrent collateral
processes (Figure 2j,k, large arrowheads), suggesting that these Lingo-1 processes are not
innervating PC recurrent collaterals. Lingo-1 immunostains also showed weaker labeling
along axonal profiles in subcortical white matter and fainter labeling of PC bodies and the
cerebellar molecular layer (Figure 2a). Lingo-1 peptide reliably and robustly blocked the
staining of the plexus surrounding the PC AIS and staining of PC bodies and molecular
layer, and partially blocked the staining in the cerebellar subcortical white matter
(Supplemental Figure 1).

We further investigated the cell types expressing Lingo-1 in the AIS plexus, using dual-
immunofluorescence staining to colocalize Lingo-1 with markers for glial or axonal
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processes in brain. However, Lingo-1 plexus did not colocalize with astrocyte marker,
GFAP (Figure 3a–c), oligodendrocyte myelin marker, MBP (Figure 3d–f), axonal marker,
phosphorylated neurofilament (Figure 3g–i) or macrophage marker, CD68 (data not shown).

The absence of neurofilament colocalization does not exclude the possibility that these
Lingo-1-labeled processes represent distal axonal-synaptic structures, as axon terminals, and
in particular the basket cell pinceau, are not enriched with neurofilaments [41]. Indeed, these
Lingo-1 structures strongly co-localized with the neuronal synaptic marker synaptophysin,
indicating that they contain pre-synaptic processes (Figure 4a–f). Cerebellar sections
immunostained with both Lingo-1 and GAD antibodies show colocalization in synapses
around the PC AIS (Figure 4g–l), consistent with GABA containing pinceau synapses [1].
While GAD and neurofilament antibodies also label basket cell axonal processes that
surround PC soma, the perisomal basket processes were not strongly labeled with Lingo-1
antibody (Figure 4g–l; Figure 2b, g–h), indicating that these Lingo-1-labeled processes
represent basket cell distal axons associated with PC AIS. Lingo-1 also colocalizes with
parvalbumin labeling of the basket cell pinceau (Figure 4m–o), as well as GAD positive
basket cell axonal plexus connecting two adjacent PCs (Figure 4p–r).

Elongated Lingo-1 positive pinceau morphology in ET brains
We quantified several morphologic features of the Lingo-1 pinceau plexus around proximal
PC axons in ET vs. control brains (Figure 5). The percentage of PCs in each brain section
that contained a Lingo-1 labeled plexus was similar in ET cases and controls (41.4 ± 16.0%
in ET cases vs. 39.5 ± 24.5% in controls, p = 0.77) (Figure 5a). The Lingo-1 labeled plexus
was also seen in the absence of a PC body (Figure 2a), which may be a sectioning artifact or
similar to “empty baskets” as seen in Bielschowsky silver stained sections [13]. However,
the mean number of total Lingo-1 labeled plexuses per 20X microscopic field was also
similar in ET cases and controls (3.7 ± 1.5 in ET cases vs. 3.9 ± 2.7 in controls, p = 0.22)
(Figure 5b). Lastly, the area occupied by the Lingo-1 plexus, measured with Image J
software, was also highly similar in ET cases and controls (293.4 ± 43.1 µm2 in ET cases vs.
283.8 ± 31.5 µm2 in controls, p=0.85) (Supplemental Figure 2). These findings indicate that
the Lingo-1 axonal plexus labeling represents a normal structure in cerebellar cortex, which
is morphologically and immunohistochemically consistent with the basket cell pinceau.

In a paraffin section, the Lingo-1 labeled pinceau is often seen as a very short segment
(Figure 5c1, arrowheads) or, when more fully visualized, a cone-shaped structure (Figure
5c1, black arrows), which all measure a length of 20–25 µm or less along the PC AIS (e.g.,
90.8 ± 3.7% of labeled pinceau in controls and 81.2 ± 4.9% in ET cases are ≤25 µm). A ≤25
µm length for many basket cell pinceau is similar to the measured length of ~17–20 µm for
the PC AIS [40, 41]. However, we also identified Lingo-1 labeled pinceau processes
extending to more distal parts of the PC axon, measuring as long as 30–100 µm from the
base of the PC body (Figure 5c1-c5; Figure 2e). Elongated Lingo-1 labeled pinceau
measuring ≥30 µm, ≥40 µm, or ≥50 µm in length were 2.4-fold, 4.1-fold or 4.4-fold,
respectively, more frequently seen in ET vs. control brains (Figure 5d, e, f; for percentage
≥30 µm, 15.9% ± 4.1% in ET cases vs. 6.6% ± 3.2% in controls, p<0.0001; for percentage
≥40µm, 6.5% ± 2.1% in ET cases vs. 1.6% ± 1.3% in controls, p<0.0001; for percentage
≥50µm, 3.1% ± 1.3% in ET cases vs. 0.7% ± 0.7% in controls, p<0.0001). The percentage of
elongated Lingo-1 pinceau was strongly correlated with the number of torpedoes (for
percentage ≥30 µm, Pearson’s correlation coefficient [r] =0.606, p=0.008; for percentage
≥40 µm, r=0.590, p=0.010; for percentage ≥50 µm, r=0.474, p=0.0006) and the BP score (for
percentage ≥30 µm, r=0.474, p=0.025; for percentage ≥40 µm, r=0.491, p=0.038; for
percentage ≥50 µm, r=0.264, p=0.029). Thus, Lingo-1 IHC identifies a novel morphologic
alteration in the basket cell pinceau, which correlates with measures of PC and basket cell
pathology that are more commonly seen in ET brains.
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As a secondary analysis, we performed Lingo-1 IHC and measured the pinceau length in
brains with Cbl-D, including MSA (n=8) and SCA7 (n=1), as proximal changes in PC axons
are a frequent finding along with profound PC loss. The percentage of Lingo-1 pinceau with
length ≥30 µm was significantly increased 2.1-fold in Cbl-D vs. control brains (p<0.0001),
to an extent similar to that seen in ET brains (15.9% ± 4.1% in ET cases vs. 14.1% ± 2.7%
in Cbl-D, p=0.46) (Figure 5d). However, while Lingo-1 pinceau with length ≥40 µm were
still increased 2.2-fold in Cbl-D vs. control brains (p=0.017), they were significantly less
frequently seen than in ET brains (3.7% ± 1.4% in Cbl-D vs. 6.5% ± 2.1% in ET cases,
p=0.0014) (Figure 5e). Very long Lingo-1 pinceau ≥50µm in length were not significantly
increased in Cbl-D vs. control brains (1.1% ± 0.4% in Cbl-D cases vs. 0.7% ± 0.7% in
controls, p=0.45), but remained a distinctive feature of the pinceau in ET brains (Figure 5f).

Discussion
Lingo-1 genetic polymorphisms have been identified as a risk factor for ET in a genome
wide association study and several follow up studies [9, 42, 44, 45, 48,49]. In this study, we
demonstrate that Lingo-1 protein is regionally enriched in the ET cerebellum. At a cellular
level, Lingo-1 is highly enriched in a plexus of GAD-positive processes around the PC AIS,
consistent with the distal processes of basket cells that form a pinceau [1]. Furthermore,
Lingo-1 labeled pinceau processes that target more distal segments of the PC axon are more
commonly seen in ET cerebellum than in control brains, and the number of these ‘elongated’
pinceau correlates with torpedoes and basket cell pathology, providing a novel pathological
link between Lingo-1 and ET. Our study raises the possibility that elongated pinceau
morphology reflects an underlying degeneration of the PC AIS and/or its adjacent axon,
with a disturbance to neuronal polarity that may be a common component of many diseases
and injuries that affect the nervous system.

In the current study, we discovered that Lingo-1 is strongly expressed in pinceau processes
around the PC AIS, but not in perisomal basket cell processes. The PC AIS is a 10 – 20 µm
long segment of unmyelinated axon extending from the axon hillock; it is highly enriched in
voltage-gated Na+ channels, cell adhesion molecules (e.g., neurofascin), and cytoskeletal
scaffolds (e.g., ankyrin-spectrin-actin), and is critical for initiation of action potentials in
PCs and maintenance of neuronal polarity [8, 15, 34, 40]. The pinceau provides GABAergic
inhibitory input at the AIS to modulate PC output, although its mechanism of action is
unusual as only a few pinceau terminals form axo-axonal synapses with the PC AIS, and the
majority of terminals end freely, where they may join other basket cell axons by septate-like
junctions or contact glial processes that completely envelop the PC AIS [35]. Several
proteins have been reported to cluster specifically in the pinceau, including a number of
voltage-activated potassium channel subunits (Kv) and the hyperpolarization-activated and
cyclic nucleotide-gated (HCN) channel-1 in basket cell axons [4, 10, 28], and the water
channel aquaporin-4 in astrocytic processes of the pinceau [4]. Interestingly, mutations in
Kcna2, encoding the basket cell pinceau-specific Kv1.2, cause defective basket cell
inhibitory input to PCs associated with chronic motor-incoordination [50]. The role of
Lingo-1 in the function of the pinceau deserves further study.

We did not observe changes in the percentage of PCs associated with Lingo-1 labeled
pinceau, or in their density, suggesting that changes in the number of pinceau do not occur
in ET cases. Rather, ET cases had significantly increased percentage of Lingo-1 labeled
pinceau with elongated processes extending beyond the typically short PC AIS segment, for
as long as 30–100 µm from the PC soma. Recent studies in mouse models have
demonstrated that a loss of ankyrin G in PCs, or neurofascin in basket cells and/or PCs leads
to disorganization of AIS structure and morphologic alterations in the pinceau, including

Kuo et al. Page 7

Acta Neuropathol. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



targeting of basket axons to more distal PC axon segments [1, 7, 52]. Thus, these ‘elongated’
pinceau processes may be a marker for an underlying alteration in AIS structure.

We also compared the Lingo-1 pinceau length in ET cases and Cbl-D brains. Interestingly,
Cbl-D brains have a similar percentage of mildly elongated Lingo-1 pinceau (≥30 µm), but
ET cases have a much higher percentage of the moderate to extremely long Lingo-1 pinceau
(≥40 µm or ≥50 µm) than seen in Cbl-D and controls. These results demonstrate that
elongated Lingo-1 pinceau are a shared feature of cerebellar degeneration in both ET and
Cbl-D brains, but they are more frequently longer in ET brains and the extremely long
Lingo-1 pinceau is distinctive and relatively specific to ET cases at postmortem
examination. It is certainly possible that longer pinceau were more frequently seen in Cbl-D
brains at an earlier disease stage, and subsequently degenerated in these end-stage autopsy
brains. Nonetheless, our study identifies a novel association of pinceau morphologic
alteration and cerebellar cortical degenerations, and the evolution of this change during
disease course may lead to further insights into mechanisms of PC degenerations.

We have also demonstrated altered neurofilament distribution in ET PCs that suggest
disturbance in the AIS and neuronal polarity, with accumulation of nonphosphorylated
neurofilaments in the PC AIS [26], and phosphorylated neurofilaments in PC soma [13].
Interestingly, the size and position of the AIS is also dynamically regulated by electrical
activity [16]. Thus, our study demonstrates that basket cell processes may also be remodeled
along the PC AIS in ET, which along with PC axonal pathology, contributes to cerebellar
dysfunction in ET. The basket cell pinceau provides strong inhibitory input to PCs and
modulates the frequency of PC action potential spikes at the AIS, but the means by which
morphologic alterations in the pinceau and/or the underlying AIS may lead to tremor
generation remains to be investigated.

By Western blot analysis, the expression of Lingo-1 was significantly increased in ET
cerebellum, but not in occipital cortex, suggesting that a regionally increased expression of
Lingo-1 could contribute to cerebellar dysfunction in ET. Whether this increased Lingo-1
protein expression is specifically associated with the pinceau in ET cases cannot be
determined from this study, as cerebellar white matter, PC bodies and molecular layer also
have immunohistochemical expression of Lingo-1, although the staining was much lower
and less concentrated than in the pinceau (Figure 2a). The role of Lingo-1 in the various cell
types and compartments within cerebellum deserves further study.

Our report is the first study to demonstrate that Lingo-1 is regionally increased in ET
cerebellum and is enriched at the basket cell pinceau along the PC AIS. Further
characterization is needed to elucidate the role of Lingo-1 in regulating PC function and
axonal morphology, and evaluating expression of interacting proteins NgR1, TROY,
p75NTR, in ET cerebellum. Future studies on Lingo-1 expression in other brain regions
within cerebellar system pathways, such as inferior olivary nucleus and thalamus, may
provide further insight into ET pathogenesis. The extent to which elongated pinceau
processes are seen in cerebellum, and possible alterations in the underlying organization of
the PC AIS and disturbance to neuronal polarity, remains to be further defined in aging and
neurodegenerative diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Regional increase in Lingo-1 protein level in the essential tremor (ET) cerebellum.
Representative Western blots of Lingo-1 from cerebellum (a) and occipital cortex (c) of ET
cases and controls. The Lingo-1 protein level, normalized to a β-actin loading control, is
significantly increased in ET cerebellum (b) but similar in ET occipital cortex (d), compared
to respective control values. The fold-change in Lingo-1 protein level is expressed relative
to control brains, which was arbitrarily set at 1.0. Mean ± SD are shown.
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Fig. 2.
Lingo-1 expression in the cerebellar cortex. Immunohistochemistry with Lingo-1 antibody
(a–c, e–h) and dual immunofluorescence with anti-Lingo-1 (Alexa 594, red) and anti-
calbindinD28k (Alexa 488, green)(d, i–k). Lingo-1 is enriched in a plexus of processes along
the PC axon initial segment (AIS) (arrows in a), along with some labeling in white matter
along axon profiles and weaker labeling of PC soma and molecular layer (a). The Lingo-1
labeled plexus is often cone-shaped (b–d), and associated with rounded punctate profiles
(arrow in c). Lingo-1 labeled processes are occasionally seen along more distal segments of
the PC axon (long arrows in d, e). The Lingo-1 labeled plexus surrounds PC axons proximal
to axonal torpedoes (asterisk in f, i) and may form complex linear extensions between PC
soma (g, h). Lingo-1 labeled plexus may appear in proximity to PC recurrent collaterals
(large arrowheads, j,k), but do not consistently colocalize. Small arrowheads: PC bodies;
large arrowheads: PC recurrent collateral processes; arrows: Lingo-1 labeled processes;
asterisk: torpedo. Scale bar: 20µm.

Kuo et al. Page 13

Acta Neuropathol. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Lingo-1 positive plexus did not colocalize with glial markers or neurofilament protein. Dual
immunofluorescence labeling of ET cerebellar cortex with anti-GFAP (a), anti-MBP (d), or
anti-phosphorylated-neurofilament antibody (g) (Alexa 488, green; a, d, g) and anti-Lingo-1
antibody (b, e, h) (Alexa 594, red). Merged images are shown (c, f, i). Arrow: Lingo-1
positive processes. Scale bar: 25µm
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Fig. 4.
Lingo-1 positive fibers colocalize with glutamate decarboxylase (GAD) containing synaptic
structures along the PC AIS. Dual immunofluorescence labeling of ET cerebellar cortex
with anti-synaptophysin (a, d), anti-GAD (g, j, p), or anti-parvalbumin antibody (m) (Alexa
488, green), and anti-Lingo-1 antibody (b, e, h, k, n, q) (Alexa 594, red). The merged images
are shown (c, f, i, l, o, r). Synaptophysin (a–f) and GAD (g–l) colocalized with Lingo-1
positive processes along the PC AIS. GAD-positive fibers surrounding the PC AIS were
Lingo-1 positive (arrows in g–l), whereas GAD fibers surrounding PC bodies did not stain
for Lingo-1 (arrowheads in j–l). PC bodies (large arrowheads) and PC dendrites in the
molecular layer (asterisks) expressed parvalbumin (m, o). Parvalbumin also colocalized with
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Lingo-1 positive processes (arrows, m–o). GAD-positive basket cell processes (arrows, p–r)
connecting two adjacent PC bodies (large arrowheads, p, r) were also positive for Lingo-1.
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Fig. 5.
Elongated Lingo-1 labeled pinceau processes in ET brains. The percentage of PCs
associated with a Lingo-1 positive AIS plexus (a) and the number of Lingo-1 positive
plexuses in a randomly selected 200X field (b), was similar in Lingo-1 antibody stained
sections of ET cases and controls. Variable appearance of Lingo-1 labeled pinceau in
paraffin sections, ranging from very short segments (c1, arrowheads), cone-shaped structure
(c1, black arrows), or more elongated forms (c1, white arrow, c2-c5). Lingo-1 labeled
pinceau measuring ≥30 µm (d), ≥40 µm (e) or ≥50 µm (f) in length were more frequently
seen in ET cases. In comparison with other cerebellar degenerative disorders (Cbl-D), the
percentage of Lingo-1 labeled pinceau ≥30 µm was similar in ET cases and Cbl-D cases (d).
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However, ET cases had a significantly higher percentage of Lingo-1 labeled pinceau ≥40 µm
or ≥50 µm than Cbl-D cases (e,f), and pinceau ≥50 µm are relatively specific to ET (f). *p ≤
0.05, ***p ≤ 0.001, ****p≤ 0.0001.
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