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Abstract

Background—Genome-wide association studies have revealed a link between essential tremor 

(ET) and the gene SLC1A2, which encodes excitatory amino acid transporter type 2 (EAAT2). We 

explored EAAT biology in ET by quantifying EAAT2 and EAAT1 levels in the cerebellar dentate 

nucleus, and expanded our prior analysis of EAAT2 levels in the cerebellar cortex.

Objective—To quantify EAAT2 and EAAT1 levels in the cerebellar dentate nucleus and 

cerebellar cortex of ET cases vs. controls.
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Methods—We used immunohistochemistry to quantify EAAT2 and EAAT1 levels in the dentate 

nucleus of a discovery cohort of 16 ET cases and 16 controls. Furthermore, we quantified EAAT2 

levels in the dentate nucleus in a replicate cohort (61 ET cases, 25 controls). Cortical EAAT2 

levels in all 77 ET cases and 41 controls were quantified.

Results—In the discovery cohort, dentate EAAT2 levels were 1.5-fold higher in 16 ET cases vs. 

16 controls (p = 0.007), but EAAT1 levels did not differ significantly (p = 0.279). Dentate EAAT2 

levels were 1.3-fold higher in 61 ET cases vs. 25 controls in the replicate cohort (p = 0.022). 

Cerebellar cortical EAAT2 levels were 20% and 40% lower in ET cases vs. controls in the 

discovery and the replicate cohorts (respective p values = 0.045 and < 0.001).

Conclusion—EAAT2 expression is enhanced in the ET dentate nucleus, in contrast to 

differentially reduced EAAT2 levels in the ET cerebellar cortex, which might reflect a 

compensatory mechanism to maintain excitation-inhibition balance in cerebellar nuclei.
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1. Introduction

Essential tremor (ET) is one of the most common neurological disorders; disease prevalence 

increases with advancing age, reaching values in excess of 20% among persons in their 90s 

[1]. A growing body of clinical, physiological and postmortem evidence now links it with an 

abnormal cerebellum [2]. Indeed, a number of postmortem features distinguish ET from 

similarly-aged control brains, including (1) increased numbers of torpedoes and related 

Purkinje cell (PC) axonal pathologies [3,4], (2) increased heterotopic displacement of PCs 

[5], (3) abnormal climbing fiber (CF)-PC connections [6,7], and (4) a dense and elongated 

basket cell plexus surrounding the PCs [8,9]. In addition, there is a loss of PCs in several 

[3,10] although not all studies [11,12].

A polymorphism in the gene solute carrier family 1, member 2 (SLC1A2) has recently been 

associated in many [13–15] although not all studies with ET [16]. Hence, the biological 

links between SLC1A2 and ET are of significant current interest. The SLC1A2 gene 

encodes excitatory amino acid transporter 2 (EAAT2), which belongs to a family of 

excitatory amino-acid transporters (EAATs) [17]. Astrocytes express both EAAT1 and 

EAAT2, and these transporters regulate extracellular glutamate levels in the brain. Excessive 

excitatory neurotransmission has been postulated as a mechanism for tremor in animal 

models of tremor, although there is no empiric evidence that this occurs in ET [18]. We 

previously reported that the levels of EAAT2, but not EAAT1, were reduced in the cerebellar 

cortex in 16 ET cases vs. 13 controls [19]. In theory, this reduction could be associated with 

a decreased capacity of astrocytes to clear extracellular glutamate, thereby enhancing the 

vulnerability of PCs to excitotoxic injury.

Aside from the cerebellar cortex, another brain region implicated in ET is the dentate 

nucleus. Structural and functional changes of the dentate nucleus in ET have been reported 

in imaging studies [20]. The dentate nucleus receives strong inhibitory input from PCs, 
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which provide the sole neuronal output from the cerebellar cortex; it also receives excitatory 

inputs from collateral branches of mossy fibers and CF collaterals [21]. Long-standing 

rhythmic firing of CF excitatory inputs on PCs and, to a lesser degree, on dentate nuclei via 

CF collaterals, has been postulated as a pathogenic mechanism in animal models of tremor 

[22]. In vivo analyses in animal studies have demonstrated that intrinsic firing rates of 

cerebellar nuclear cells are modulated during movements [21], with effectiveness of 

inhibitory versus excitatory inputs varying during specific motor behaviors. Therefore, the 

proper timing of excitatory neurotransmission regulated by EAATs in the dentate nucleus 

could be important in ET. Extending our previous study [19], we now assess the expression 

levels of EAAT2 and EAAT1 in the dentate nucleus of ET cases vs. controls, and 

significantly expand and replicate our analysis of EAAT2 in the cerebellar cortex in a far 

larger cohort of ET cases and controls.

2. Methods

2.1. Brain repository and study subjects

All ET brains were from the Essential Tremor Centralized Brain Repository (ETCBR), New 

York Brain Bank (NYBB), Columbia University, New York. The clinical diagnosis of ET 

was initially assigned by treating neurologists. Cases were assessed by a series of semi-

structured clinical questionnaires, including Archimedes spirals and the information 

regarding family history and tremor characteristics. Finally, the diagnosis of ET was 

confirmed by an ETCBR study neurologist (EDL) using medical records, a detailed, 

videotaped, neurological assessment, and ETCBR diagnostic criteria [3]. The severity of 

tremor was rated using the total tremor score, based on the severity of postural and kinetic 

arm tremors (range = 0–36).

Most of the control brains were obtained from the NYBB (n = 28, 10 in the discovery cohort 

and 18 in the replicate cohort) 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, Parkinson's disease (PD), Lewy body 

dementia, or progressive supranuclear palsy. Thirteen controls were from the Harvard Brain 

Tissue Resource Center (McLean Hospital, Belmont, MA) (6 in the discovery cohort and 7 

in the replicate cohort). EAAT2 immunostaining intensity in the cerebellar cortex of 8 of the 

current controls and 10 of the current ET cases was reported previously [19].

All study subjects signed informed consent approved by these University Ethics Boards. We 

performed a power analysis, using data collected in our prior study of cerebellar cortical 

EAAT2 levels by immunohistochemistry [19]. We found that, with the sample size of 13 in 

each group, we had a power of 0.90 to detect case-control differences of the magnitude 

detected previously. To be conservative, we chose 16. We chose controls who had available 

paraffin-embedded sections of the dentate nucleus and were >70 years old at the time of 

death, thereby allowing us to frequency-match them to ET cases by age at death. For our 

replicate cohort, we identified all of the remaining ET cases and controls in the brain bank 

with available dentate nucleus in paraffin-embedded sections; there were 61 such ET cases 

and 25 controls.
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2.2. Neuropathological assessment

All ET and control brains had a complete neuropathological assessment at the NYBB and 

Harvard Brain Bank, as described previously [2]. The postmortem interval (PMI), the time 

from death to the time of brain placed in −80 °C, in each case was recorded. We did not 

include ET cases with Lewy body pathology (α-synuclein staining) or dentate nucleus 

degeneration [2].

A standard 3 × 20 × 25 mm parasagittal neocerebellar block, including dentate nucleus, was 

obtained from a 0.3-cm-thick parasagittal slice located 1 cm from the cerebellar midline. 

Paraffin sections (7 μm thick) were stained with Luxol fast blue hematoxylin and eosin 

(LH&E), and PC counts and torpedo counts were quantified as described previously [2].

2.3. Dentate nucleus immunohistochemistry

Seven-μm-thick paraffin-embedded cerebellar sections were incubated with guinea pig anti-

EAAT2 antibody (Millipore, ab1783, 1:200) or mouse anti-glial fibrillary acidic protein 

(GFAP) antibody (Sigma, G3893, 1:100) at 4 °C for 24 h after antigen retrieval in Trilogy 

(Cell Marque) for 60 min, 100 °C. The sections were incubated with goat anti-mouse (Fisher 

Scientific, 1:200) or anti-guinea pig IgG biotin-conjugated secondary antibody (Millipore, 

1:200), respectively, followed by 3,3′ -diaminobenzidine (DAB) precipitation. These 

antibodies have been validated previously [19].

Whole slide scanning was performed with a 20× lens (Leica SCN400 scanner) and a trained 

and clinically-blinded technician (GCK) traced the outline of the dentate nucleus and 

measured the average intensity of EAATs immunoreactivity/μm2 of dentate area with Leica 

Biosystems Tissue IA Software, version 2.0. EAAT2 immunoreactivity was similarly 

quantified in the cerebellar cortex, as previously described [19]. The EAAT 

immunoreactivity was normalized to controls, for which EAAT immunoreactivity was set to 

be 1.00.

GFAP immunohistochemistry was used to assess whether increased astrocytes in the dentate 

nucleus could account for increases in EAAT2 levels. Due to the lack of a distinctive border 

between white matter and the dentate nucleus in many cases and dense astrocyte processes 

normally present in white matter, the GFAP immunostained sections were not suitable for 

quantitative image analysis as performed for EAAT proteins. Therefore, we developed a 

semi-quantitative GFAP rating scale. A senior neuropathologist (PLF), blinded to clinical 

information, evaluated the GFAP-positive process and cell body densities in the dentate 

nucleus in each ET case and control. The following semi-quantitative scale was used: 1 (few 

discernible processes, paler overall staining than adjacent white matter); 2 (mild to moderate 

processes, rare to sparse cell body staining); 3 (moderate number of processes, mild cell 

body staining), 4 (dense processes and moderate to severe cell body staining). For each ET 

case and control, eight microscopic images (4 each at 50× and 100 × magnification) were 

acquired in randomly selected areas spanning the dentate nucleus, and each image was 

assigned a 1–4 rating.

For dual immunofluorescence studies, we immunostained paraffin-embedded sections with 

anti-EAAT2 antibodies and mouse anti-glutamine synthetase (BD Transduction, 610518, 
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1:300) or mouse anti-GFAP. The secondary antibodies were goat anti-guinea pig antibodies 

conjugated with Alexa fluorophore 488 or goat anti-mouse antibodies conjugated with Alexa 

fluorophore 594 (All Invitrogen, 1:100).

2.4. Genotyping of rs3794087

We obtained genomic DNA from frozen human brain tissue in 69 available ET cases and 24 

controls using QIAamp DNA Mini kit (Qiagen) and we amplified the genetic fragment 

containing rs3794087, an intronic variant of SLC1A2, by polymerase chain reactions 

(PCRs) as previously described [15]. We sent the PCR fragments for commercial sequencing 

for the genotype of rs3794087.

2.5. Data analyses

Data were analyzed in Prism (v6.0a) and SPSS (v22). Demographic and clinical 

characteristics of ET cases and controls were compared using Student's t–tests, chi-square 

tests, or Fisher's exact tests. All the continuous measures were tested for normal distributions 

(Kolmogorov–Smirnov tests). For the normally distributed continuous measures, we used 

Student t-tests. For non-normally distributed continuous measures, we used Mann-Whitney 

U tests. Pearson's correlation coefficients were used to assess correlations between normally-

distributed variables. For the non-normally distributed variables, we assessed the 

correlations using Spearman's rank correlation coefficients. In two different linear regression 

models, we assessed whether cerebellar cortical EAAT2 levels and dentate EAAT2 levels 

differed by diagnosis, after adjusting for torpedo count and PC count.

3. Results

The 16 ET cases and 16 controls in the discovery cohort did not differ to a significant degree 

by age, gender, brain weight, Braak AD score, or Consortium to Establish a Registry for AD 

(CERAD) plaque score (Table 1). ET cases had a longer PMI than controls. Consistent with 

our previous studies, ET cases had a lower PC count and a higher torpedo count (marginally) 

than controls.

In the discovery cohort, dentate EAAT1 levels were similar between ET cases and controls 

(1.2 ± 0.5 vs. 1.0 ± 0.4, p = 0.279) whereas dentate EAAT2 levels were 50% higher in ET 

cases vs. controls (1.5 ± 0.6 vs. 1.0 ± 0.2, p = 0.007) (Fig. 1). Dentate EAAT1 and EAAT2 

levels did not correlate with age of death, brain weight, Braak AD score or CERAD plaque 

score in either the ET group or the control group, nor did they differ by gender (discovery 

cohort, all p values > 0.05). Cases and controls did not differ with respect to age at death, 

brain weight, Braak AD score, CERAD plaque score or gender either. Hence, these five 

variables could not have been confounding factors in the observed case-control difference in 

the dentate EAAT2 levels. While PMI did differ in cases vs. controls, it did not correlate 

with EAAT2 levels (p value > 0.05), indicating that it was not a confounding factor either. 

We further found that cerebellar cortical EAAT2 levels were decreased by 20% in ET cases 

vs. controls (0.8 ± 0.2 vs. 1.0 ± 0.2, p = 0.045) (Table 1), consistent with our previous study 

[19].
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EAATs in the dentate nucleus partially colocalized with astrocytic markers, GFAP and 

glutamine synthetase, consistent with previous reports that GFAP and glutamine synthetase 

are expressed predominantly in the cell bodies and proximal processes of astrocytes whereas 

EAATs are expressed in the end feet of the astrocytic processes (Fig. 2A-L) [19,23]. In 

addition, there was a dense rim of astrocytic processes surrounding dentate neurons 

expressing predominantly EAAT2, which colocalized with glutamine synthetase (Fig. 

2M,O). These results indicate that the enhanced EAAT2 expression in ET is predominantly 

in astrocytes in the dentate nucleus.

We used GFAP immunostaining and a semi-quantitative GFAP rating scale in the dentate 

nucleus to investigate whether ET cases had a general up-regulation of astrocytic markers. 

Supplemental Fig. 1A-D illustrates examples of semi-quantitative GFAP rating scores (range 

1–4) for the determination of GFAP-positive astrocytic process and cell body densities. We 

found that ET cases and controls had similar dentate GFAP rating scores (2.6 ± 1. 0 vs. 2.4 

± 0.9, p = 0.668) (Supplemental Fig. 1E). Dentate GFAP rating scores did not correlate with 

either dentate EAAT1 or EAAT2 levels (EAAT1: Spearman's r = 0.156, p = 0.394; EAAT2: r 

= 0.253, p = 0.162). These data suggest a selective up-regulation of EAAT2 in the ET 

dentate nucleus.

We further studied dentate EAAT2 levels in a replicate cohort of 25 controls and 61 ET 

cases. In this cohort, ET cases had an older age at death than controls, and more were 

women. As expected, ET cases had a lower brain weight, a longer PMI, a higher Braak AD 

stage, a higher CERAD score, a lower PC count, and a higher torpedo count (Table 1). In 

this replicate cohort, ET cases had 30% higher dentate EAAT2 levels vs. controls (1.3 ± 0.8 

vs. 1.0 ± 0.6, p = 0.022) (Fig. 3A). Despite the presence of case-control differences in 

several variables in the replicate cohort (e.g., age, gender, brain weight, PMI, Braak AD 

score, CERAD plaque score), dentate EAAT2 level did not correlate with any of these 

variables in either the ET group or the control group, nor did it differ by gender (replicate 

cohort, all p values > 0.05), demonstrating that by definition these variables could not have 

been confounding factors in the observed case-control difference in the dentate EAAT2 

levels. Consistent with the discovery cohort, we also found that the EAAT2 levels in the 

cerebellar cortex were lower in ET cases vs. those in controls in the replicate cohort (0.6 

± 0.2 vs. 1.0 ± 0.2, p < 0.001). We then combined our data from the discovery and replicate 

cohorts. ET cases had a 40% increase in the dentate EAAT2 levels and a 30% decrease in the 

cerebellar cortical EAAT2 levels when compared to controls (dentate: 1.4 ± 0.8 vs. 1.0 ± 0.5, 

p = 0.001; cerebellar cortex: 0.7 ± 0.2 vs. 1.0 ± 0.3, p < 0.001, both by Mann-Whitney U 
test) (Fig. 3B, C).

We assessed the relationship between dentate EAAT2 levels and several clinical and 

pathological variables in all 77 ET cases and 41 controls in this study. In ET cases, we did 

not find any correlation between dentate EAAT2 levels with either disease duration or total 

tremor scores (Spearman's r = 0.162, p = 0.170 and r = 0.068, p = 0.609, respectively). In all 

control and ET cases, we assessed the correlation between the dentate EAAT2 levels and 

cerebellar cortical EAAT2 levels. We found that dentate EAAT2 levels were marginally and 

inversely correlated with cerebellar cortical EAAT2 levels (Spearman's r = −0.177, p = 

0.055). Dentate EAAT2 levels were associated with torpedo counts (Spearman's r = 0.195, p 
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= 0.034), but not significantly with PC counts (Spearman's r = −0.123, p = 0.184). In a linear 

regression model, dentate EAAT2 levels differed by diagnosis, even after adjusting for 

torpedo count and PC count (beta = 0.30, p = 0.002). Interestingly, cerebellar cortical 

EAAT2 levels were correlated with PC counts (Pearson's r = 0.231, p = 0.012) and torpedo 

counts (Spearman's r = −0.325, p < 0.001) (Supplemental Table 1). In a linear regression 

model, cerebellar cortical EAAT2 levels differed by diagnosis, even after adjusting for 

torpedo count and PC count (beta = −0.10, p < 0.001).

Finally, we studied the relationship between EAAT2 expression and rs3794087 genotypes, 

which have been associated with ET [13–16]. We performed rs3794087 genotyping on 69 

available ET cases and 24 controls, and we found that rs3794087 genotype frequency did not 

differ in ET cases and controls (p = 0.626, chi-square analysis) (Supplemental Fig. 2A). 

Because very few subjects (1 control and 2 ET cases) had the AA genotype, we pooled CA 

and AA genotypes for the further analysis. Subjects with CC genotype, when compared to 

those with CA and AA genotype combined, trended towards lower cerebellar cortical 

EAAT2 levels in controls (p = 0.134), higher cerebellar cortical EAAT2 levels in ET cases (p 

= 0.150), and lower dentate EAAT2 levels in ET cases (p = 0.181). However, none of these 

comparisons was statistically significant (Supplemental Fig. 2B-E). When ET cases and 

controls were combined, there were no associations between EAAT2 levels and rs3794087 

genotypes either in the cerebellar cortex or in the dentate nucleus (Supplemental Fig. 2F, G).

4. Discussion

In the present study, we report an increased EAAT2 level in the ET dentate nucleus, in sharp 

contrast to the decreased EAAT2 levels in ET cerebellar cortex. The mechanism behind this 

differential expression pattern of EAAT2 in the ET cerebellar cortex vs. dentate nucleus 

remains to be investigated, but several possibilities will be discussed below.

The cell somata and proximal dendrites of neurons in the dentate nuclei receive dense 

inhibitory inputs from multiple PCs. The distal dendrite segments of the same neurons also 

receive excitatory inputs from the collaterals of mossy fibers and CFs. The balance between 

excitatory and inhibitory inputs to the dentate nucleus are critical in modulating dentate 

neuron spike frequency, and thus are important for cerebellar function and for proper motor 

control [21]. It is not known whether increased EAAT2 in the ET dentate nucleus is 

associated with diminished extracellular glutamate levels, but this possible physiological 

correlate of our findings should be explored.

In animal models with experimentally-induced brain hyperexcitability, EAAT2 levels have 

been shown to be up-regulated. This could reflect a compensatory protective response to 

excessive extracellular glutamate levels [24,25]. Therefore, the observed up-regulation of 

EAAT2 levels in ET dentate nucleus could also in theory be a compensatory response to 

long-standing excessive excitatory inputs. It is possible that astrocytes in the cerebellar 

cortex and those in the dentate nucleus react differently to hyperexcitability, and that the 

astrocytes in the ET cerebellar cortex fail to mount proper up-regulation of EAAT2, and this 

leads to a selective vulnerability of PCs to excitotoxic damage in ET. We found that dentate 

EAAT2 levels marginally and inversely correlated with cerebellar cortical EAAT2 levels, 

Wang et al. Page 7

Parkinsonism Relat Disord. Author manuscript; available in PMC 2017 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



demonstrating the differential regulation of EAAT2 levels in these two brain regions. In 

addition, lower cerebellar cortical EAAT2 levels strongly associated with a lower PC counts 

and higher torpedo counts, indicating that cerebellar cortical EAAT2 levels might be directly 

regulating PC vulnerability to hyperexcitability whereas dentate EAAT2 levels might be a 

compensatory alteration. Nonetheless, these patterned changes of EAAT2 expressions in the 

ET cerebellum indicate that glutamatergic synaptic transmission might be disturbed at both 

the cerebellar cortex and the dentate nucleus.

Alternatively, increased EAAT2 levels in the ET dentate nucleus might not be the result of 

excessive hyperexcitability. β-alkaloids are a group of tremorogenic compounds that have 

been found to be elevated in ET brains [26]. Harmine exposure results in up-regulation of 

EAAT2 expression in astrocytes [27]. Whether an elevation in these compounds in the ET 

brain would differentially affect EAAT2 levels in dentate nucleus and cerebellar cortex in ET 

is not known.

Lastly, studies of mutant mice with PC degeneration demonstrate that multiple changes also 

occur at the level of cerebellar nuclei to compensate for reduced inhibitory input, including 

enlargement of remaining inhibitory synaptic boutons and increased aggregates of gephyrin 

protein that cluster GABAA receptors at synapses [28]. In essence, lower levels of inhibition 

of the dentate nucleus from PC loss in ET could trigger multiple compensatory responses 

that increase sensitivity to inhibitory inputs in order to restore the homeostatic level of 

inhibition. The effect of altered excitatory inputs in homeostatic responses in cerebellar 

nuclei is unknown. The marginally inverse correlation of higher dentate EAAT2 levels (i.e., 

potentially lower glutamate levels) and lower PC counts or higher PC torpedo counts (i.e., 

less inhibitory input due to PC loss) demonstrated in this study raises the possibility that 

increased EAAT2 expression in the ET dentate reflects an alternate compensatory 

mechanism towards maintaining excitation-inhibition balance in cerebellar nuclei.

A limitation of current study is that we did not use Western blot to quantify the EAAT2 

levels due to the lack of available frozen tissue of dentate nuclei. Nonetheless, we have 

previously shown in the cerebellar cortex that EAAT2 levels on Western blot correlate highly 

with EAAT2 levels from the quantitative immunohistochemistry [19]. The present study has 

several strengths. First, the dentate nucleus is postulated to be an anatomical structure of 

importance in ET, but few pathological studies have investigated this area. Second, we 

attempt to link a genetic discovery to postmortem findings to better understand the 

pathomechanisms of ET.

In summary, EAAT2 levels are increased in the ET dentate nucleus, in contrast to the 

decreased EAAT2 levels in ET cerebellar cortex. Our studies reveal a differential regulation 

of EAAT2 in two cerebellar structures with highly differing anatomic organization and 

admixtures of excitatory and inhibitory synaptic influences. It is not known whether this 

contributes to a selective vulnerability of PCs to excitotoxic injury in this disease or how this 

may reflect physiologic function and/or pathologic changes in the dentate nucleus. Further 

studies are warranted to examine the role of dentate EAAT2 expression in ET and other 

cerebellar degenerative disorders.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Increased EAAT2 immunoreactivity in the ET dentate nucleus in the discovery cohort. 

Paraffin-embedded sections immunolabeled with anti-EAAT1 or anti-EAAT2 antibodies 

were digitally scanned and the intensity of immunostaining in the dentate nucleus was 

quantified by tissue image analysis software. EAAT1 levels in ET cases were similar to 

those in controls (immunostains from 3 ET cases and 3 controls are shown, A - F) whereas 

EAAT2 levels in ET cases were higher than those in controls (immunostains from 3 ET 

cases and 3 controls are shown, H - M). Quantification of dentate EAAT1 and EAAT2 levels 

are shown (G, N). Ctx: cerebellar cortex, Den: dentate nucleus. Ctrl: controls, ET: essential 

tremor.
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Fig. 2. 
EAATs partially colocalize with astrocytic markers. Dual immunofluorescence labeling of 

ET dentate nucleus with anti-EAAT1 or anti-EAAT2 (Alexa 488, green, A, D, G, J), anti-

GFAP (Alexa 594, red, B, H), and anti-glutamate synthetase (GS) (Alexa 594, red, E, K). 

Both EAAT1 and EAAT2 partially colocalized with GFAP or GS in the dentate nucleus (C, 

F, I, L). EAAT1 and EAAT2 was also expressed in the astrocytic processes surrounding 

dentate neuronal bodies, but EAAT2 was the predominant transporter in these regions (M, 

O). Den: dentate nucleus, n: dentate neuron cell body. Scale bar: 10 μm.
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Fig. 3. 
Differential regulation of EAAT2 levels in the dentate nucleus and cerebellar cortex. 

Paraffin-embedded sections immunolabeled with anti-EAAT2 antibodies were digitally 

scanned and the intensity of immunostaining in the dentate nucleus was quantified by tissue 

image analysis software. The intensity was normalized to the neighboring white matter 

regions. EAAT2 levels in ET cases (n = 61) were higher than controls (n = 25) in the 

replicate cohort (A). When combining the discovery and the replicate cohorts, ET cases had 

higher dentate EAAT2 levels and lower cerebellar cortical EAAT2 levels when compared to 

controls (B, C).
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