
The Inferior Olivary Nucleus: A Postmortem Study of Essential
Tremor Cases vs. Controls

Elan D. Louis, MD MSc1,2,3,4, Rachel Babij, BS1, Etty Cortés, MD5, Jean-Paul G. Vonsattel,
MD2,5, and Phyllis L. Faust, MD PhD5

1GH Sergievsky Center, College of Physicians and Surgeons, Columbia University, New York,
NY, USA.
2Taub Institute for Research on Alzheimer’s Disease and the Aging Brain, College of Physicians
and Surgeons, Columbia University, New York, NY, USA.
3Department of Neurology, College of Physicians and Surgeons, Columbia University, New York,
NY, USA.
4Department of Epidemiology, Mailman School of Public Health, Columbia University, New York,
NY, USA.
5Department of Pathology and Cell Biology, Columbia University Medical Center and the New
York Presbyterian Hospital, New York, NY, USA.

Abstract
Background—The pathogenesis of essential tremor is poorly understood. Historically, the
inferior olivary nucleus has been hypothesized to play an important role in the generation of
tremor in essential tremor, yet a detailed, controlled, anatomic-pathological study of that brain
region has yet to be conducted.

Methods—A detailed postmortem study was undertaken of the microscopic changes in the
inferior olivary nucleus of 14 essential tremor cases vs. 15 age-matched controls at the Essential
Tremor Centralized Brain Repository. A series of metrics was used to quantify microscopic
neuronal and glial changes in the inferior olivary nucleus and its input and output tracts. Olivary
linear neuronal density was also assessed.

Results—Cases and controls did not differ from one another with respect to any of the assessed
metrics (p values ranged from 0.23 – 1.0). Olivary linear neuronal density was also similar in
cases and controls (p = 0.62). Paddle-shaped neurons, a morphologic shape change in olivary
neurons, which to our knowledge have not been previously recognized, occurred to an equal
degree in ET cases and controls (p = 0.89), and correlated with several markers of neuronal loss
and gliosis.
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Discussion—A systematic postmortem study of the microscopic changes in the inferior olivary
nucleus did not detect any differences between cases and controls. These data, along with positron
emission tomography data, which have failed to identify any metabolic abnormality of the olive,
indicate that if the olive is involved in essential tremor, there is no clearly identifiable structural or
metabolic correlate.
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Introduction
Although essential tremor (ET) stands out as one of the most prevalent neurological
diseases,1–4 its precise pathogenesis is not understood. Recent postmortem studies point to a
central role of the cerebellum, where an increasing number of structural changes have been
observed in ET brains relative to age-matched control brains.5 These changes include
swellings of Purkinje cell axons and dendrites,6–8 heterotopic displacement of Purkinje
cells,9 structural remodeling of neighboring neuron populations (i.e., basket cells),10

increased gliosis,11 and, in some cases, more extensive structural changes within the deep
cerebellar nuclei.12 Significant (approximately 30 – 40%) loss of Purkinje cells has been
reported in adequately powered studies,6, 13 but not in those with smaller sample size.14, 15

Clinical neuroimaging studies also point to a central role of the cerebellum in ET.16–22

Whether other brain structures also contribute to the pathogenesis of ET has been a matter of
longstanding debate. In particular, it has been hypothesized that the inferior olivary nucleus
(ION), a brainstem structure with inherent oscillatory-pacemaking properties, may play the
primary role in the generation of tremor in ET.23–25 Indeed, one early metabolic imaging
study suggested that the ION was abnormally activated in ET,26 though no confirmatory
studies have shown intrinsic ION activation in ET.27, 28

Examination of brain tissue of clinically well-characterized individuals provides
investigators with a powerful and direct means to advance the understanding of disease
pathogenesis, yet historically, postmortem tissue in ET has been scarce. Furthermore,
although the ION is perfunctorily examined in standard postmortem surveys,6 a detailed,
systematic postmortem study focused on the microscopic changes in the ION has not been
undertaken in ET cases vs. age-matched controls. Capitalizing on the Essential Tremor
Centralized Brain Repository (ETCBR), a tissue resource which banks the largest collection
of ET brains,6, 29 we conducted an in-depth microscopic study of the ION, comparing a
group of ET brains to those of age-matched controls. Our primary aim was to assess whether
microscopic changes where distinctly occurring in ET ION compared to control ION.
Furthermore, given the scarcity of microscopic data on the normal ION in humans, a
secondary aim of the study was to establish normal reference data on the neuronal and glial
changes that are observed in the ION, and their correlations with age. Finally, we observed a
number of ION neurons that had an unusual “paddle-shaped” morphology. To our
knowledge, these neurons have not been reported previously in the medical literature.

Methods
Cases and Controls

This study was conducted at the ETCBR, New York Brain Bank (NYBB), Columbia
University Medical Center (CUMC). All ET cases were diagnosed by their treating
neurologist and the ET diagnosis was confirmed using ETCBR criteria by a second
neurologist specializing in movement disorders (E.D.L.).6
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Age-matched control brains were normal elderly control subjects from the NYBB, derived
from the Alzheimer’s Disease Research Center and the Washington Heights Inwood
Columbia Aging Project; they were free of clinical diagnoses of Alzheimer’s disease (AD),
ET, or Parkinson’s disease (PD) and without neuropathological diagnoses of
neurodegenerative disease.6 The NYBB operates under approval of the Institutional Review
Board of CUMC.

Using pilot data from five controls, we determined that a sample size of 15 cases and 15
controls would be adequate. Thus, this sample size would provide more than 80% power to
detect as little as a 30% increase in each morphologic metric in ET cases versus controls
(assuming a two sided test and alpha = 0.05).

Clinical Evaluation
During life, demographic and clinical data were collected using a series of semi-structured
questionnaires.6 Data on lifetime exposure to medications known to cause cerebellar damage
(e.g., lithium, diphenylhydantoin, chemotherapeutic agents) were collected. Heavy ethanol
use was defined previously as consumption of an average of four or more standard drinks
(15 ml of absolute ethanol) per day for a man, or three or more per day for a woman, at any
point in their lives.6, 30 Most ET cases also underwent a standardized, videotaped
neurological examination, which included an assessment of postural tremor (sustained arm
extension), five tests of kinetic tremor (pouring, drinking, using spoon, finger-nose-finger
maneuver, and drawing spirals), and head and voice tremors.31

Standard Neuropathological Assessment
As previously described, all brains underwent a complete neuropathological assessment by a
senior neuropathologist (J.P.G.V.) at the NYBB.6 Each brain had a standardized
measurement of brain weight (grams), postmortem interval (PMI, hours between death and
placement of brain in a cold room or upon ice), Braak and Braak AD staging for
neurofibrillary tangles,32, 33 Consortium to Establish a Registry for AD (CERAD) ratings
for neuritic plaques.34 No Lewy pathology was found in any of the brains assessed using
alpha-synuclein immunohistochemistry in the brain regions normally examined in our
routine neuropathological assessment.

Postmortem Examination of the ION
The medulla oblongata was detached from the brainstem before performing a sagittal section
of the brain through the corpus callosum. At least two transverse blocks of the medulla
oblongata were harvested for microscopic examination. Each block was 3 mm thick, and
included both the left and right ION. One block was obtained 3 mm caudal to the ponto-
medullary junction to capture the rostral part of the hypoglossal nucleus, and one block was
obtained through the caudal third of the medulla. From these blocks, 7 µm thick paraffin
sections were stained with Luxol Fast Blue counterstained with Hematoxylin and Eosin
(LH&E).

In a pilot study, two clinically-blinded senior neuropathologists (J.P.G.V. and P.L.F.)
carefully examined LH&E stained medullary sections from 5 ET cases and 5 controls, and
based on their survey, defined a series of metrics that would describe and quantify
microscopic neuronal and glial changes in the ION and its white matter input and output
tracts (Table 1). Discrete segmental areas of neuronal loss were counted, specifying the
extent to which they filled a 400× field (i.e., 1/3 of the field, ½ of the field, or the entire
400× field). Neuronal density and gliosis in the ION were rated using a semi-quantitative
scale. Atrophic neurons were quantified; they were defined as neurons having shrunken,
densely staining nuclei and cytoplasms with typically angulated borders. Astrocytes with
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bizarre morphology (moderately enlarged nucleus with prominent nucleolus; Alzheimer type
2-like astrocytes) and discrete foci of neuronophagia were also quantified. Paddle-shaped
neurons were identified as a shape change in ION neurons, where rounded eccentric cell
body cytoplasm was seen adjacent to a sharply demarcated, elongated nuclear profile
(Figure 1). Semi-quantitative metrics were defined that assessed microscopic changes in the
white matter input and output tracts of the ION, including pallor of dorsal amiculum, pallor
of ventral amiculum, pallor of dorsal hilum, pallor of ventral hilum, and appearance of
olivo-cerebellar output fibers as they pass through the medial lemniscus (Table 1). These
metrics were applied blindly to five cases and five controls in two separate rating sessions,
one month apart, and there was very good agreement across sessions, indicating that the
metrics could be used to produce reliable and reproducible results. For gliosis, weighted
kappa = 1.0. For segmental areas of neuronal loss (1/3 of the field), weighted kappa = 0.79,
for segmental areas of neuronal loss (½ of the field), weighted kappa = 0.92. For segmental
areas of neuronal loss (entire 400× field), weighted kappa = 1.0. For neuronal loss, weighted
kappa was 0.52, mainly due to disagreement between the 0 and 1 ratings. It was for this
reason that we also created an index of ION linear density (neurons/length in microns ×
1,000, see below).

Detailed neuronal and glial metrics were assessed within the principal olivary nucleus35 in
14 cases and 15 controls by a clinically-blinded neuropathologist (P.L.F). Several levels of
medulla were available (range = 2 – 4, mean = 2.4, median = 2, mode = 2).Within-subject
agreement between data generated from different levels was high (e.g., for number of
atrophic neurons, r = 0.73, p = 0.005; for number of paddle=shaped neurons, r = 0.82, p =
0.001; for gliosis, Spearman’s r = 0.96, p <0.001). The median value was used in our
analyses.

The number of neurons in the principal ION was quantified, counting only those neurons
with an identifiable nucleolus in order to provide a point-like cell identifier. The total
number of neurons with nucleoli was normalized to a traced linear length of the ION nucleus
(in microns), measured with Neurolucida software (MicroBrightField Bioscience, Williston,
VT). This was used to create an index of ION linear density (neurons/length in microns ×
1,000). As several levels were available, and the correlation between data derived from
different levels of the same brain was high (Pearson’s r = 0.997, p = 0.003), the mean value
was used.

Quantification of Postmortem Changes in Cerebellum
As described, a standard 3 × 20 × 25 mm parasagittal, formalin-fixed, tissue block was
harvested from the neocerebellum;6, 36 the block included the cerebellar cortex, white matter
and dentate nucleus. A senior neuropathologist (P.L.F.), who was blinded to all clinical
information, counted torpedoes throughout one entire LH&E section, and counted and
averaged Purkinje cells in fifteen 100× fields (LH&E).36 As previously described,10 a semi-
quantitative rating of the appearance of the basket cell plexus surrounding Purkinje cell
bodies throughout Bielschowsky preparations was carried out by the same neuropathologist
(P.L.F.) as well. The following scale was used: 0 (few, or no discernible processes); 1
(sparse number of processes); 2 (moderate number of processes); and 3 (dense tangle of
processes). In some instances, the rater used intermediate values (0.5, 1.5, and 2.5).

Statistical Analyses
Analyses were performed in SPSS (version 18.0). Clinical and postmortem findings were
compared in cases and controls using Student’s t tests, chi-square tests, and Fisher’s exact
tests. Correlations were Pearson’s correlation coefficients (r). Non-parametric tests (Mann-
Whitney test, Spearman’s r) were also used when required.
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Results
Cases vs. controls

There were 15 ET cases and 15 controls, but one case was excluded because of insufficient
tissue. The 14 remaining ET cases and 15 controls were similar in age and gender (Table 2).
Tremor duration ranged from 17 – 81 years in ET cases (median = 55.5 years); age of onset
was ≤64 years in all cases (median = 25 years). No cases or controls were heavy ethanol
users or exposed to medications known to cause cerebellar damage. Cases and controls were
similar in terms of PMI, brain weight, CERAD plaque score, and Braak AD stage (Table 2).
Cases had more torpedoes and fewer Purkinje cells than controls (Table 2). None of the
cases or controls had clinical or postmortem diagnoses of AD or PD.

ION neuronal linear density was not associated with age (r = −0.20, p = 0.29), gender (p =
0.49), PMI (r = −0.06, p = 0.76), brain weight (r = −0.29, p = 0.12), or Braak AD stage (r =
−0.20, p = 0.29), but was marginally associated with CERAD plaque score (r = −0.34, p =
0.07).

The measured linear length of the principal nucleus of the ION was highly similar in ET
cases (2.64 ± 5.8 mm) and controls (2.59 ± 7.0 mm), indicating that a well-defined anatomic
level was analyzed in this study. Cases and controls did not differ from one another with
respect to microscopic changes in the ION (Table 3). This included all of the metrics that
assessed microscopic neuronal and glial changes in the ION and all of the metrics that
assessed microscopic changes in the input and output tracts of the ION. The ION neuronal
linear density was also similar in cases and controls (9.4 ± 3.2 vs. 8.8 ± 3.1, p = 0.62, Table
3).

Neither the microscopic changes in the ION nor the ION neuronal linear density were
correlated with torpedo counts (e.g., for linear neuronal density, r = −0.09, p = 0.65). The
microscopic changes in the ION and ION neuronal linear density were not correlated with
Purkinje cell counts (e.g., for neuronal linear density, r = −0.33, p = 0.14). In an analysis
restricted to ET cases, ION neuronal linear density was not associated with tremor duration
(r = 0.03, p = 0.92).

Neuronal and glial changes in the ION: correlations with age
In this age-matched sample of ET cases and controls, patient age ranged from 67- to 95-
years-old for both groups (Table 2). We did not detect a consistent correlation between older
age and segmental loss of neurons (i.e., 2 of the 3 following p values were far greater than
0.5 and one was marginal at 0.05: # of discrete areas that fill 1/3 of 400× field, r = 0.02, p =
0.94; # of discrete areas that fill 1/2 of 400× field, r = −0.07, p = 0.72; # of discrete areas
that fill all of 400× field, r = −0.37, p = 0.05). We did not detect a correlation between older
age and neuronal density (Spearman’s r = −0.31 p = 0.11), number of atrophic neurons (r =
−0.08, p = 0.68), number of paddle-shaped neurons (r = −0.10, p = 0.61), number of foci of
neuronophagia (r = −0.13, p = 0.49), gliosis (Spearman’s r = 0.15, p = 0.44), number of
bizarre astrocytes (Spearman’s r = −0.19, p = 0.33), or ION neuronal linear density (r =
−0.20, p = 0.29).

Correlates of paddle-shaped neurons
We defined a phenotype observed in olivary neurons as “paddle-shaped” when the nucleus
appeared as an elongated, handle-like shape that was sharply demarcated from an eccentric
and rounded profile of cell body cytoplasm (Figure 1). In analyses of our sample of 29
brains, higher numbers of paddle-shaped neurons were associated with other changes in the
ION, including lower ION neuronal linear density (r = −0.35, marginally significant p =
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0.06), more atrophic neurons (r = 0.57, p = 0.001), lower semi-quantitative rating of
neuronal density (Spearman r = −0.35, marginally significant p = 0.06), larger number of
regions with segmental loss of neurons in half the field (r = 0.52, p = 0.004), and more
gliosis (Spearman’s r = 0.44, p = 0.016). Paddle-shaped neurons were not observed in
medullary neurons outside of the ION, nor in the cerebellar dentate nucleus in the brains
examined in this study.

Discussion
Examination of brain tissue provides investigators with powerful and direct means to
advance the understanding of the pathogenesis of distinct neurodegenerative diseases.
Recent postmortem studies in ET have indeed indicated that a hallmark of the disease is the
presence of structural changes in the cerebellum.5 It has been hypothesized that the ION
could play an important role in the generation of tremor in ET, yet a detailed and systematic
postmortem study of the ION had not been undertaken in ET cases. Despite thorough
microscopic and semiquantitative evaluations, no distinctive difference could be detected
between the ION of ET cases vs. the ION of controls. Thus, if the ION is dysfunctional in
ET, it occurs so far without identifiable structural correlate. Similarly, positron emission
tomography studies have failed to identify any metabolic involvement of the ION in ET
either.5, 27, 37

Historically, a physiological derangement in the ION, a structure which has inherent
oscillatory-pacemaking properties, has been proposed as the possible prime mover in ET,
although this is mainly a physiological construct. Rhythm generating networks (i.e.,
pacemakers) are a non-specific finding, located throughout the mammalian cerebral cortex
and brainstem,38, 39 and their role in the generation of ET, although widely discussed, has
not been empirically demonstrated. Based on cortico-muscular coherence studies, other
investigators have suggested the existence of several rather than one central pacemaker in
ET (i.e., hypothesizing the existence of a complex cortical and subcortical network that is
responsible for tremor),24, 40 yet the precise location of these pacers is not clear.
Furthermore, although these coherence studies posit that the structures in this network could
play some role in the propagation of tremor oscillations, they do not demonstrate that these
structures are involved in tremor generation per se.41

As there are surprisingly few data on the normal microscopic appearance of the ION in
humans, a secondary aim of the study was to establish normal reference data on the neuronal
and glial changes in the ION and their correlations with age. The few existing studies have
provided cell count data rather than clinical/morphometric data.42–45 Paddle-shaped
neurons, which to our knowledge have not been described previously, occurred to an equal
degree in cases and controls, but did correlate with other markers of neuronal loss or gliosis,
and might be a useful metric for future studies of the ION.

While the quantification of the neuronal linear density of the ION was performed without
random, unbiased stereological methods, counting the neuronal nucleolus increases
reliability of results, as it provides a point-like cell identifier in paraffin sections. Also, the
same approach was used in cases and controls, so that it is unlikely that there was any
diagnostically-selective bias.

The study also had several strengths. This is the first detailed, systematic postmortem study
of the ION in ET cases vs. age-matched controls, in which a series of semi-quantitative and
quantitative metrics were used to assess neuronal and glial changes. Also, the study was able
to capitalize on the resources of the ETCBR, which has banked the largest, prospectively-
collected number of ET brains worldwide. Finally, we provide normal reference data on the
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neuronal and glial changes in the ION in elderly controls, their correlations with age, and
their correlations with one another.

Recent postmortem studies have revealed that structural brain changes appear to be an
attribute of ET. The current study, however, failed to detect any differences between ET
cases and controls in terms of morphologic changes in the ION. These data, along with
positron emission tomography data, which have failed to identify any metabolic
involvement of the ION in ET,5, 27, 37 demonstrate that if the ION is involved in the tremor
of ET, there seems to be no clearly identifiable metabolic or structural indication of that.
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Figure 1.
Paddle-shaped neurons in the ION in three ET cases (A – C) and two controls (D – E).
Paddle-shaped neurons have an elongated, handle-like nuclear contour sharply demarcated
from a highly eccentric and rounded cell soma profile (arrows). The more typical
appearance of neurons in ION, with a rounded nucleus and cytoplasm within an overall
rounded cell profile is also shown (A,B,D). Paraffin sections stained with Luxol-fast blue-
H&E, 400× magnification.
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Table 1

Metrics Used to Assess Microscopic Changes in the ION

Metric Data or Ratings

Metrics that assess microscopic neuronal and glial changes in the ION

Segmental loss of neurons
   # of discrete areas that fill 1/3 of 400× field
   # of discrete areas that fill 1/2 of 400× field
   # of discrete areas that fill all of 400× field

Neuronal density 1 = nearly no neurons or no neurons
2 = marked reduction
3 = moderate reduction
4 = mild reduction
5 = normal

# of atrophic neurons

# of paddle-shaped neurons

# of foci of neuronophagia

Gliosis 0 = normal
1 = mild increase
2 = mild to moderate increase
3 = moderate increase
4 = marked increase

# of bizarre astrocytes

Metrics that assess microscopic changes in the white matter input and output tracts of the ION

Pallor of dorsal amiculum 0 = normal
1 = mild pallor
2 = moderate pallor
3 = marked pallor
4 = no myelin

Pallor of ventral amiculum 0 = normal
1 = mild pallor
2 = moderate pallor
3 = marked pallor
4 = no myelin

Pallor of dorsal hilum 0 = normal
1 = mild pallor
2 = moderate pallor
3 = marked pallor
4 = no myelin

Pallor of ventral hilum 0 = normal
1 = mild pallor
2 = moderate pallor
3 = marked pallor
4 = no myelin

Appearance of olivo-cerebellar output fibers as they pass through the medial lemniscus 0 = normal
1 = minimal reduction
2 = mild reduction
3 = moderate reduction
4 = marked reduction
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Table 2

Clinical Characteristics of ET Cases and Controls

ET Cases
N = 14

Controls
N = 15

Significance

Age (years) 83.4 ± 7.6, 67 – 95 83.1 ± 7.4, 67 – 95 p = 0.90 A

Female gender 10 (71.4) 8 (53.3) p = 0.32 B

PMI (hours) 4.1 ± 5.0 8.5 ± 9.9 p = 0.15 A

Brain weight (grams) 1245 ± 157 1224 ± 139 p = 0.70 A

CERAD plaque score p = 0.75 B

     0 7 (50.5) 8 (53.3)

     A 4 (28.6) 4 (26.7)

     B 2 (14.3) 3 (20.0)

     C 1 (7.1) 0 (0.0)

Braak AD stage p = 0.45 B

    0 0 (0.0) 3 (20.0)

    1 5 (35.7) 4 (26.7)

    2 4 (28.6) 3 (20.0)

    3 4 (28.6) 3 (20.0)

    4 1 (7.1) 2 (13.3)

    5 0 (0.0) 0 (0.0)

    6 0 (0.0) 0 (0.0)

Torpedo count (LH&E) Median = 13.0 Median = 3.0 P = 0.04 C

Purkinje cell count (LH&E) 6.4 ± 2.2 8.8 ± 2.2 P = 0.002 A

Basket cell axonal plexus density* P = 0.15 B

     0 0 (0.0) 1 (11.1)

     0.5 0 (0.0) 0 (0.0)

     1 1 (7.1) 0 (0.0)

     1.5 4 (28.6) 1 (11.1)

     2 3 (21.4) 5 (55.6)

     2.5 0 (0.0) 1 (11.1)

     3 6 (42.9) 1 (11.1)

AD (Alzheimer’s disease), CERAD (Consortium to Establish a Registry for AD), LH&E (Luxol Fast Blue counterstained with Hematoxylin and
Eosin), PMI (Postmortem interval).

Unless specified otherwise, values are mean ± standard deviation, range or number (percentage).

A
Student’s t test.

B
Chi-square test.
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C
Mann-Whitney test.

*
Some subjects did not have available data.
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Table 3

Microscopic Changes in the ION in ET Cases vs. Controls

Metric * Cases
(N = 14)

Controls
(N = 15)

Significance

Segmental loss of neurons

     # of discrete areas that fill 1/3 of 400× field 3.3 ± 2.0 3.4 ± 2.7 p = 0.90A

     # of discrete areas that fill 1/2 of 400× field 1.2 ± 1.9 1.8 ± 1.4 p = 0.40A

     # of discrete areas that fill all of 400× field 0.08 ± 0.16 0.03 ± 0.13 p = 0.41A

Neuronal density 0.23B

     Normal 5 (35.7) 8 (53.3)

     Mild reduction 8 (57.1) 7 (46.7)

     Moderate reduction 1 (7.1) 0 (0.0)

     Nearly no neurons/no neurons 0 (0.0) 0 (0.0)

# of atrophic neurons 8.7 ± 3.9 6.9 ± 4.9 0.27A

# of paddle-shaped neurons 9.0 ± 6.3 9.4 ± 7.5 0.89A

# of foci of neuronophagia 0.19 ± 0.36 0.12 ± 0.35 0.62A

Gliosis 1.00C

     Normal 5 (35.7) 7 (46.7)

     Mild increase 5 (35.7) 7 (46.7)

     Mild to moderate increase 2 (14.3) 1 (6.7)

     Moderate increase 2 (14.3) 0 (0.0)

     Marked increase 0 (0.0) 0 (0.0)

# of bizarre astrocytes Median = 0 Median = 0 0.83D

ION Linear Neuronal Density 9.4 ± 3.2 8.8 ± 3.1 0.62A

A
Student’s t test,

B
Chi-square test,

C
Fisher’s Exact test,

D
Mann-Whitney test

*
Data on metrics that assess microscopic changes in the white matter input and output tracts of the ION (pallor of dorsal amiculum, pallor of

ventral amiculum, pallor of dorsal hilum, pallor of ventral hilum, appearance of olivo-cerebellar output fibers as they pass through the medial
lemniscus) are not presented in this table as the ratings for each were 0 (normal) in all cases and all controls.
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