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Abstract
Objective—Prior work has showed that nigral neuron density is related to the severity of
parkinsonism proximate to death in older persons without a clinical diagnosis of Parkinson’s
disease (PD). We tested the hypothesis that neuron density in other brainstem aminergic nuclei is
also related to the severity of parkinsonism.

Design—We studied brain autopsies from 125 deceased older adults without PD enrolled in the
Memory and Aging Project, a clinical-pathologic investigation. Parkinsonism was assessed with a
modified version of the Unified Parkinson’s Disease Rating Scale (UPDRS). We measured neuron
density in the substantia nigra, ventral tegmental area, locus coeruleus and dorsal raphe; and
postmortem indices of Lewy body Alzheimer’s disease and cerebrovascular pathologies.
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Results—Mean age at death was 88.0 and global parkinsonism was 14.8 (SD=9.50). In a series
of regression models which controlled for demographics and neuron density in the substantia
nigra, neuron density in the locus coeruleus (Estimate, −0.261, S.E., 0.117, p=0.028) but not in the
ventral tegmental area or dorsal raphe was associated with the severity of global parkinsonism
proximate to death. These findings were unchanged in models which controlled for post-mortem
interval, whole brain weight and other common neuropathologies including Alzheimer’s disease
and Lewy body pathology and cerebrovascular vascular pathologies.

Conclusion—In older adults without a clinical diagnosis of PD, neuron density in locus
coeruleus nuclei is associated with the severity of parkinsonism and may contribute to late-life
motor impairments.
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INTRODUCTION
Mild parkinsonian signs may be present in up to half of community-dwelling older persons
without Parkinson’s disease (PD) by age 85 and are associated with a wide range of adverse
health outcomes. 1–4 Most information about the neuropathology underlying parkinsonian
signs comes from studies of persons with PD.5 The essential neuropathology of PD includes
neuronal loss of nigral melanin-pigmented dopaminergic neurons, one of several aminergic
nuclei located in the brainstem, with associated Lewy body pathology.6 However, both PET
scans and post-mortem studies in persons with PD demonstrate neuronal loss in other
brainstem aminergic nuclei.6–8 Several reports including one from this cohort reported that
nigral neuron density in older adults without PD is associated with the severity of
parkinsonism. 6,9–11 However, the nigra only accounts for only a small amount of the
variance of parkinsonism raising the possibility that other degeneration of other brainstem
aminergic nuclei which express Lewy body pathology contribute to the severity of
parkinsonism in older adults.

The current study extends prior work by examining the hypothesis that neuron density in
other brainstem aminergic nuclei is related to the severity of parkinsonism using clinical and
post-mortem data from 125 cases in the Memory and Aging Project without a history of
PD.12 First, we examined whether neuron density in other aminergic nuclei had independent
effects with parkinsonism controlling for substantia nigra neuron density. Then we
examined whether these associations were attenuated when controlling for other common
neuropathologies which are also associated with parkinsonism in older adults.

METHODS
Subjects

Participants were from the Memory and Aging Project approved by the Institutional Review
Board of Rush University Medical Center. Each subject signed an informed consent for
annual exam and an anatomic gift act for donation of brain at the time of death.12 At the
time of these analyses complete post-mortem data were available for 128 cases and 3 cases
with a history of PD were excluded.

Clinical Evaluation and Assessment of Parkinsonian Signs
Participants underwent a uniform structured clinical evaluation each year that included a
medical history, neurologic examination, and neuropsychological performance tests.12

Trained nurse clinicians administered a 26-item mUPDRS.13 Four previously established
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parkinsonian sign scores were derived and scaled from 0 to 100 and aglobal parkinsonian
sign score was constructed by averaging these four scores.13 The average interval between
last clinical examination and death was on average 11.1 months (SD = 11.00).

Post-Mortem Evaluation
The average postmortem interval was 6.91 hours (SD = 4.29 hours) and brains weighed
1161gm (SD=123.0 gm). A complete neuropathologic evaluation was performed as
previously described.9

Aminergic Nuclei Neuron Density—Four transverse blocks of fixed tissue were taken
at the brainstem levels illustrated in Figure 1A.14 Tissue blocks were embedded in paraffin.
The 6 μm sections were stained with Hematoxylin-eosin (HE) and used to delineate and
outline the regions of interest. We used 20 μm sections to perform immunohistochemistry
with tyrosine hydroxylase (Immunostar or DAB, Hudson, WI) to identify neurons in the
substantia nigra, paranigral nucleus and locus coeruleus with alkaline phosphatase as the
chromogen. Serotonergic neurons in the dorsal raphe were identified using an anti-
tryptophan hydroxylase monoclonal antibody (Sigma Chemical Co., St. Louis, MO) with
diaminobenzidine as the chromogen. The regions of interest which were then outlined using
software available on Stereo Investigator Program (MBF Biosciences, Williston, VT)
attached to an Olympus BX60 microscope equipped with a motorized stage. All neurons
counted in each of these 4 regions were divided by the area of the region to obtain the
neuron density/μm2, the primary measure used in these analyses. Figure 1 contrast high and
low neuron density in the substantia nigra (Figure 1B and 1C) and locus coeruleus (Figure
1D and 1E).

Other Common Neuropathologies—Lewy bodies were identified in 6 μm sections
with a mouse phosphorylated alpha-synuclein antibody (Wako Chemicals USA Inc,
Richmond, VA) using alkaline phosphatase as the chromogen.9 The presence of Lewy
bodies in any of these sites was considered sufficient for Lewy body pathology positivity. A
composite measure of AD pathology was based on counts of neuritic plaques, diffuse
plaques, and neurofibrillary tangles visualized with Bielschowsky silver stain.9 PHFtau was
labeled with an antibody specific for phosphorylated tau (AT8, Innogenetics, San Ramon,
CA, 1:1000) and its overall burden was quantified.15 Post-mortem indices of
cerebrovascular pathologies included macroinfarcts, microinfarcts, and arteriolosclerosis
were collected.9 The presence or absence of macroinfarcts and microinfarcts was used as a
covariate in these analyses.

Statistical Analysis
The global parkinsonian sign score, the gait score and bradykinesia had positively skewed
distributions and were subjected to a square root transformation, and the transformed scores
were used as outcome variables in all analyses. Rigidity, and tremor were relatively
infrequent and so were treated as present or absent in analyses. We used Spearman
correlations to examine the interrelationship between neuron densities in the 4 aminergic
nuclei. In our primary analyses, we employed separate regression analyses controlling for
age, sex and education, to document the association of neuron density in the aminergic
nuclei with global parkinsonism. A similar analytic approach was employed to examine the
association of neuron density with each of the four individual parkinsonian signs. Age and
neuron density in the four aminergic nuclei were standardized to facilitate comparison of
parameter estimate in these analyses. We used linear regression models to examine
parkinsonian gait and bradykinesia and logistic regressions for presence or absence of
tremor and rigidity. Model assumptions of linearity, normality, independence of errors, and
homoscedasticity of errors were examined graphically and analytically and were adequately
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met. All analyses were carried out using SAS/STAT software Version 9 (SAS Institute Inc.,
Cary, NC) on a Hewlett Packard ProLiant ML350 server running LINUX. 16

RESULTS
Summary of Parkinsonian Signs and Aminergic Nuclei Neuron Density

These analyses included 125 cases. Clinical characteristics at their last visit and post-mortem
indices are included in Table 1. Global parkinsonism was associated with age and education
but not with sex (Table 2, Model 1).

Neuron densities in the aminergic nuclei (Table 1) were highly correlated with pairwise
correlations between r=0.66 to r=0.84. Neuron density in the substantia nigra was highly
associated with neuron density in the ventral tegmental area (r=0.84, p<0.001); dorsal raphe
(r=0.81, p<0.001) and locus coeruleus (r=0.84, p<0.001). Neuron density in the ventral
tegmental area was related to neuron density in the dorsal raphe (r=0.76, p<0.001) and locus
coeruleus (r=0.66, p<0.001). Neuron density in the dorsal raphe was correlated with neuron
density in the locus coeruleus (r=0.69, p<0.001).

Aminergic Nuclei Neuron Density and Global Parkinsonism
We examined global parkinsonism as a function of neuron density in each of the other
aminergic nuclei in separate regression analyses. We used the adjusted R2 to convey the
strength of the association. The core model which included terms for age, sex, education and
substantia nigra neuron density explained 10.9% of the variance of global parkinsonism
(Table 2, Model A). Neuron density in the locus coeruleus showed an independent
association with global parkinsonism and explained an additional 6% of the variance of
global parkinsonism as compared to the core model (Table 2, Model D versus Model A). By
contrast, neuron density in the ventral tegmental area and dorsal raphe were not related to
the level of global parkinsonism (Table 2, Models B and C). In a final model, neuron density
in locus coeruleus remained associated with global parkinsonism when controlling for
demographics and neuron density in the substantia nigra, VTA and dorsal raphe in a single
model (Table 2, Model E).

Neuron density in locus coeruleus remained associated with parkinsonism when controlling
for the post-mortem interval (Estimate; −0.262, S.E., 0.117, p=0.027) and the weight of
brains at the time of autopsy (Estimate, −0.246, S.E., 0.117, p=0.037).

Aminergic Nuclei Neuron Density, Common Neuropathologies and Global Parkinsonism
The assessment of both Lewy body pathology and neuronal loss in the aminergic nuclei is
essential for the post-mortem staging of PD.6 While none of the cases in this study had a
clinical diagnosis of PD, we examined whether neuron density in the substantia nigra and
locus coeruleus remained associated with global parkinsonism when we controlled for the
presence of Lewy body pathology. The estimates for the associations of neuron density in
the substantia nigra and locus coeruleus with global parkinsonism remained unchanged after
adding a term for Lewy body pathology (Table 3, Model B versus Model A)

Prior work suggests that global parkinsonism is associated with other common
neuropathologies.9 Therefore we examined we examined whether the association of neuron
density in the substantia nigra and locus coeruleus and global parkinsonism was attenuated
when we controlled for the presence of a composite measure of AD pathology,
macroinfarcts, microinfarcts and arteriolosclerosis. The estimates for the associations of
both substantia nigra and locus coeruleus with the severity of parkinsonism proximate to
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death remained unchanged when controlling for each of these pathologies (Table 3, Models
C, D, E and F compared to Model A).

In further analyses, we added terms to model B (Table 3) to control for CERAD score [2.5
(SD=1.11)] and the overall burden of tau tangles. Adding these terms did not affect the
association of substantia nigra and locus coeruleus neuron density with parkinsonism
(results not shown).

In a final model, which included all the pathologies in a single model the association of
neuron density in the substantia nigra and parkinsonism was attenuated and no longer
significant. In contrast, neuron density in the locus coeruleus remained associated with
parkinsonism (Table 3, Model G).

Aminergic Nuclei Neuron Density and Individual Parkinsonian Signs
Next we examined the association of neuron density in aminergic nuclei and the individual
parkinsonian signs controlling for age, sex, education and substantia nigra neuron density.
Neuron density in the locus coeruleus showed a trend for an association with (Estimate
−0.390, S.E., 0.203, p=0.057) the level of bradykinesia proximate to death, but not to
parkinsonian gait, rigidity or tremor (results not shown).

DISCUSSION
This clinical-autopsy study of 125 older adults without PD, extends prior work which
focused on nigral neuron density by examining the association of neuron density in 3
additional aminergic nuclei with the severity of parkinsonism proximate to death. Although
neuron density in these aminergic nuclei was highly correlated, only neuron density in the
locus coeruleus showed an independent association with the severity of global parkinsonism
and bradykinesia proximate to death. This association persisted even when we controlled for
AD and Lewy body pathology and several cerebrovascular pathologies that have been
reported to be associated with the severity of parkinsonism. These findings suggest that
neuron density in the locus coeruleus contributes to the development of mild parkinsonian
signs in older adults without PD.

Mild parkinsonian signs are common affecting up to 50% of older adults by age 85 and
associated with a wide range of adverse health outcomes.1–4 These impairments can be
expected to affect an increasing number of older adults given the projected aging of our
population, anticipated to grow from 40 million persons over age 65 in the US to more than
70 million persons over 65 in 2030.17 With a public health problem of this magnitude, it is
essential to understand its underlying neuropathology to facilitate the development of
effective interventions. Few studies have investigated the neuropathology of parkinsonian
signs in older persons without PD. An earlier study reported that neuronal loss occurs in
older persons with incidental Lewy bodies and controls without PD, but did not assess signs
of parkinsonism. 11 Several recent studies including one study in the current cohort, reported
that nigral neuronal loss is associated with the severity of parkinsonian signs in older adults
without clinical PD but only accounted for a small amount of the variance of
parkinsonism.9,10 These reports linking PD pathology in the substantia nigra with late-life
parkinsonian signs suggest that investigations of other anatomic sites affected by Lewy body
pathology might also contribute to parkinsonian signs in older persons without PD.

The relationship between idiopathic PD and late-life mild parkinsonian signs is not clear.
Recent work supports the notion that Lewy body pathology accumulates throughout the
nervous system over many years, although the clinical symptoms are not severe enough to
warrant a clinical diagnosis of PD.8 Furthermore, there appears to be a topographic
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selectively of neuronal loss within affected regions.11 Neuronal loss in traditional PD is not
limited to dopaminergic nigral neurons, one of several aminergic nuclei located in the
brainstem. Neurotransmitters for aminergic neurons are derived from aromatic amino acids
including tyrosine (precursor of dopamine) or tryptophan (precursor of serotonin).
Dopamine and serotonin are synthesized in the CNS through a common enzyme aromatic
amino acid decarboxylase and in noradrenergic neurons, dopamine is the precursor for the
synthesis of norepinephrine.18 Both ante-mortem PET scans and post-mortem studies
demonstrate that during its course PD also affects other aminergic nuclei including
noradrenergic neurons in the locus coeruleus and serotonergic neurons in the dorsal
raphe.6–8 The contribution of pathology in other aminergic nuclei to clinical manifestations
of PD is unclear.

The current study extends prior studies of the pathologic basis of parkinsonism in older
adults without PD in several important ways. First it shows that neuron density in locus
coeruleus is associated with the severity of parkinsonism and bradykinesia proximate to
death, in addition to nigral neuron density. While the intercorrelation of neuron density was
high among the 4 aminergic nuclei examined in this study, only neuron density in the locus
coeruleus showed an independent association with was the severity of parkinsonism when
controlling for substantia nigra neuron density. These findings suggest that investigations of
other sites in the brainstem and spinal cord which have been reported to be affected in
traditional PD may also be associated with mild parkinsonian signs in older adults without
PD. Additional studies employing a wider range of non-motor clinical functions which have
been reported to be affected in traditional PD would be useful for determining the clinical
consequences of neuron density in the dorsal raphe and ventral tegmental area. Finally, these
findings support the notion that both the location within the CNS as well as the burden of
PD pathology may be important determinants of the severity of clinical symptoms in older
persons without a clinical diagnosis of PD.

An important finding in the current study is that locus coeruleus neuron density accounted
for more of the variance of parkinsonism than neuron density of the substantia nigra (6%
versus 2.5%) despite the well known link between motor symptoms and nigral pathology
(Table 2 model D versus model A). Nonetheless, when considered together neuron density
in the locus coeruleus and substantia nigra showed an additive effect together accounting
almost 8.5 % of the variance of global parkinsonian score (Table 3 Model D ) which is about
the same amount of variance accounted for by age, sex and education in a model alone
(Table 2, Demographic). These findings have important translational implications since they
suggest that neuron density in both the substantia nigra and locus coeruleus may be
unrecognized contributors to the development of mild parkinsonian signs in older persons
without PD.19–21 These data also underscore that further investigations of other non-nigral
sites known to be affected in traditional PD may contribute to a fuller understanding of the
pathologic substrate which underlies parkinsonian signs in older adults without a clinical
diagnosis of PD.

The physiologic basis for the association between locus coeruleus neuron density and
parkinsonism in the current study is uncertain. Locus coeruleus modulates the survival of
nigral dopaminergic neurons and may affect symptoms in PD through modulation of
nigrostriatal function.22 Further, recent studies have suggested a link between locus
coeruleus and rest tremor.23 The major roles of the locus coeruleus-noradrenergic system
involve arousal, attention and response to stress. For example, changes in firing of locus
coeruleus neurons anticipate a wide range of behavioral changes including wake/sleep,
focused attention and accurate task performances.24 These attentional functions of locus
coeruleus might also account for its association with the severity of parkinsonism, especially
bradykinesia, in the current study. Finally, a recent study using an adeno-associated viral
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vector documented that locus coeruleus cells project to the ventral horn of the spinal cord
suggesting a pathway which might explain the association with motor function observed in
this study.25

Our results also suggest that neuron density in the substantia nigra and locus coeruleus are
not the only cause of parkinsonism in old age, since Lewy body pathology and
cerebrovascular pathologies measured in other brain regions were also associated with the
severity of parkinsonism (Table 3). It is important to note that while these findings were
statistically significant, these pathologies together with demographics explain less than 25%
of the variance of parkinsonism (Table 3, Model G). There are several reasons why our
study may have underestimated the contributions of these pathologies to mild parkinsonian
signs in old age. First, the post-mortem indices for AD pathology were preferentially
collected from traditional cognitive-related brain regions rather than motor-related cortical
regions and it would be important to examine the contribution of tau tangles in the aminergic
nuclei. Second other motor-related regions rostral and caudal to the substantia nigra were
not examined and like the locus coeruleus are likely to make separate contributions to the
severity of parkinsonism.8,26 Furthermore other known pathologies such as white matter loss
were not measured. Finally it should also be noted that the link between locus coeruleus and
parkinsonism might reflect regional neuronal loss in the pontine tegmentum and could be a
marker for neuronal loss in other nearby structures like the pedunculopontine nucleus.
Further studies are needed to replicate these findings and to determine the degree to which
subclinical accumulation of other neuropathologies contribute to development of
parkinsonian signs in old age.

There are several strengths to the study, including the community-based cohort with large
numbers of women and men coming to autopsy following high rates of clinical follow-up
and high autopsy rates. Uniform structured clinical procedures were used that included a
detailed quantitative assessment of parkinsonian signs that has been widely used in other
studies. Uniform structured post-mortem procedures were also used that assessed several
common neuropathologies as well as several post-mortem indices of PD including brainstem
aminergic nuclei. Stereology for total number of neurons in aminergic nuclei was not done
in the current study. However, the approach employed allowed for high-throughput
estimation of neuron density in multiple brainstem sites suitable for correlation analyses in
large-scale studies. Thus, results of the current study could be confounded by age-related
neuron and neuropil loss, which could variably attenuate the density values. Finally, all
examiners were blinded to previous evaluations and the results of brain autopsy, and
neuropathologic evaluation was performed blinded to the clinical data, reducing the
potential for bias.
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Figure 1. Locations of the Brainstem Tissue Blocks Containing Aminergic Nuclei
A. The cerebellum has been removed to show the posterior aspect of the brain stem
extending from the level of the superior colliculi rostrally to the obex caudally. The
locations of the tissue blocks from which neuron density of substantia nigra, ventral
tegmental area, locus coeruleus and dorsal raphe aminergic nuclei were obtained are shown.
The black lines indicate the caudal aspect of the block. The first block was taken from the
midbrain at the level of the exiting 3rd nerve fibers, and included (part of) the substantia
nigra and paranigral nucleus of the ventral tegmental area. The second block at the level of
the trochlear nucleus and the decussation of the superior cerebellar peduncles contained the
rostral dorsal raphe nucleus. The third block, adjacent to the 2nd block, included the caudal
dorsal raphe nucleus and the rostral locus coeruleus nuclei. The fourth block contained the
main body of the locus coeruleus. B and C contrast low and high neuron density in the
substantia nigra. D and E contrast low and high neuron density in the locus coeruleus.
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Table 1

Clinical Characteristics and Post-Mortem Indices (N=125)

Variable Mean (SD) or N (%)

 Age at Death (years) 88.0 (5.75)

  Sex (female) 84 (67.2%)

 White, non-Hispanic (N, %) 121 (96.8%)

 Education (years) 14.5 (2.64)

 Last Mini-mental Status (max 30) 24.6 (6.36)

GLOBAL PARKINSONISM (max 100) 14.8 (9.50)

 Parkinsonian gait (max 100) 36.0 (20.48)

 Rigidity (max 100) 7.4 (13.89)

 Tremor (max 100) 2.6 (4.13)

 Bradykinesia (max 100) 16.5 (13.12)

POST-MORTEM INDICES

 Aminergic Nuclei (neuron density/μm2)

  Substantia Nigra 31.2 (10.10)

  Ventral Tegmental Area 95.5 (44.35)

  Dorsal Raphe 102.5(25.56)

  Locus Coeruleus 41.1 (14.71)

 Lewy body pathology 27 (22.2%)

 Alzheimer’s pathology (summary) 0.56 (0.50)

 Tau tangles 5.3 (5.77)

 Chronic macroinfarct 35 (28.0%)

 Chronic microinfarct 26 (20.8%)

 Arteriolosclerosis (moderate-severe) 50 (40.0%)
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