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AB S TRA C T

Background: The pathological hallmarks of Parkinson’s disease include intra-

neuronal Lewy bodies, neuronal loss, and gliosis. We aim to correlate

Parkinson’s disease neuropsychiatric symptoms, (e.g., depression, psychosis,

and anxiety) with the severity of neuropathology in the substantia nigra and

locus coeruleus.Methods: The brains of 175 participants with a primary patho-

logic diagnosis of Parkinson’s disease were analyzed semi-quantitatively to

ascertain the burden of neuronal loss and gliosis and Lewy body pathology

within the locus coeruleus and substantia nigra. Participants’ history of anxi-

ety, depression, and psychosis were determined using a chart-extracted medical

history or record of formal psychiatric evaluation. Results: Of the sample, 56%

(n = 98), 50% (n = 88), and 31.25% (n = 55) of subjects had a diagnosis of psy-

chosis, depression, and anxiety, respectively. Psychosis (x2 = 7.1, p = 0.008,

df = 1) and depression (x2 = 7.2, p = 0.007, df = 1) were associated with severe
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neuronal loss and gliosis in the substantia nigra but not in the locus coeruleus.

No association was observed between anxiety and neuronal loss and gliosis in

either region. No neuropsychiatric symptoms were associated with Lewy body

score. After controlling for disease duration and dementia, psychosis (odds

ratio [OR]: 3.1, 95% confidence interval [CI]: 1.5−6.4, x2 = 9.4, p = 0.012, df = 1)

and depression (OR: 2.6, 95% CI: 1.3−5.0, x2 = 7.9, p = 0.005, df = 1) remained

associated with severe neuronal loss and gliosis in the substantia nigra.

Conclusion: These results suggest that psychosis and depression in Parkinson’s

disease are associated with the underlying neurodegenerative process and demon-

strate that cell loss and gliosis may be a better marker of neuropsychiatric symp-

toms than Lewy body pathology. (Am J Geriatr Psychiatry 2021; 29:958−968)
Highlights

� What is the primary question addressed by this study?
Do Parkinson’s disease neuropsychiatric symptoms (depression, anxiety, and psychosis) correlate
with neuronal loss/gliosis and Lewy body pathology in the substantia nigra and locus coeruleus?

� What is the main finding of this study?
Depression and psychosis, but not anxiety, were associated with neuronal loss/gliosis in the substan-
tia nigra after controlling for disease duration and dementia. No neuropsychiatric symptoms were
associated with Lewy body score.

� What is the meaning of the finding?
Neuronal loss/gliosis may be a better histopathological marker for neuropsychiatric symptoms in Par-
kinson’s disease than Lewy body pathology.
INTRODUCTION

P arkinson’s disease (PD) is the second most com-
mon neurodegenerative disorder after Alzheim-

er's disease, affecting 1%−2% of the population older
than 60.1 PD is characterized by progressive motor
symptoms as well as resting tremor, and rigidity,2 and
is often comorbid with neuropsychiatric features, the
most common including depression, psychosis, and
anxiety.3 Neuropsychiatric symptoms in PD negatively
impact quality of life, reduce daily functioning, and
increase caregiver burden even in early stages of the
disease.4 The neuropathology of PD is hallmarked by
two significant findings: 1) selective dopaminergic neu-
ron loss in the substantia nigra pars compacta (SN),
and 2) intracellular aggregates of misfolded alpha-syn-
uclein and other proteins, termed Lewy bodies.5

Prior research has linked motor subtypes, tremor-
dominant and akinetic-rigid subtypes of PD, to neu-
ronal loss/gliosis within the locus coeruleus (LC) and
21
SN.6,7 Similarly, a higher degree of gliosis in the SN
has been linked to depression in PD.8 There also has
been growing evidence from pathology and imaging
studies suggesting that loss of dopamine and
noradrenaline neurons of the LC is involved in the
clinical expression of depression in PD.9,10 A histo-
pathological analysis of the LC and SN, therefore,
could build upon these results and further solidify
the role of these structures in PD depression. Post-
mortem studies have investigated potential links
between visual hallucinations and pathology within
the LC and SN, yet have found no such associations.11

Despite the disproportionately high prevalence of
anxiety in PD and its adverse effects on quality of life,
caregiver dependency, and distress,12,13 no prior
research has explored its pathological correlates.

Braak et al. hypothesized that the spread of Lewy
bodies through the brain might predate the progression
of clinical symptoms in PD.14 However, several studies
have shown intracellular Lewy bodies correlate poorly
with nigral neuronal density and in-vivo clinical
959



TABLE 1. Primary and Associated Diagnoses

Primary Pathological
Diagnosis

Primary Clinical-
Pathological Diagnosis Associated Pathological Findings n

Lewy body disease (n = 175) Parkinson’s disease (n = 62,
35%)

None 42
Primary age-related tauopathy 2
Low-level Alzheimer disease pathology 13
Non-Alzheimer disease tauopathy 1
Progressive supranuclear palsy and low-level Alzheimer disease
pathology

1

Neurofibrillary degeneration 3
Parkinson’s disease with
dementia (n = 109, 63%)

None 34
Primary age-related tauopathy 2
Low-level Alzheimer disease pathology 16
Intermediate-level Alzheimer disease pathology 31
High-level Alzheimer disease pathology 14
Progressive supranuclear palsy 1
Frontotemporal lobar degeneration 1
Neurofibrillary degeneration 1
Cerebrovascular disease 5
Cerebrovascular disease, intermediate-level Alzheimer disease
pathology

1

Cerebrovascular disease, high-level Alzheimer disease pathology 2
Low-level multiple system atrophy pathology, intermediate-level Alz-
heimer disease pathology

1

Dementia with Lewy bodies
(n = 4, 2%)

None 1
Intermediate-level Alzheimer disease pathology 2
High-level Alzheimer disease pathology 1

Brainstem Pathologies Correlate With Depression and Psychosis
symptoms such as rigidity, akinesia, motor function,
and disease duration.15−19 In contrast, close correlations
were observed between SN neuronal density and
severity of bradykinesia and rigidity.18,19 Due to the
demonstrated significance of neuronal loss in the path-
ogenesis of some clinical symptoms in PD, we predict
neuronal loss, rather than Lewy body pathology may
be a more reliable marker of disease impact.

Evaluating the associations between regional Lewy
body scores, neuronal loss/gliosis and the most
impactful neuropsychiatric symptoms of PD would
contribute to the understanding of their pathophysio-
logic mechanisms and allow further exploration of
the involved neurochemical substrates and networks.
The goal of this analysis is to evaluate associations
between depression, psychosis, and anxiety and the
severity of Lewy body score and neuronal loss in the
SN and LC in a large cohort of PD patients.
METHODS

Participants

The Morris K. Udall Parkinson’s Disease Research
Center at the Johns Hopkins School of Medicine
960
includes an ongoing longitudinal research program,
initiated in 1998, which follows patients with PD,
healthy controls, and individuals with related move-
ment disorders. These studies in the program are
approved by the Johns Hopkins Institutional Review
Board (NA_00032761). Participants are recruited from
tertiary care clinics, community practices, and area
support groups. Written informed consent is obtained
from all participants or their legally authorized repre-
sentatives. Included in these studies is a brain dona-
tion registry for individuals wishing to donate their
brain for PD research. The program includes two sep-
arate arms: one in which participants are evaluated in
person every 2 years, and one in which participants
are followed remotely via telephone and mail every 2
−3 years. Both study arms include the collection of
medical records and the eventual donation of partici-
pants’ brains upon their deaths. For participants eval-
uated during in-person visits (n = 51), movement
disorders-trained study physicians perform serial
clinical assessments to ascertain the presence of
depression, psychosis, anxiety, and dementia at base-
line and longitudinally every 2 years using formal
Diagnostic and Statistical Manual of Mental Disor-
ders-IV-TR (DSM-IV-TR) criteria. Participants fol-
lowed remotely (n = 124) were assessed for the
Am J Geriatr Psychiatry 29:9, September 2021



FIGURE 1. Representative micrographs of Lewy bodies in the substantia nigra and locus coeruleus. Lewy bodies are identified by
Hematoxylin & Eosin staining and immunohistochemistry for alpha-synuclein to reveal a Lewy body score. Scores of 1, 2, and 3 sig-
nified a “sparse,” “moderate,” and “severe” degree of Lewy bodies, respectively. Representative images for the scoring system are
displayed here.

Fischer et al.
presence of psychiatric symptomology (depression,
anxiety, and psychosis) via completed questionnaires
and/or histories extracted from neurology, primary
care, or nursing facility notes when available.

The analysis presented here is a retrospective
investigation of a histopathologic database, and
includes 175 autopsied participants with a primary
pathological diagnosis of idiopathic PD. Those with
comorbid secondary diagnoses such as Alzheimer’s
disease, cerebrovascular disease, and progressive
supranuclear palsy were also included (Table 1).
Pathology

Autopsies were conducted by the Johns Hopkins
Division of Neuropathology. The procedure for speci-
men preparation and staining has been previously
described.20 The diagnostic formulation and neuro-
pathological assessment followed the recommenda-
tions of the third report of the Dementia with Lewy
Bodies consortium.21 A standardized dissection pro-
tocol was employed to examine the same anatomical
regions within the LC and SN in all participants.
Lewy bodies are identified by Hematoxylin &
Eosin staining and immunohistochemistry for alpha-
synuclein to reveal a Lewy body score, which was
quantified according to consensus criteria.22 We semi-
quantitatively assessed for severity of Lewy body
Am J Geriatr Psychiatry 29:9, September 2021
pathology (range 0−3) and neuronal loss/gliosis
(“none,” “mild to moderate,” or “severe”) in the LC
and SN. Scores of 1,2, and 3 signified a sparse, moder-
ate, and severe degree of Lewy bodies, respectively
(Fig. 1). If Lewy bodies were absent in the first slice
on H&E staining, subsequent slices (up to three) were
analyzed for the presence of Lewy bodies and their
density using anti-alpha synuclein stained slices.
Statistical Methods

Lewy body scores and neuronal loss/gliosis severity
were compared between participants with and without
depression, psychosis and anxiety using Chi-squared
analyses (Tables 2 and 3). Multiple logistic regression
was used to control for disease duration and dementia.
(Table 4). p-Values were adjusted to correct for multiple
comparisons using the Holmmethod.23

RESULTS

The majority of the sample (n = 175) was male
(67.4%) and Caucasian (97.8%). The mean age of PD
onset was 62.4 years (SD: 10.57, range: 28−87). The
mean duration of illness was 16.0 years (SD: 6.8,
range: 3−34 years). The average age at death was 78.0
(SD: 7.78, range: 55−95). Hoehn and Yahr (H&Y)
961



TABLE 2. Neuronal Loss/Gliosis (NLG) and Their Association With Neuropsychiatric Symptoms (NPS) and Lewy Body
Score

y Differences between groups were compared using x2 analysis,
a p-Values adjusted to correct for multiple comparisons using the Holm method.

Brainstem Pathologies Correlate With Depression and Psychosis
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TABLE 3. Neuropsychiatric Symptoms Do Not Correlate With Lewy Body Score

y Differences between groups were compared using x2 analysis.
a p-Values adjusted to correct for multiple comparisons using the Holm method.

Fischer et al.
staging was not standardly assessed; however, based
on available data, the proportion of participants with
a H&Y score of lower than or equal to 3 was 57.6%
(n = 34) and the proportion of subjects with a score
higher than 3 was 42.4% (n = 25). The mean duration
of follow-up for participants in our cohort was
7.1 years (SD: 7.72, range: 0−17.8 years). The mean
Am J Geriatr Psychiatry 29:9, September 2021
elapsed time between the last evaluation and autopsy
was approximately 2 years and 9 months. Of the sam-
ple, 50% of subjects (n = 88) had an antemortem diag-
nosis of depression, 31.25% (n = 55) with anxiety, and
56.0% (n = 98) with psychosis. Of the 175 participants
in the study, our final sample for analysis of LC
pathology included the 120 participants with data for
963



TABLE 4. Neuropsychiatric Symptoms (NPS) and Neuronal Loss and Gliosis (NLG) After Adjusting for Disease Duration and
Dementia

y p-Values for multiple logistic regression analyses.
a p-Values adjusted to correct for 6 comparisons using the Holm method.

Brainstem Pathologies Correlate With Depression and Psychosis
the degree of neuronal loss/gliosis in the LC. Simi-
larly, analysis of the SN pathology included 153 par-
ticipants with data for the degree of neuronal loss/
gliosis within the SN. Similarly, the 105 participants
with Lewy body pathology data in the SN were used
to investigate the association between SN Lewy body
pathology and neuropsychiatric symptoms, while the
86 participants with information regarding Lewy
body pathology in the LC were used to investigate
potential clinicopathological correlates to neuropsy-
chiatric symptoms. Regarding neuropsychiatric
symptoms, 88 patients in our sample were classified
as depressed using DSM-IV-TR criteria (n = 31) and
retrospective chart review (n = 57). A total of 55
patients were considered anxious (n = 53) by DSM-
IV-TR criteria (n = 13) and chart review (n = 42).
Finally, 98 patients were deemed to have psychosis
964
by DSM-IV-criteria (n = 30) and by chart review
(n = 68).

On x2 analysis, a history of psychosis was signifi-
cantly associated with severe neuronal loss/gliosis in
the LC (x2 = 6.2, p = 0.048, degrees of freedom (df) = 1)
and SN (x2 = 7.1, p = 0.042, df = 1). Depression was
also linked to severe neuronal loss/gliosis in the SN
(x2 = 7.2, p = 0.042, df = 1) but not in the LC. Finally,
the analysis comparing anxious to nonanxious partici-
pants found no significant differences between neuro-
nal loss/gliosis severity in either region (Table 2).

Based on available autopsy data, we performed
secondary analyses using Lewy body density in place
of neuronal loss/gliosis. We had Lewy body density
scores for the LC in 86 of 120 participants anlyzed for
LC neuronal loss/gliosis and in 105 of the 153 SN
neuronal loss/gliosis participants. Lewy body score
Am J Geriatr Psychiatry 29:9, September 2021
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was not associated with any neuropsychiatric symp-
tom (Table 3). Furthemore, neuronal loss/gliosis
severity did not correlate with Lewy body score.
When multiple logistic regression was used to control
for disease duration and dementia presence, psycho-
sis remained significantly associated with severe neu-
ronal loss/gliosis in the SN (odds ratio [OR] 3.1, 95%
confidence interval [CI]: 1.5−6.4, x2 = 9.4, p =0.012,
df = 1), but not in the LC (OR: 2.9, 95% CI: 1.3−6.8,
x2 = 6.1, p =0.052, df = 1). Depression also remained
significantly associated with severe neuronal loss/
gliosis in the SN on multiple logistic regression (OR:
2.6, 95% CI: 1.3−5.0, x2 = 7.85, p =0.025, df = 1;
Table 4).

DISCUSSION

This clinicopathological investigation, conducted
in a markedly large brain autopsy cohort, found
patients with PD and a history of psychosis were
more likely to have severe neuronal loss/gliosis in
the SN than did those without a history of psychosis.
Depression was also linked to severe neuronal loss/
gliosis in the SN. These findings remained significant
after controlling for disease duration and dementia
diagnosis. Anxiety was not associated with neuronal
loss/gliosis severity in either region. No neuropsychi-
atric symptoms were associated with Lewy body
score in either the SN or the LC.

Psychosis, most commonly represented by visual
hallucinations, is a common neuropsychiatric symp-
tom of PD that classically manifests later in the dis-
ease and is likely due to a complex interplay of
medication effects (e.g., dopaminergic compounds)
and disease-related factors.24,25 An integrated model
has been proposed that includes impaired visual
input and central visual processing, impaired brain-
stem regulation of sleep−wake cycle with fluctuating
vigilance, intrusion of rapid eye movement dream
imagery into wakefulness and emergence of inter-
nally generated imagery, cognitive dysfunction, and
influence of dopaminergic drugs.26 The lack of clear
clinical causality makes the pathology of PD psycho-
sis an area of keen interest. An early investigation
linked elevated Lewy body density in the basolateral
nucleus of the amygdala to formed visual hallucina-
tions in PD (n = 18).27 A more recent investigation
using autopsy data from 94 participants did not find
Am J Geriatr Psychiatry 29:9, September 2021
Lewy body pathology in the SN or LC to be associ-
ated with visual hallucinations, but did report associ-
ations in the middle frontal, temporal,
transentorhinal, and anterior cingulate cortices.11 An
analysis comparing 18 PD patients with a history of
psychosis to 27 PD patients without such history
found no significant difference in neuronal loss in the
SN or LC between the two cohorts.6 In contrast, our
much larger neuropathological study does demon-
strate a link between SN pathology and psychosis in
PD. It remains unclear why our findings are discor-
dant with those of prior reports. However, the evi-
dence from structural imaging studies26,28 and
pathology case reports,29 support the hypothesis that
abnormality and dysfunction of the SN contribute to
the development of visual hallucinations in PD. Our
findings contribute to this literature and further sup-
port the role of brainstem pathology in the onset of
visual hallucinations in PD.

Our results are consistent with previous reports
implicating the SN in PD depression. For example,
previous studies have demonstrated depression in
PD to increase the likelihood of SN gliosis at autopsy
by three-fold.8 Case reports have also described
instances in which SN stimulation during a deep
brain stimulation procedure has induced acute
depressive episodes in PD patients.30 Additionally, in
the general population, it has been well established
that cerebrovascular lesions within the basal ganglia,
which receive dopaminergic input from the SN, are
linked to the development of depression.31 These
findings parallel the current study showing a correla-
tion between pathology in the SN and the presence of
depression.

To our knowledge, this is one of the first studies to
attempt to characterize the correlation of disease-spe-
cific regional pathology with anxiety in PD. Our anal-
ysis did not find an association between anxiety in
PD and pathology within the SN or LC. One explana-
tion for our findings is that the pathophysiology of
PD anxiety may be better explained by circuitry dys-
function rather than postmortem pathology. For
example, serotonergic neurons from the raphe
nucleus provide input to limbic structures controlling
anxiety, and there are several studies showing anxiety
disorders may be caused by abnormalities in seroto-
nin action.32 Further, Menza et al. found that PD
patients who carried a short allele for serotonin trans-
porter scored higher on anxiety rating scales.33 The
965
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raphe nucleus was not quantitatively assessed as part
of our brain donation protocol. Our results suggest
that anxiety in PD may not be explained by patho-
logic abnormalities within the LC or SN, and future
research is warranted regarding the role of serotoner-
gic circuitry dysfunction and raphe nucleus pathol-
ogy in PD anxiety.

Despite some evidence correlating Lewy bodies
to specific clinical symptoms, some have questioned
their use as a marker for clinical symptoms of PD.17
−19 Greffard et al. showed no associations between
Lewy body pathology with motor symptoms or dis-
ease duration, yet demonstrated close correlations
between SN neuronal density and severity of bra-
dykinesia and rigidity.18 The pattern of distribution
and degree of Lewy body accumulation in postmor-
tem brain tissue may not be an accurate marker of
clinical symptoms in PD because the degree of cell
loss may confound its presence. This is similar in
principle to the debate surrounding the role of amy-
loid beta protein in a related neurodegenerative dis-
order, Alzheimer’s disease. Many researchers have
challenged the notion that the accumulation of
amyloid beta causes dysfunction in Alzheimer’s dis-
ease by demonstrating a poor correlation between
amyloid plaque burden and degree of cognitive
impairment.34

Our results, which did not find the severity of
Lewy body pathology to be associated with psycho-
sis, depression, or anxiety further support the notion
that in-vivo clinical symptoms of PD are either not
caused by Lewy body pathology or that the relation-
ship is confounded by the time of autopsy. Numerous
studies have demonstrated that the proportion of
Lewy body-containing neurons remains relatively
stable throughout the disease course.17,19 One hypoth-
esis explaining this observation could be that because
Lewy bodies are intracellular, their number could pla-
teau as neuronal loss progresses and balances the rate
of new Lewy body formation. Based on current
knowledge, it is also unclear whether Lewy bodies
are present before or after neuron death. Due to their
presence in sites of neuronal loss, such as the SN and
LC, they have been considered the cause of neuronal
death, yet some have reported that most nigral neu-
rons undergoing apoptosis do not contain Lewy body
inclusions and, thus, may be dying before Lewy body
formation occurs.35 Further, it remains unclear how
long Lewy bodies survive in deceased neurons before
966
degrading. Taken together, our ability to observe an
association between clinical features such as neuro-
psychiatric symptoms and Lewy body pathology at
autopsy remains limited. Our results demonstrated
correlations between neuronal loss/gliosis and neuro-
psychiatric symptoms in PD, suggesting that cell loss
may be a better marker of in-vivo clinical manifesta-
tions at autopsy.

The strengths of this study include its power to
effectively explore the relationship between histopa-
thology and neuropsychiatric symptoms in PD
patients given its large and well-characterized sam-
ple, which is unusual in comparison to other postmor-
tem studies of its kind. We additionally controlled our
analysis for the potentially confounding effects of dis-
ease duration and dementia presence.

One limitation of our analysis is that pathology
data in our anatomical structures of interest were
only available in subsets of participants. Due to the
retrospective nature of this analysis, we were unable
to collect substantia nigra and locus coeruleus pathol-
ogy information for all patients. Future investigations
should strive to implement a standardized protocol in
which identical pathological markers (Lewy body
and neuronal loss/gliosis) are measured in the same
structures (substantia nigra and locus coeruleus) in all
patients enrolled. We also did not assess cell loss in
the raphe nuclei, which may prevent us from formu-
lating a more comprehensive hypothesis. Another
limitation is that the collection of clinical data and the
observation of pathology in brain tissue at autopsy
were sometimes dissociated in time (average of
2 years and 9 months apart). Therefore, the presence
of neuropsychiatric symptoms and dementia may not
have been noted in cases in which a participant was
autopsied several years after the last evaluation. Also,
in a portion of the cases that were followed remotely,
assessment of depression, psychosis, anxiety, and
dementia was based on retrospective chart review,
which carries the risk of underreporting. Further-
more, no standardized method to evaluate psychiatric
disorders was employed for participants whose diag-
noses were obtained through retrospective chart
review. H&Y staging was not standardly assessed
among brain donation participants, so we were
unable to control for disease severity in this analysis.
Similarly, we did not assess medication records of
our subjects because this was not systematically col-
lected in all participants. Lastly, scoring of Lewy
Am J Geriatr Psychiatry 29:9, September 2021
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bodies and neuronal loss were both subjective to
interobserver variability. Future directions include
further elucidating the neurobiology underlying neu-
ropsychiatric symptoms in PD by looking at pathol-
ogy in functional subregions and eventually by using
new functional imaging techniques in-vivo. Improv-
ing knowledge of the association between pathologi-
cal findings and clinical symptoms has the potential
to inform future biomarkers, diagnoses, and thera-
pies.
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