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Neuropathological studies of serotonergic and noradrenergic
systems in Lewy body disease patients with delusion
or depression

Masashi Mizutani, MD ,1,2* Terunori Sano, MD ,1 Masayuki Ohira, MD, PhD1 and Masaki Takao, MD, PhD1

Aim: The association between psychiatric symptoms in
Lewy body disease (LBD) and the noradrenergic and seroto-
nergic systems is still controversial. This study investigated
the quantitative relationships of depression and delusion
with these systems.

Methods: We studied 24 postmortem tissues from indi-
viduals with a pathological diagnosis of LBD with suffi-
cient clinical history. The numbers of neurons and Lewy
bodies (LBs) in the locus coeruleus (LC) and dorsal raphe
nucleus (DRN) were counted, and the density of neurons
in the DRN was analyzed. In addition, the densities of
tryptophan hydroxylase-positive neurites and norepineph-
rine transporter-positive neurites in the amygdala and dor-
sal prefrontal cortex were measured. Finally, we divided
the cases into two groups: with or without depressive
mood, and with or without delusion. Quantitative histolog-
ical data were compared between the groups.

Results: The group with depressive mood had a signifi-
cantly smaller number of neurons in the LC compared with

the group without depressive mood. The group with delu-
sion had a significantly larger number of LBs in the DRN
compared with the group without delusion. The density of
norepinephrine transporter-positive neurites in the dorsal
prefrontal cortex was significantly correlated with the num-
ber of neurons in the LC.

Conclusions: The accumulation of LBs in the DRN of indi-
viduals with LBD was associated with delusion, whereas a
decrease in the number of neurons in the LC was associated
with depressive mood. These neurodegenerative changes
involved the serotonergic and noradrenergic systems and
may be associated with the formation of delusion and
depression, respectively, in LBD.
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Parkinson’s disease (PD), PD with dementia, and dementia with Lewy
bodies (DLB) are neurodegenerative disorders in which Lewy bodies
(LBs) and Lewy neurites are thought to play important roles in patho-
genesis and clinical phenotype. They are therefore grouped under the
pathological classification of Lewy body disease (LBD).1

In addition to cognitive dysfunction, psychiatric symptoms are
frequently seen in cases with LBD.2 These symptoms include depres-
sive mood, appetite loss, insomnia, and psychotic symptoms such as
visual hallucination and delusion. However, the biological pathogene-
sis of these symptoms is not completely understood. For example, the
relationship between the serotonergic system and depressive symp-
toms is still controversial,3 although selective serotonin reuptake
inhibitors and serotonin and norepinephrine reuptake inhibitors are
reported to be effective for the treatment of depression.4 Other studies
that investigated tissues from postmortem brains obtained from indi-
viduals with depression and without cognitive impairment reported
no obvious relationships between them.5,6

The noradrenergic system, of which the locus coeruleus (LC) is
a major component,7 is impaired in LBD.8 Previous qualitative stud-
ies suggested a relationship between depression and degenerative
changes in the LC, which implies that dysfunction of the

noradrenergic system may be the cause of depression in LBD9,10;
however, this has not yet been confirmed in quantitative studies.
Although the involvement of frontal lobe dysfunction has been
suggested, no pathological mechanism supporting this possibility has
been reported to date.11

Similar to the LC, the critical center of the noradrenergic system,
raphe nuclei contain the highest number of serotonergic neurons in
the brain.12 The raphe nuclei are distributed predominantly in the
median part of the brainstem and are divided into subgroups.13 The
dorsal raphe nucleus (DRN) is in the tegmentum of the caudal part of
the midbrain and the rostral part of the pons. Serotonergic neurons of
these nuclei project to a broad area, including the cerebrum,
brainstem, and cerebellum.14 Moreover, because the DRN has more
projection fibers to the cerebral cortex than other raphe nuclei,12 a
relationship between these nuclei and psychiatric symptoms has been
suggested, although there is still limited evidence to support this con-
nection.13,15,16 A study by Frisina et al. investigated the potential rela-
tionship between depression and neuronal loss or gliosis in DRN;
however, the DRN was not visualized by immunohistochemistry
because its small size and complex structure make identification
difficult.
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Because LBD can be classified into brainstem, limbic, and neo-
cortical subtypes,17 it is important to investigate the areas associated
with depressive symptoms and those located in the limbic system and
neocortex. In the limbic system, the amygdala, which is thought to be
related to memorizing emotional events,18,19 and in the neocortex, the
prefrontal cortex, which has been studied in relation to depression
and delusions,20–22 are important.

Here, we investigated the relationships between depressive
symptoms and degenerative changes in the LC, DRN, and the seroto-
nergic and noradrenergic projections into the limbic system and neo-
cortex, as well as the relationships between psychotic symptoms and
these circuits in a quantitative study using postmortem tissues
with LBD.

Methods
Clinical data
We identified 32 consecutive autopsied cases with a pathological
diagnosis of LBD. We obtained the clinical history of individuals
from their attending physician before or immediately after the
autopsy and checked whether they had psychiatric symptoms, such
as depressive mood or delusion. In this process, our definition of
delusion excluded beliefs that arose from visual hallucinations,
such as “black bugs are walking around” or other beliefs that
should be interpreted as visual hallucinations. One case with an
absence of information about clinical history was excluded from
the study.

Tissues
We used postmortem brainstem tissues obtained from 31 cases of
LBD. Autopsies for all cases were performed at the National Center
of Neurology and Psychiatry. Brainstem tissues were split along the
median plane, and the half with more severe markers of disease was
fixed in 10% formalin. If the tissues had no laterality, the left tissue
was taken and fixed in formalin. We dissected tissues into 5-mm
slices in axial planes, which were routinely processed into liquid par-
affin. En bloc specimens were cut at 5 μm on a microtome. Hematox-
ylin and eosin (H&E) staining was performed for each slice including
the lower midbrain and pons.

From these cases, we cut tissues containing the amygdala and
dorsal prefrontal cortex (DPC) into 5-mm slices in the coronal plane
and picked up a pair of representative tissues per case. For the DPC,
we cut the tissue to a depth of 25 mm from the top of the superior
frontal gyrus. Tissues containing the amygdala and DPC were
processed in the same way as the LC and DRN.

Histochemistry
Phosphorylated alpha-synuclein immunohistochemistry (015–
25191, Fujifilm, Japan, monoclonal, 1:15 000, formic acid) was per-
formed for each slice including the lower midbrain and pons, and
tryptophan hydroxylase (TPH) (T0678, Sigma, monoclonal, 1:4000,
heat) immunohistochemistry was performed only for slices that
included the lower midbrain. Immunostaining was performed as fol-
lows: The slides were dewaxed in xylene, and rehydrated in des-
cending alcohol series. An epitope retrieval method was used to
unmask the antigens. The sections were blocked in pH6 buffer and
incubated at 37�C with primary antibodies for 60 min. The sections
were incubated for 16 min at 37�C with universal anti mouse
HRP secondary antibody. Immunocomplexes were visualized with
DAB+ Chromogen, and then the sections were counterstained with
hematoxylin and cover-slipped. These steps were automatically per-
formed by an immunostaining platform (Ventana XT DISCOVERY;
Ventana, Tucson, AZ, USA). Of the 31 tissues, seven cases lacked
the median part of the DRN because of a slight shift in the cutting
plane. The remaining 24 tissues, including the interfascicular
nucleus, ventromedial nucleus, and ventrolateral nucleus composing
the DRN, were used for analyses. We performed TPH and norepi-
nephrine transporter (NET) (AMAB91116, Atlas, monoclonal,

1:200, formic acid) immunohistochemistry for slices from the
24 cases that included the amygdala and DPC using the method
described above.

Measurements
We used the method described by Mai et al. to identify the location
of the DRN and LC.23 We manually counted the number of nucleoli
of TPH-positive cells, measured the area, and calculated the density
of neuronal cells in the DRN from every case (Fig. 1). Next, we coun-
ted the number of LBs and determined their prevalence in the DRN
using H&E staining and α-synuclein staining, respectively. We coun-
ted the number of nucleoli of neural cells and LBs in the LC by H&E
staining (Fig. 2). We did not measure the area of the LC in any cases
because severe neuronal cell loss made it difficult to recognize the LC
border in most cases.

We manually counted TPH-positive neurites and NET-positive
neurites in the amygdala and DPC specimens that had a length greater
than approximately 20 μm. We then measured the area of the speci-
men, and calculated the densities of TPH-positive neurites, and NET-
positive neurites in the amygdala and DPC (Fig. 3).

Statistics
We analyzed the data using two methods. First, we divided the
24 cases into two groups based on whether they had depressive
mood, and compared them on the basis of pathological data. Sec-
ond, we divided the same 24 cases into two groups on the basis of
whether they had delusions, and conducted the same comparisons.
For the DRN, we examined the pathological data including the num-
bers of neuronal cells and LBs, the prevalence of LBs, the cross-
sectional area of nuclei, and the densities of neuronal cells and LBs.
For the LC, we counted the numbers of neuronal cells and LBs, and
the prevalence of LBs. For the DPC, we determined the densities of
TPH-positive neurites and NET-positive neurites, but we examined
only the densities of NET-positive neurites in the amygdala because
TPH-positive neurites were poorly stained.

Additionally, we examined correlations between neuronal cells
in the LC and the density of NET-positive neurites in the noradrener-
gic system, and we investigated correlations between the number or
density of neuronal cells in DRN and the density of TPH-positive
neurites in the serotonergic system, independent of comorbid depres-
sion and delusions.

Statistical analysis was performed using EZR on R commander
Version 1.41 for Windows 64 bit (Japan). Because of the non-
normal distribution of data, we applied non-parametric correlation
analyses (Mann–Whitney U-test) to check the correlation between
the pathological indicators and psychiatric symptoms. We calculated
Spearman’s rank correlation coefficient to check the correlation
between the pathological indicators. We used Fisher’s test to analyze
demographic information when the data were binary. If the data
were not binary, we used the Mann–Whitney U-test. The chi-square
test was used for DLB consensus guidelines. To draw some of the
statistical graphs, we used the beeswarm package for R, Version
0.2.0 along with EZR. P-values <0.05 were considered statistically
significant.

Results
Clinical and pathological demographics
The clinical demographics of the 24 individuals are summarized in
Table 1. The mean age of disease onset was 65.1 years old, the
mean age of death was 79.0 years old, and the mean disease dura-
tion was 13.9 years. The mean post-mortal interval to autopsy was
15 h. In accordance with the 3rd consensus guidelines for defining
DLB,17 12 samples were categorized as neocortical type, 11 as tran-
sitional limbic type, and one as brainstem type. According to
Braak’s staging, four patients were at stage III, eight were at stage
IV, eight were at Stage V, and four were at stage VI. Seven of the
patients had a history of depressive mood, and eight had a history
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of delusion. Two of these patients had both history of depressive
mood and delusion. Eighteen patients had visual hallucination or
dementia. All 24 patients had Parkinsonism. Regarding past treat-
ments, four patients had been treated with antidepressants, 12 with
antipsychotics, and 12 with benzodiazepines. Except for psychiatric
consultation, there were no significant differences in the basic con-
tent related to autopsy and clinical background between those with
and without depressive mood or delusion.

Number of LBs in the LC and DRN
The numbers of LBs in the LC and DRN counted in specimens sta-
ined with H&E were significantly correlated with the numbers of LBs
in the LC and DRN counted in immunostained specimens, respec-
tively (Fig. 4a). We used the numbers counted on the specimens sta-
ined with H&E for all subsequent analyses because of the difficulty
distinguishing between α-synuclein-positive structures in axons and

LBs in neuronal cell bodies on α-synuclein-stained specimens. The
numbers of LBs counted in the LC and DRN were not significantly
different among the three subtypes defined by the 3rd consensus
guidelines (Fig. 4b).

Depressive mood and neuropathological measurements
The group with depressive mood had significantly fewer neuronal
cells in the LC compared with the group without depressive mood
(Fig. 5). The number of LBs in the LC, the area, number of neural
cells, neural cell density, and number of LBs in the DRN were not
significantly different between the two groups.

There was no significant difference in the density of NET-
positive neurites in the amygdala, or the densities of NET-positive
neurites and TPH-positive neurites in the DPC between the two
groups.

Fig. 1 (a), (b) A lower tegmental part of
the midbrain. Tryptophan hydroxylase
(TPH) staining reveals the dorsal raphe
nuclei (DRN) and its neurons. (c) and
(d) An upper tegmental part of the mid-
brain with very few TPH-positive neurons.
(e) and (f) A neuron in the DRN. (g) A Lewy
body is seen in a neuron in the DRN. (a),
(c), (e): Hematoxylin and eosin (H&E)
staining. (b), (d), (f ) TPH staining. (e) α-
synuclein staining. Scale bar: (a–d)
500 μm, (e–g) 10 μm.

Psychiatry and Clinical Neurosciences 76: 459–467, 2022 461

PCNPsychiatry and
Clinical Neurosciences Lewy Body Disease: A Postmortem Study



Delusion and neuropathological measurements
The group with delusion had a significantly larger number of LBs
and a higher prevalence, reflecting the number of LBs/number of neu-
ronal cells, of LBs in the DRN (Fig. 6). The cross-sectional area,
number of neuronal cells, and neuronal cell density of the DRN, and
the number of neural cells and LBs in the LC were not significantly
different between the two groups.

There was no significant difference in the density of NET-
positive neurites in the amygdala, or the densities of NET-positive

neurites and TPH-positive neurites in the DPC between the two
groups.

Pathological correlation between the brainstem,
amygdala, and DPC
The density of NET-positive neurites in the DPC was significantly cor-
related with the number of neurons in the LC (P = 0.007) and the den-
sity of NET-positive neurites in the amygdala (P < 0.001) (Fig. 7). The

Fig. 2 (a) A locus coeruleus is shown with a mild reduction in neurons and mild gliosis. (b) An enlarged image of the central part of (a). LB is seen in the neuron.
(c) There is a Lewy body stained by α-synuclein staining in the neuron in the LC. (d) The immunoreactivity of the locus coeruleus is decreased in a case with Lewy body
disease compared with that in the control case shown in (e). (a), (b) H&E staining. (c) α-synuclein staining. (d), (e) Norepinephrine-transporter-staining. Scale bar: (a), (d),
(e) 100 μm, (b), (c) 10 μm.
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density of TPH-positive neurites in the DPC was not significantly cor-
related with any of the other pathological indicators examined.

We summarized the correlations between the pathological fea-
tures and α-synuclein burden in the LC, DRN, amygdala, and DPC in
Table S1.

Discussion
In this study, we quantitatively examined pathological differences in
the LC, DRN, amygdala, and DPC in tissues from LBD patients with
or without depressive mood and delusion. Our results show that
depressive mood is related to neuronal loss in the LC.

As mentioned above, researchers studying depression have
suspected the presence of abnormalities in the serotonergic sys-
tem.13,15,16 However, LBD researchers have suggested that depression
occurring in LBD is associated with degeneration of the LC.9,10

Although there have been no quantitative immunohistochemical stud-
ies of the DRN, our results indicated that depression in LBD is more
likely to be associated with abnormalities in the noradrenergic system
than in the serotonergic system. A previous study reported that the
accumulation of α-synuclein in the LC was not associated with
depression; however, the subjects did not have dementia, suggesting
that they might have had relatively low levels of α-synuclein.6 Our
study revealed that the development of depression was related to the
severity of LC pathology in subjects with high levels of α-synuclein.

The density of NET-positive neurites in the limbic system or
neocortex, which can project from the LC, was not significantly
decreased in the group with depression. A previous study suggested
that a reduction in blood flow in the frontal lobe was related to
depressive and psychotic symptoms24; however, the pathogenesis of
depression might be more related to damage to the LC itself rather
than to the area the LC projects into. Alternatively, other structures
receiving projections from the LC may be more important in the path-
ogenesis of depression.

Our study also provides a new method for studying the DRN,
which has been notoriously challenging for researchers. Because the
DRN is a small structure, it is difficult to evaluate its function without
specific radiological methods such as high-resolution positron emis-
sion tomography–magnetic resonance imaging fusion.25 In addition,
pathological research of the DRN is also difficult because it is located
on the narrow median part of the brainstem. With a very slight devia-
tion of the split plane, the bulk of the DRN, especially the inter-
fascicular part, may be included within the tissue of the side to be
frozen, with the smaller remaining part being included within the tis-
sue on the side to be formalin-fixed. In contrast, if the bulk of the
DRN is included within the tissue on the side to be formalin-fixed,
the amount of DRN in the frozen tissue may be insufficient for subse-
quent molecular studies.

Our results show that delusion is associated with an accumula-
tion of LBs in the DRN. α-Synuclein accumulation in LBD has been

Fig. 3 (a) An example of measuring the cross-sectional area of the dorsal prefrontal cortex. The cortex is surrounded by green lines. (b) Shows an example of measur-
ing the cross-sectional area of the amygdala. The amygdala is surrounded by green lines. (c) Norepinephrine transporter-positive neurites in the cortex. (d) Tryptophan
hydroxylase-positive neurites in layer I of the dorsal prefrontal cortex. (a), (b) Kluver-Barrera staining. Scale bar: (a, b) 1 cm, (c, d) 10 μm.
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reported to cause impaired axonal transport that precedes neuronal
cell death.26,27 The trafficking alterations caused by impaired axonal
transport are suggested to cause neuronal dysfunction in numerous
neurological diseases.28 Although the pathogenesis of delusion is still
being investigated, the current findings support the hypothesis that
dysfunction of the serotonergic system induces the development of
delusion.29

Our results raise questions regarding why the number of neu-
rons in the DRN of patients with delusion was not decreased and
why the prevalence of LBs in the LC of patients with depressive
mood was not increased. There was a significant decrease in neural
cells in the LC in patients with depressive mood, whereas there was
a significant difference in the prevalence of LBs in the DRN of
those with delusion. The first finding can be explained by the com-
plexity of the structure of the DRN. Whereas the LC has a linear
structure in the pons, the DRN is composed of several small sub-
nuclei, and their cross-sectional shapes can easily be changed by a
small difference in the height of the cutting plane. This technical
problem in the DRN may have a greater effect on the number of
counted neuronal cells than the degenerative changes induced by
LBs. The second finding can be explained by the high accumulation
rate of neurodegenerative proteins in the LC. This was observed in

the LBD and other neurodegenerative diseases, such as Alzheimer’s
disease, in which neurodegenerative proteins are found in the LC,
even in early stages. Indeed, even in cases without a diagnosis of
neurological or psychiatric disease, it is common to find some LBs
in the LC. This suggests that noradrenergic function is not impaired
by the accumulation of neurodegenerative proteins in the LC, but
only when the neuronal cell population is reduced. If we assume
that many neuronal cells in the LC develop LBs at an early stage
and die slowly thereafter, the neuronal cell population would not
correlate with the prevalence of LBs.

The degenerative changes found in the current study, however,
do not necessarily represent the primary cause of depression or delu-
sion. For example, based on the hypothesis that LB is delivered via a
synaptic connection, some neuronal organs to which the DRN pro-
jects may be the primary cause of delusion.30 Alternatively, the short-
age of some essential proteins in those organs following axonal
transport blockage31 may be the cause of depression and delusion.
Another potential cause of delusion is the dysfunction of unknown
circuits including the DRN. Further research is necessary.

Regarding depressive symptoms, it would be helpful to carefully
determine the effects of neuropathological changes on the dopamine
system. Previous studies have reported significant and severe neuronal

Table 1. Comparison between individuals with and without depressive mood or delusion

Demographic
information on all
subjects (n = 24)

With
depressive
mood (n = 7)

Without
depressive
mood (n = 17)

P
value

With
delusion†

(n = 8)

Without
delusion
(n = 16)

P
value

Sex (m/f) 11/13 4/3 7/10 0.388 3/5 8/8 0.581
Age at onset (years), mean (SD) 65.1 (11.0) 68.0 (6.3) 63.9 (12.3) 0.187 63.2

(11.5)
66.0 (10.7) 0.569

Age at death (years), mean (SD) 79.0 (8.3) 80.9 (5.2) 78.2 (9.2) 0.71 77.0 (8.1) 80.0 (8.3) 0.291
Duration (years), mean (SD) 13.9 (7.6) 12.9 (8.0) 14.4 (7.4) 0.576 13.8 (8.8) 14.0 (6.9) 1
PMI (h), mean (SD) 15.0 (14.3) 19.6 (17.8) 13.1 (12.1) 0.534 8.8 (5.4) 18.2 (16.2) 0.172
Brain weight (g), mean (SD) 1237 (142) 1267 (143) 1225 (140) 0.576 1170

(141)
1271 (130) 0.081

Number of cases with
psychiatric consultation

16 7 9 0.004* 5 11 0.057

Number of cases with visual
hallucination

18 5 13 1 7 11 0.621

Number of cases with dementia 18 6 12 0.629 5 13 1
Number of cases with
benzodiazepine prescription

12 7 5 0.063 3 9 0.424

Number of cases with
antidepressants prescription

4 4 0 0.25 1 3 0.344

Number of cases with
antipsychotics prescription

12 6 6 0.125 5 7 0.344

3rd consensus guidelines for
defining DLB (neocortical/
limbic/brainstem)

12 / 11 / 1 2 / 5 / 0 10 / 6 / 1 0.251 3 / 5 / 0 9 / 6 / 1 0.448

Braak’s NFT stage
(0/1/2/3/4/5/6)

2 / 8 / 13 / 0/ 1 / 0 / 0 1 / 7 / 8 / 0 /
1 / 0 / 0

1 / 1 / 5 / 0 / 0
/ 0 / 0

0.572 1 / 2 / 4 /
0 / 1 / 0

/ 0

1 / 6 / 9 / 0
/ 0 / 0 / 0

0.562

CERAD stage (0/A/B/C) 6 / 4 / 6 / 8 3 / 2 / 1 / 1 3 / 2 / 5 / 7 0.335 1 / 1 / 3 /
3

5 / 3 / 3 / 5 0.706

Thal phase (0/1/2/3/4/5) 6 / 5 / 1 / 3 / 5 / 2 3 / 2 / 0 / 0 /
1 / 1

3 / 3 / 1 / 3 / 4
/ 1

0.724 1 / 1 / 0 /
1 / 2 / 2

5 / 4 / 1 / 2
/ 3 / 0

0.42

*P < 0.05. PMI, post-mortem interval; DLB, dementia with Lewy body; SD, standard deviation; m/f, male/female; NFT, neurofibrillary tangle.
Statistical analysis was carried out between the cases with and without depression or delusion.
†Four cases showed persecutory delusion. The others include cases with Cotard syndrome, Capgras syndrome, and unspecified delusion.
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loss and accumulation of alpha-synuclein in the substantia nigra and
ventral tegmentum in a group of DLB patients with depressive symp-
toms.32,33 Wilson et al. reported the accumulation of α-synuclein in
the ventral tegmentum of subjects with depressive symptoms.6 Hype-
rfunction or dysfunction of the dopaminergic system is one hypothe-
sized mechanism for the development of psychotic symptoms.34 The
non-normal distribution of data related to the small number of sam-
ples makes it difficult to compare the effect size of neuronal loss and
α-synuclein burden in LC, DRN, and substantia nigra.

Our study involved some limitations. First, we analyzed a relatively
small number of tissues. For instance, our results showed that one group
with delusion tended to have a higher prevalence of diffuse neocortical
LBD, but confounders were not excluded in this study for that reason. In
another instance, we were unable to analyze the pathological features of a
subgroup with both depressive mood and delusion. Second, this study
was retrospective, and we could not use quantitative clinical data for sta-
tistical analyses. The representative scales for depressive symptoms or
psychotic symptoms such as the Hamilton depression rating scale,35
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Zung self-rating depression scale,36 Beck depression inventory,37 and
positive and negative syndrome scale38 were not sufficiently examined in
our cases. Third, we did not assess other psychiatric symptoms such as
appetite loss, insomnia, and hallucination. Fourth, we did not examine
the other neurotransmitter systems such as the cholinergic or dopaminer-
gic systems. Finally, we only divided the cases on the basis of symptoms,
and not on other diagnostic categories.

Conclusions
We demonstrated that a decrease in neuronal cells in the LC of indi-
viduals with LBD can induce the development of depressive mood,
whereas the accumulation of LBs in the DRN can induce the develop-
ment of delusion. Dysfunction of the noradrenergic system and sero-
tonergic system may be associated with the formation of depression
and delusion, respectively.

Acknowledgments
We acknowledge Mr. Ryo Wakabayashi, Ms. Emi Usukura,
Ms. Ayako Sato, and Mr. Mitsuhiro Sakamoto for their technical
assistance with the safe autopsy and immunohistochemical study.
This work was supported in part by a grant-in-aid from AMED
(JP21wm0425019, MT), and an intramural fund from NCNP (MT).
We thank J. Ludovic Croxford, PhD, and Benjamin Knight, MSc.
from Edanz (https://jp.edanz.com/ac) for editing a draft of this
manuscript.

Disclosure statement
None. All authors meet the ICMJE authorship criteria.

Ethical statement
The brain tissue used in this study was registered in our brain bank
(ethics application number XXXX-307) and consent from the
bereaved patients’ families was received for the research use of clini-
cal data and specimens.

Author contributions
M.M.: acquisition of data, analysis, interpretation of data, and
drafting of the manuscript; T.S., M.O.: acquisition and interpretation
of data; M.T.: supervising the study, conception and design of the
study, analysis and interpretation of data, and drafting and revising
the manuscript.

References
1. McCann H, Stevens CH, Cartwright H, Halliday GM. α-Synucleinopathy

phenotypes. Parkinsonism Relat. Disord. 2014; 20: S62–S67.
2. Galvin JE, Pollack J, Morris JC. Clinical phenotype of Parkinson disease

dementia. Neurology 2006; 67: 1605–1611.
3. Healy D. Serotonin and depression. BMJ: Br Med J 2015; 350: h1771.
4. Fournier JC, DeRubeis RJ, Hollon SD et al. Antidepressant drug effects and

depression severity: A patient-level meta-analysis. JAMA 2010; 303: 47–53.
5. Tsopelas C, Stewart R, Savva GM et al. Neuropathological correlates of

late-life depression in older people. Br. J. Psychiatry 2011; 198:
109–114.

6. Wilson RS, Nag S, Boyle PA et al. Brainstem aminergic nuclei and late-
life depressive symptoms. JAMA Psychiatry 2013; 70: 1320–1328.

7. Foote SL, Bloom FE, Aston-Jones G. Nucleus locus ceruleus: New evidence
of anatomical and physiological specificity. Physiol. Rev. 1983; 63: 844–914.

8. Del Tredici K, Braak H. Dysfunction of the locus coeruleus–
norepinephrine system and related circuitry in Parkinson’s disease-related
dementia. J. Neurol. Neurosurg. Psychiatry 2013; 84: 774–783.

9. Fischer NM, Hinkle JT, Perepezko K et al. Brainstem pathologies corre-
late with depression and psychosis in Parkinson’s disease. Am. J. Geriatr.
Psychiatry 2021; 29: 958–968.

10. Frisina PG, Haroutunian V, Libow LS. The neuropathological basis for depres-
sion in Parkinson’s disease. Parkinsonism Relat. Disord. 2009; 15: 144–148.

11. Mayberg HS. Frontal lobe dysfunction in secondary depression.
J. Neuropsychiatry Clin. Neurosci. 1994; 6: 428–442.

12. Dahlstroem A, Fuxe K. Evidence for the existence of monoamine-
containing neurons in the central nervous system. I. demonstration of

monoamines in the cell bodies of BRAIN stem neurons. Acta Physiol.
Scand. Suppl. 1964; Suppl 232: 1–55.

13. Michelsen KA, Schmitz C, Steinbusch HWM. The dorsal raphe
nucleus—From silver stainings to a role in depression. Brain Res. Rev.
2007; 55: 329–342.

14. Muzerelle A, Scotto-Lomassese S, Bernard JF, Soiza-Reilly M,
Gaspar P. Conditional anterograde tracing reveals distinct targeting of
individual serotonin cell groups (B5-B9) to the forebrain and brainstem.
Brain Struct. Funct. 2016; 221: 535–561.

15. Boldrini M, Underwood MD, Mann JJ, Arango V. More tryptophan
hydroxylase in the brainstem dorsal raphe nucleus in depressed suicides.
Brain Res. 2005; 1041: 19–28.

16. Zhao H, Zhang B-L, Yang S-J, Rusak B. The role of lateral habenula–
dorsal raphe nucleus circuits in higher brain functions and psychiatric ill-
ness. Behav. Brain Res. 2015; 277: 89–98.

17. McKeith IG, Dickson DW, Lowe J et al. Diagnosis and management of
dementia with Lewy bodies. Third Rep. DLB Consort. 2005; 65: 1863–1872.

18. Cahill L, Babinsky R, Markowitsch HJ, McGaugh JL. The amygdala and
emotional memory. Nature 1995; 377: 295–296.

19. McGaugh JL. The amygdala modulates the consolidation of memories of
emotionally arousing experiences. Annu. Rev. Neurosci. 2004; 27: 1–28.

20. George MS, Ketter TA, Post RM. Prefrontal cortex dysfunction in clini-
cal depression. Depression 1994; 2: 59–72.

21. Lunt L, Bramham J, Morris RG et al. Prefrontal cortex dysfunction and
‘jumping to conclusions’: Bias or deficit? J. Neuropsychol. 2012; 6: 65–78.

22. Perneczky R, Drzezga A, Boecker H et al. Right prefrontal
hypometabolism predicts delusions in dementia with Lewy bodies. Neu-
robiol. Aging 2009; 30: 1420–1429.

23. Mai JK, Majtanik M, Paxinos G. Atlas of the Human Brain, 4th edn.
Academic Press, Cambridge, MA, 2016. viii; 448.

24. Kawano M, Kanazawa T, Kikuyama H et al. Correlation between frontal
lobe oxy-hemoglobin and severity of depression assessed using near-
infrared spectroscopy. J. Affect. Disord. 2016; 205: 154–158.

25. Son Y-D, Cho Z-H, Kim H-K et al. Glucose metabolism of the midline
nuclei raphe in the brainstem observed by PET–MRI fusion imaging.
Neuroimage 2012; 59: 1094–1097.

26. Chu Y, Morfini GA, Langhamer LB, He Y, Brady ST, Kordower JH.
Alterations in axonal transport motor proteins in sporadic and experimen-
tal Parkinson’s disease. Brain 2012; 135: 2058–2073.

27. Volpicelli-Daley LA. Effects of α-synuclein on axonal transport. Neuro-
biol. Dis. 2017; 105: 321–327.

28. Sleigh JN, Rossor AM, Fellows AD, Tosolini AP, Schiavo G. Axonal
transport and neurological disease. Nat. Rev. Neurol. 2019; 15: 691–703.

29. Kapur S, Remington G. Serotonin-dopamine interaction and its relevance
to schizophrenia. Am. J. Psychiatry 1996; 153: 466–476.

30. Van Den Berge N, Ferreira N, Gram H et al. Evidence for bidirectional
and trans-synaptic parasympathetic and sympathetic propagation of
alpha-synuclein in rats. Acta Neuropathol. 2019; 138: 535–550.

31. Katsuse O, Iseki E, Marui W, Kosaka K. Developmental stages of cortical
Lewy bodies and their relation to axonal transport blockage in brains of
patients with dementia with Lewy bodies. J. Neurol. Sci. 2003; 211: 29–35.

32. Patterson L, Rushton SP, Attems J, Thomas AJ, Morris CM. Degenera-
tion of dopaminergic circuitry influences depressive symptoms in Lewy
body disorders. Brain Pathol. 2019; 29: 544–557.

33. Saari L, Heiskanen L, Gardberg M, Kaasinen V. Depression and Nigral neuron
density in Lewy body Spectrum diseases. Ann. Neurol. 2021; 89: 1046–1050.

34. Lau CI, Wang HC, Hsu JL, Liu ME. Does the dopamine hypothesis
explain schizophrenia? Rev. Neurosci. 2013; 24: 389–400.

35. Hamilton M. Rating depressive patients. J. Clin. Psychiatry 1980; 41: 21–24.
36. Zung WW. A self-rating depression scale. Arch. Gen. Psychiatry 1965;

12: 63–70.
37. Beck AT, Steer RA, Ball R, Ranieri W. Comparison of Beck depression

inventories -IA and -II in psychiatric outpatients. J. Pers. Assess. 1996;
67: 588–597.

38. Opler MGA, Yavorsky C, Daniel DG. Positive and negative syndrome
scale (PANSS) training: Challenges, solutions, and future directions.
Innov Clin Neurosci. 2017; 14: 77–81.

Supporting information
Additional Supporting Information may be found in the online ver-
sion of this article at the publisher’s web-site:

Table S1. Correlations between pathological features and α-synuclein
burden

Psychiatry and Clinical Neurosciences 76: 459–467, 2022 467

PCNPsychiatry and
Clinical Neurosciences Lewy Body Disease: A Postmortem Study

https://jp.edanz.com/ac

	 Neuropathological studies of serotonergic and noradrenergic systems in Lewy body disease patients with delusion or depression
	Methods
	Clinical data
	Tissues
	Histochemistry
	Measurements
	Statistics

	Results
	Clinical and pathological demographics
	Number of LBs in the LC and DRN
	Depressive mood and neuropathological measurements
	Delusion and neuropathological measurements
	Pathological correlation between the brainstem, amygdala, and DPC

	Discussion
	Conclusions
	Acknowledgments
	Disclosure statement
	Ethical statement
	Author contributions
	References


