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Abstract

The a-synuclein-immunoreactive pathology of dementia associated with Parkinson disease (DPD)
comprises Lewy bodies (LB), Lewy neurites (LN), and Lewy grains (LG). The densities of LB,
LN, LG together with vacuoles, neurons, abnormally enlarged neurons (EN), and glial cell nuclei
were measured in fifteen cases of DPD. Densities of LN and LG were up to 19 and 70 times those
of LB respectively, depending on region. Densities were significantly greater in amygdala,
entorhinal cortex (EC), and sectors CA2/CA3 of the hippocampus, whereas middle frontal gyrus
(MFQG), sector CA1, and dentate gyrus were least affected. Low densities of vacuoles and EN were
recorded in most regions. There were differences in the numerical density of neurons between
regions but no statistical difference between patients and controls. In the cortex, the density of LB
and vacuoles was similar in upper and lower laminae while the densities of LN and LG were
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greater in upper cortex. The densities of LB, LN, and LG were positively correlated. Principal
components analysis (PCA) suggested DPD cases were heterogeneous with pathology primarily
affecting either hippocampus or cortex. The data suggest in DPD: (1) ratio of LN and LG to LB
varies between regions, (2) low densities of vacuoles and EN are present in most brain regions, (3)
degeneration occurs across cortical laminae, upper laminae being particularly affected, (4) LB, LN
and LG may represent degeneration of the same neurons, and (5) disease heterogeneity may result
from variation in anatomical pathway affected by cell to cell transfer of a-synuclein.
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Introduction

Parkinson disease (PD) (all abbreviations used in the text are listed in Table 1), a chronic
neurodegenerative disorder, results in a variety of movement problems including
bradykinesia, rigidity, tremor, and postural instability. Non-motor symptoms, however, also
play a significant role in determining the quality of life of the patient (Antal et al 1998,
Armstrong 2008). Hence, cognitive decline in PD can range from subtle mental dysfunction
to overt dementia (Braak et al 2005). Dementia associated with PD (DPD) is a particularly
debilitating condition substantially increasing mortality (Willis et al 2012). The risk of DPD
increases with patient age, 90% of recorded cases being over 70 years of age (Rana et al
2012).

DPD patients exhibit reduced gray matter volume in several brain regions including
temporal cortex, most notably the parahippocampal gyrus (PHG), parietal and frontal
cortices, cingulate gyrus (CG), caudate nucleus, hippocampus, amygdala, and putamen
(Melzer et al 2012). Histologically, PD is characterized by the death of pigmented neurons
in the substantia nigra (SN), neurons of the SN and cerebral cortex containing a-synuclein-
immunoreactive neuronal cytoplasmic inclusions (NCI) in the form of Lewy bodies (LB). a-
Synuclein is a small pre-synaptic protein which ensures the normal functioning of dopamine
transporter and tyrosine hydroxylase (Kovacs et al 2008). It normally exists in a relatively
unfolded state and is highly soluble, but in PD undergoes a conformational change to
insoluble amyloid fibrils that form a major component of the LB. Hence, DPD is a
synucleinopathy, a molecular group of disorders which also includes dementia with Lewy
bodies (DLB) and multiple system atrophy (MSA) (Spillantini et al 1998).

Recent studies have questioned the extent to which the density and distribution of LB may
account for the clinical symptoms of DPD (Duyckaerts et al 2010) and have demonstrated a
significantly more complex synucleinopathy in cortical and limbic regions (Saito et al 2003).
In addition to a-synuclein-immunoreactive LB, DPD cases also exhibit Lewy neurites (LN),
and Lewy grains (LG), the latter resembling the argyrophilic grains (AG) commonly
observed in several conditions including argyrophilic grain disease (AGD) (Braak and Braak
1998, Tolnay et al 1999, Zhukareva et al 2002), Alzheimer’s disease (AD) (Sabbagh et al
2009), and elderly cognitively normal brains (Ding et al 2006, Josephs et al 2008).

J Neural Transm. Author manuscript; available in PMC 2015 February 01.



1duosnuely Joyiny vd-HIN 1duosnuey Joyiny d-HIN

1duosnuely Joyiny Vd-HIN

Armstrong et al.

Page 3

Occasionally, a-synuclein and tau-immunoreactive grains occur together in the same case
(Seno et al 2000). A number of DPD cases have few LB or LN but substantial densities of
LG, raising the question as to the relative importance of these pathologies (Oinas et al 2010).
Hence, the present study quantified LB, LN, and LG, together with vacuoles, neurons,
abnormally enlarged neurons (EN), and glial cell nuclei with the following specific
objectives: (1) to determine the relative abundance of LB, LN, and LG in various cortical
and limbic regions, (2) the relative importance of EN and vacuoles in the pathology of DPD,
(3) to compare densities of the pathology in the upper and lower laminae, (4) to measure the
degree of correlation among LB, LN, and LG, and (5) using principal components analysis
(PCA) (Armstrong et al 2010), to determine the degree of heterogeneity among cases.

Materials and Methods

Cases

DPD cases (n = 15, mean age 74.13 years, SD = 5.74) (Table 2) were sequentially collected
autopsy cases from patients evaluated by movement disorder specialists at the Movement
Disorders Center at Washington University School of Medicine in St. Louis (Kotzbauer et al
2012). All patients had a clinical diagnosis of idiopathic PD based on modified United
Kingdom Parkinson Disease Society Brain Bank clinical diagnostic criteria and had a clear
clinical response to levodopa (Braak et al 2004). Age at PD onset was determined by chart
review and defined by onset of motor symptoms. Dementia was determined by clinical
assessment and defined as cognitive dysfunction sufficiently severe to impair activities of
daily living. In addition, eight control cases (mean age 77.25 years, SD = 7.38) which had no
neurological or psychiatric histories were studied.

Neuropathology

These studies were approved by the local Institute Review Board (Human Studies
Committee, Washington University School of Medicine) and were carried out according to
the 1995 Declaration of Helsinki (as modified Edinburgh, 2000). After death, the next of kin
provided written consent for brain removal and retention for research studies. Brains were
fixed in 10% neutral buffered formalin for at least two weeks, paraffin-embedded, and
sections cut at 6 pm. For this study, blocks were taken from frontal lobes to study the middle
frontal gyrus (MFQG), anterior cingulate gyrus (CG), and temporal lobes to study the
entorhinal cortex (EC), amygdala, and hippocampus. Histologic stains included hematoxylin
and eosin and modified Bielschowsky silver impregnation. Immunohistochemistry was
performed using the following antibodies: Ap (10D5, 1:100,000; Elan Pharmaceuticals, San
Francisco, CA), phosphorylated tau (PHF-1, 1:500; supplied by Dr. Peter Davies, Albert
Einstein Medical School, Bronx, NY), ubiquitin (Dako, Glostrup, Denmark) and
phosphorylated a-synuclein (1:10,000; Wako Chemicals USA Inc., Richmond, VA), and
phosphorylated TDP-43 (pTDP-43, 1: 40,000; Cosmo Bio Inc., Carlsbad, CA). Lewy body
stage was assessed using a PD staging scale (range: 0, 1-6) (Braak et al 2003, 2004) and the
McKeith et al. staging scale (McKeith et al 1996, McKeith et al 2005). AD pathological
changes were rated using an f-amyloid (AP) plaque stage (range: 0, A—C), and NFT tangle
(tauopathy) stage (range: 0, I to VI) (Braak and Braak 1991, Braak et al 2006). Diffuse and
neuritic plaques were also assessed and cases were classified according to the
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neuropathologic criteria of Khachaturian (Khachaturian 1985), the Consortium to Establish a
Registry for AD (CERAD) (Mirra et al 1991), and the National Institute on Aging (NIA)
and Reagan Institute (Ball et al 1997).

Morphometric methods

In each cortical region, the densities of LB, LN, LG, vacuoles, neurons, EN, and glial cell
nuclei were measured along a strip of tissue (3200 to 6400 um in length) parallel to the pia
mater, using 250 x 50 um sample fields arranged contiguously (Armstrong 2003). The
sample fields were located both in the upper (approximating to laminae II/III) and lower
(approximating to laminae V/VI) cortex, the short edge of the sample field being orientated
parallel with the pia mater and aligned with guidelines marked on the slide. Hence, a
standard sample field was used regardless of the degree of brain atrophy and this will
inevitably effect which laminae are included in the sample. In the majority of cases, the
upper and lower sample fields quantified lesions in laminae II and part of lamina III and in
laminae V/VI respectively. In some of the longer duration cases, however, with a greater
degree of brain atrophy, the upper sample fields could include a greater proportion of lamina
IIT and part of lamina IV. Similarly in laminae V/VI of longer duration cases, the field
would extend into the adjacent white matter and these density counts were corrected for the
smaller field size.

It is possible that the pathology of DPD extends across cortical laminae from pia mater to
white mater and is not confined to the regions of upper and lower laminae studied. To
investigate this possibility, in a small number of gyri with sufficient densities of inclusions,
the distribution of the LB, LN, and LG were studied from pia mater to white matter using
methods described previously (Armstrong et al 1997, Armstrong 2003). Hence, five
traverses from pia mater to the edge of the white matter were located randomly along each
gyrus. All histological features were then counted in 50 x 250um sample fields arranged
contiguously, the larger dimension of the field being located parallel with the surface of the
pia mater. An eye-piece micrometer comprised the sample field and was moved down each
traverse one step at a time from pia mater to the edge of the white matter. Histological
features of the section were used to correctly position the field.

In the hippocampus, the histological features were counted in sectors CA1, CA2, CA3, and
CA4; 10 contiguous fields being recorded in each sector. The short dimension of the sample
field was aligned with the alveus to sample CA1, CA2, and CA3. Measurements were then
continued into sector CA4 using a guideline marked on the slide and which ceased
approximately 400 um from the dentate gyrus fascia. In the dentate gyrus, LB, LN, and LG
were quantified in the molecular and granule cell layer. No vacuolation or glial cell nuclei
were observed in these regions. In the amygdala, the fields were arranged across the
maximum diameter of the basolateral nucleus. All distinct rounded inclusions which were a-
synuclein-immunoreactive were counted as LB. LN were thread-like structures and often
contorted in shape while small circular structures were identified as LG (Fig 1). Neurons
were all cells remaining in the section that could be identified as neurons regardless of their
degree of pathology, i.e., cells containing at least some stained cytoplasm in combination
with larger shape and non-spherical outline (Armstrong 1996). By contrast, small spherical

J Neural Transm. Author manuscript; available in PMC 2015 February 01.



1duosnuely Joyiny vd-HIN 1duosnuey Joyiny d-HIN

1duosnuely Joyiny Vd-HIN

Armstrong et al.

Page 5

or asymmetrical nuclei without cytoplasm, but with the presence of a thicker nuclear
membrane and more heterogeneous chromatin, were identified as glial cells. EN had
irregularly enlarged perikarya, lacked NCI, had a shrunken nucleus displaced to the
periphery of the cell, and a maximum cell diameter of at least three times the diameter of the
nucleus (Armstrong 1996). The majority of EN showed evidence of chromatolysis when
stained with hematoxylin and eosin, the cytoplasm appearing uniformly red. The number of
discrete vacuoles present in the neuropil (‘spongiosis’) greater than 5 um in diameter was
also recorded in each sample field (Armstrong et al 2001, Armstrong et al 2009). It can be
difficult to differentiate microvacuolation of the neuropil from vacuolation around neurons
and blood vessels attributable to artifacts of processing. Hence, vacuoles clearly associated
with such structures were not counted.

Data analysis

The data were analyzed by analysis of variance (ANOVA) (STATISTICA software, Statsoft
Inc., Tulsa, OK, USA). First, the densities of each histological feature in the upper cortical
laminae only of neocortical regions (MFG, CG, and EC) were compared with those in each
CA sector of the hippocampus (CAL1 to 4), the amygdala, and dentate gyrus (granule cell
layer and molecular layer). For analysis of the LB, LN, and LG there are 10 regions and 15
cases while for neurons, EN, vacuoles, and glial cells, the dentate gyrus data were omitted
resulting in 8 regions and 15 cases. Similar analyses were then carried out but substituting
densities in the lower cortical laminae only. Subsequent comparisons among brain regions
were made using Fisher’s ‘protected least significant difference’ (PLSD) as a post-hoc
procedure. Second, numerical densities of each histological feature were compared between
upper and lower regions of the MFG, CG, and EC using two-factor, split-plot ANOVA
(linear model: xjjk = pu + M; + Bj + ejj + Tx +(MT)ik + ejjx) where p is the mean, B; are the
cases varying from 1 to 15, M; represent brain region, Ty upper and lower cortex, (MT);i the
interaction between region and cortical lamina and e;; and ejy; the two error terms, e;; for
testing the effect of brain region and ejj for testing the effect of cortical lamina and its
interaction with brain region (Snedecor and Cochran 1980, Armstrong and Hilton 2011).
Third, the densities of neurons in cortical gyri, amygdala, and averaged over CA sectors of
the hippocampus, were compared in control and DPD cases using two-factor, split-plot
ANOVA, a similar model to that above.

Fourth, correlations between the densities of the LB, LN, and LG in each brain region were
studied using Pearson’s correlation coefficient (‘r’).

Fifth, to study pathological heterogeneity among cases, the data were analysed using
principal components analysis (PCA) (Armstrong et al 2010). The result of a PC A is a
scatter plot of the fifteen DPD cases in relation to the extracted PC in which the distance
between cases reflects their similarity or dissimilarity based on the defining histological
features. Such a plot can reveal whether neuropathological variation is continuously
distributed or whether discrete clusters of cases are present. To correlate the location of a
case on a PC axis with the numerical density of a specific neuropathological feature,
correlations (Pearson’s ‘r’) were calculated between the densities of each histological feature
(LB, LN, LG, EN, neurons, vacuoles, glial cell nuclei) of each DPD case and the coordinates
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of the case relative to the PC1 and PC2. A significant correlation between the density of a
feature and PC1, for example, would identify that feature as important in determining the

separation of cases along PC1.

The a-synuclein-immunoreactive pathology of DPD is shown in Fig 1. Small numbers of
LB are visible scattered over the section while LN and LG are more widespread and
uniformly distributed over the section. A small number of vacuoles are also visible.

The numerical densities of the LB, LN, and LG in each brain region, averaged over the
fifteen cases, are shown in Fig 2. The single-factor ANOVA suggest significant differences
in density of LB were observed among regions when both the upper (F = 8.71, DF = 9,140;
P <0.001) and lower (F = 8.49, DF = 9,140; P < 0.001) cortex data were included in the
analysis. Basolateral amygdala had the greatest densities of NCI compared with upper
cortical regions, dentate gyrus, and hippocampus. In addition, the density of LB was
significantly greater in sectors CA2, CA3, and CA4 compared with the MFG and the CG.
Results were similar when lower cortex data were substituted in the analysis. Significant
differences in the density of LN were observed among regions in the upper (F = 8.44, DF =
9,140; P < 0.001) and lower (F = 9.44, DF = 9,140; P < 0.001) cortex, sector CA2 having the
greatest densities. Significant densities of LN were also recorded in the EC, amygdala, and
sector CA3. The results for the LG were similar to those of the LN. The ratio of LN to LB
varied from 1.8 in the dentate gyrus molecular layer to 19.2 in the upper laminae of the CG
while the ratio of LG to LN varied from 6.3 in the dentate gyrus granule cell layer to 70.2 in
the upper laminae of the CG. Apart from the amygdala (r = —-0.63, P < 0.01), brain weight
was not correlated with lesion densities.

The numerical densities of the vacuolation, neurons, EN, and glial cell nuclei in each brain
region, omitting the dentate gyrus, are shown in Fig 3. The ANOVA suggest there were no
significant differences in the density of vacuoles (upper cortex F=0.73, DF =7,112; P >
0.05; lower cortex F =0.72, DF =7,112; P > 0.05) or EN (upper cortex F=1.81, DF =
7,112; P > 0.05; lower cortex F = 1.06, DF =7,112; P > 0.05) among regions. By contrast,
densities of neurons differed significantly among regions (upper cortex F = 3.74, DF =
7,112; P < 0.01; lower cortex F =2.16, DF = 7,112; P < 0.05) with greater numbers of
neurons in the MFG compared with the EC and in sector CA1 compared with sectors CA3,
CA4 and the amygdala. Similar results were obtained when lower laminae data were
included in the analysis except that there were similar numbers of neurons in the MFG, CG,
and EC. There were significant differences in the density of glial cell nuclei among regions
in the upper (F = 8.66, DF = 7,112; P < 0.001) and lower (F=9.15, DF=DF =7,112; P <
0.05) cortex and greatest glial cell densities were observed in the lower cortex of the EC,

basolateral amygdala, and sector CA2.

A comparison of neuronal densities in control and DPD cases in various cortical regions, the
hippocampus, and amygdala is shown in Table 3. The two-factor ANOVA suggested no
overall difference in density of neurons between control and DPD (F=1.32, DF=1,21; P >
0.05) but a significant interaction between patient group and brain region (F = 3.36, DF =
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5,105; P < 0.01) suggesting lower neuronal densities in the CG and EC in DPD especially in
the lower cortex whereas numbers of neurons were similar in the amygdala and

hippocampus.

A comparison of the densities of each histological feature between upper and lower cortex
using two-factor ANOVA is shown in Table 4. The densities of LB (F=0.31, DF =1,42; P
> 0.05) and vacuoles (F =0.17, DF = 1,42; P > 0.05) did not differ between upper and lower
cortex. However, densities of LN (F=6.19, DF=1,42; P <0.01) and LG (F=6.91, DF =
1,42; P < 0.05) were significantly greater in the upper compared with the lower laminae, the
cortical laminae/region interactions suggesting that this was particularly evident for the LN
(F=3.24, DF =2,42; P < 0.05) in the EC and LG (F = 6.88, DF = 2,42; P < 0.01) in the EC
and CG. Neurons exhibited greater densities in the upper compared with the lower cortex (F
=20.09, DF = 1,42; P < 0.001) in all gyri studied and there were significant differences in
glial cell density between regions (F = 6.44, DF =2,42; P < 0.01) and laminae (F = 66.97,
DF = 1,42; P < 0.001), greater densities being observed in the lower cortex, especially in the
EC.

Changes in density of LB, LN, and LG across the cortex are shown for a single gyrus (Case
A, EC) in Fig 4. Low densities of LB were scattered throughout the cortical profile but the
relationship between density of LN and LG with distance from the pia mater appeared to be
bimodal, the larger density peak being located in the upper cortical laminae.

Correlations (Pearson’s ‘r’) between the densities of LB, LN, and LG in each region are
shown in Table 5. LB were positively correlated with LN in 7/13 regions, LB with LG in
5/13, and LN with LG in all 13 regions studied.

A PCA of the density data resulted in the extraction of two PC’s accounting for a total of
72.75% of the total variance (PC1 = 57.67%, PC2 = 15.08%). A plot of the 15 cases in
relation to PC1 and PC2 is shown in Fig 5 and the correlations between the locations of the
cases on the PC and neuropathological variables in Table 6. The data suggest: (1) PC1
positively correlates with the density of LG in the upper and lower laminae of the MFG and
the density of EN in the lower laminae of the MFG, (2) PC1 negatively correlates with the
densities of LB in CA1, CA2 and CA3, LN and LG in CA2 and CA4, (3) PC2 positively
correlates with the densities of LN and LG in CA2 and LG in CA3, and (4) PC2 negatively
correlates with LN and LG in the MFG. In addition, there were no significant correlations
between the PC and patient age or with LB, NFT, and Ap stage.

Discussion

The data suggest that DPD is characterized by the presence of LB, LN, and LG, mean
densities of the LN and LG being greater than those of LB respectively in all regions. Apart
from the amygdala, there were no significant correlations between densities of LB, LN, or
LG and brain weight suggesting brain shrinkage is unlikely to have influenced densities.
Among brain regions: (1) LB most significantly affected the basolateral amygdala and sector
CA3, (2) LN and LG most significantly affected sectors CA2, CA3, and the EC, and (3)
MFG, CA1 and the dentate gyrus were the least affected regions. Small numbers of a-
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synuclein-immunoreactive rounded inclusions, resembling small LB, were also observed
within the dentate gyrus granule cells, which could be associated with pathological changes
in the EC, spreading to the dentate gyrus via the perforant path. In addition, all regions had
low densities of EN and vacuoles. Where direct comparisons are possible, the density of LB
in DPD was similar to that of DLB, i.e., high densities were present in gyri adjacent to the
hippocampus and within the hippocampus, greater densities were present in sectors
CA2/CA3 compared with CA1 (Armstrong et al 1998).

The densities of the LB, vacuoles, or EN did not differ between upper and lower cortical
laminae in DPD whereas both LN and LG occur with greater densities in the upper cortex,
especially in the CG and EC, suggesting a specific degeneration of upper laminae in DPD.
These results contrast with those of Braak et al (2003) which suggest that LB have an
essentially infragranular distribution in sporadic PD. Hence, it is possible that a-synuclein-
immunoreactive pathology has a more extensive distribution in the cortex in some DPD
cases compared with sporadic PD. By contrast in DLB, LB density was maximal in the
lower laminae in the majority of cortical regions examined (Armstrong et al 1997). Glial cell
nuclei, occurred at greater density in the lower cortex in DPD consistent with pathology
affecting the lower laminae. Hence, pathological change occurs in both upper and lower
laminae in DPD but with the upper laminae of frontal and temporal cortex more
significantly affected. It is also possible that some of the results are a consequence of the
sampling being confined to two regions of cortex, each 250 um in depth, located in the
upper and lower laminae while it is likely that the pathology is more continuously
distributed. Nevertheless, data also suggest that in the gyri examined, LB, LN, and LG were
often bimodally distributed with peaks of density within the regions examined. A detailed
study of the laminar distribution of the pathology in DPD, especially of the vacuolation,
would be useful to describe the pattern of cortical degeneration in more detail.

There were positive correlations among the densities of LB, LN, and LG, most notably
between the LN and LG suggesting a close relationship between the three pathologies. LB,
LN, and LG could be the result of degeneration of the same neurons, LB aggregating in cell
bodies and LN and LG in adjacent neurites and synapses respectively. The close correlation
between the densities of LN and LG could be the result of their more widespread
distribution, whereas LB often occur in more localized clusters. However, the ratios of LN
and LG to LB varied considerably between regions suggesting a more complex relationship
between these pathologies/ A proportion of LG may represent sections through LN oriented
orthogonal to the section. A correlation between diameters of LG and LN widths was
observed in some areas supporting this suggestion. Hence, fine structural studies are
required to determine the origin and cellular location of the grains. Spongiosis in PD has
been correlated with the presence of LB (Braak et al 2003). However, no correlations were
observed between the densities of LB and vacuoles in any of the brain regions studied
suggesting that the abundance of vacuoles cannot be explained by the density of LB alone.

The results of the PCA suggest the presence of disease heterogeneity among the fifteen
cases. The distribution of the cases along PC1 negatively correlate with densities of LB, LN,
and LG in the CA sectors of the hippocampus whereas they are positively correlated with
cortical LN and LG. Hence, PC1 separates those cases with high densities of a-synuclein-
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immunoreactive pathology in the CA sectors of the hippocampus from those with higher
densities of a-synuclein pathology in the MFG and EC. Similarly, PC2 separates those cases
with high densities of a-synuclein pathology in the MFG and CG from those with higher
densities in the CA sectors of the hippocampus. Recent research suggests that pathogenic
proteins such as tau and a-synuclein can be secreted from cells, enter other cells, and seed
small intracellular aggregates within these cells (Goedert et al 2010, Steiner et al 2011). It
was postulated by Hawkes et al (2007) that pathogenic proteins can spread from cell to cell
in PD, and hence, the resulting a-synuclein-immunoreactive pathology may exhibit a spatial
distribution in different cases which reflects this spread. This hypothesis is supported by the
distribution of LB in DLB which exhibit a spatial pattern in the cortex consistent with spread
along cortical pathways (Armstrong and Cairns 2012). Hence, separation of cases along the
PC could be explained by variations in the anatomical pathways of spread of a-synuclein-
immunoreactive pathology either to the frontal cortex or hippocampus and adjacent gyri.

In conclusion, densities of LN and LG were greater than those of LB respectively in all
regions, the ratios of LN and LG to LB varying between regions. Densities of the a-
synuclein-immunoreactive pathology were significantly greater in amygdala, EC, and
sectors CA2 and CA3 of the hippocampus whereas MFG, sector CA1, and the dentate gyrus
were least affected. In regions of the cerebral cortex, the density of LB and vacuoles were
similar in upper and lower laminae while the densities of LN and LG were greater in the
upper cortex. The densities of LB, LN, and LG were significantly positively correlated with
each other, especially the LN and LG. PCA suggested DPD cases were heterogeneous with
pathology primarily affecting either hippocampus or cortex and may reflect variation in
spread of the pathology to affect primarily cerebral cortex or hippocampus.
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Fig 1.

Typical examples of a-synuclein-immunoreactive pathology in dementia associated with
Parkinson’s disease (DPD): Lewy bodies (LB*), Lewy neurites (LN, arrow heads), and
Lewy grains (LG, arrows) (a-synuclein immunohistochemistry, haematoxylin, bar = 50um)
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Fig 2.

Dgnsities of a-synuclein-immunoreactive lesions (LB, LN, and LG) in various brain regions
(MF = middle frontal cortex, CG = cingulate gyrus, EC = entorhinal cortex, CA1/4 = sectors
of the hippocampus, DG = dentate gyrus, ML = molecular layer, GCL = granule cell layer,
AM = basolateral amygdala, U = Upper cortex, L = Lower cortex) in fifteen cases of
dementia associated with Parkinson’s disease (DPD). Analysis of variance (ANOVA): One-
way, (Upper cortical laminae, CA1-2, DG, AM): Between brain regions LB F =8.71 (P <
0.01); LN F=8.44 (P <0.001), LGF =28.31 (P < 0.001); One-way, (Upper cortical laminae,
CA1-4, DG, AM): Between brain regions LB F =8.49 (P < 0.01); LN F =9.44 (P < 0.001),
LG F =38.82 (P <0.001)
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Fig 3.

Dgnsities of vacuoles, abnormally enlarged neurons (EN), neurons, and glial cell nuclei in
the upper and lower laminae in in various brain regions (MF = middle frontal cortex, CG =
cingulate gyrus, EC = entorhinal cortex, CA1/4 = sectors of the hippocampus, DG = dentate
gyrus, ML = molecular layer, GCL = granule cell layer, AM = basolateral amygdala, U =
Upper cortex, L = Lower cortex) in fifteen cases of dementia associated with Parkinson’s
disease (DPD). Analysis of variance (ANOVA): (Upper cortical laminae, CA1-4, AM):
Between brain regions EN F = 1.81 (P < 0.05); neurons F = 3.74 (P < 0.01), Vacuoles F =
0.73 (P > 0.05), GL F =8.66 (P < 0.001); (Lower cortical laminae, CA1-4, AM): Between
brain regions EN F = 1.06 (P < 0.05); neurons F = 2.16 (P < 0.05), Vacuoles F=0.72 (P >
0.05), GLF=9.15 (P < 0.001)
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Fig4.

Examples of the distribution of LC, LN, and LG across the cortex from pia mater to white
mater in the entorhinal cortex (EC) of a case of dementia associated with Parkinson’s
disease (DPD)
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Principal components analysis (PCA) of fifteen cases of dementia associated with

Parkinson’s disease (DPD) based on all histological variables. A plot of cases in relation to
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Table 1

List of abbreviations used in the text

AB

AD

AG
AGD
ANOVA
CA
CERAD
CG
DLB
DPD
EC

EN

LB

LN

LG
MFG
MSA
NCI
NIA

PC
PCA
PD
pTDP-43
PHG
SN

B-amyloid

Alzheimer’s disease
Argyrophilic grains
Argyrophilic grain disease
Analysis of variance

Cornu Ammonis

Consortium to Establish a Registry of Alzheimer’s Disease
Cingulate gyrus

Dementia with Lewy bodies
Dementia associated with Parkinson’s disease
Entorhinal cortex

Abnormally enlarged neurons
Lewy bodies

Lewy neuritis

Lewy grains

Middle frontal gyrus

Multiple system atrophy
Neuronal cytoplasmic inclusion
National Institute on Aging
Principal component

Principal components analysis
Parkinson’s disease
Phosphorylated TDP-43
Parahippocampal gyrus

Substantia nigra
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Table 3

A comparison of the densities (50 x 250 um field, SEM in parentheses) of neurons in various cortical regions
(MFG = middle frontal cortex, CG = cingulate gyrus, EC = entorhinal cortex), the hippocampus, and
amygdala in control cases and dementia associated with Parkinson’s disease (DPD)

Brainregion Laminae Control DPD

MFG Upper 532(0.77)  4.66 (0.34)
MFG Lower 4.53(0.94) 3.89(0.25)
CG Upper 5.19(0.99) 4.39 (0.26)
CG Lower 5.22(0.83) 3.58(0.27)
EC Upper 3.66 (0.41) 3.57(0.27)
EC Lower 4.29(0.40) 3.35(0.26)
Amygdala BL 3.81(0.22) 3.71(0.37)

Hippocampus CAI1-CA4 3.68(0.22) 3.62(0.28)

ANOVA: Between Control/DPD F = 1.32 (P > 0.05), Between regions F = 9.07 (P < 0.001), Interaction F = 3.36 (P < 0.01)
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Table 4

Summary of the results of two-factor analyses of variance (ANOVA) of the densities of histological features
in the upper and lower cortex in cases of dementia associated with Parkinson’s disease (DPD) (Data are ‘F’
ratios from two factor, split-plot analysis of variance (ANOVA).

Factorial effect

Histological Brainregion Upper/Lower cortex Interaction
feature
Lewy bodies F=251 F=0.31 F=1.39
Lewy neurites F=560"" F=619" F=324"
Lewy grains F=4.14" F=691"" F=688""
Enlarged neurons F=0.26 F=3.12 F=0.49
Neurons F=2.89 F=20.09""" F=197
Vacuoles F=0.08 F=0.17 F=047
Glial cellnuclei  p-644™  F=66.97"" F=11.24""
*
P <0.05;
* %
P<0.01;
* %k
P <0.001.
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Table 5

Significant correlations (Pearson’s ‘r’) between the densities of Lewy bodies (LB), Lewy neurites (LN), and
Lewy grains (LG), in each brain region (MFG = middle frontal gyrus, CG = cingulate gyrus, EC = entorhinal
cortex, CA1/4 = sectors of the hippocampus (HC), DG = dentate gyrus, ML = molecular layer, GCL = granule
cell layer, AM = amygdala, BL = basolateral nucleus) in dementia associated with Parkinson’s disease (DPD).

Region Laminae/ LB/LN LB/LG LN/ILG

Region
MFG  Upper - - 0.64""
Lower - - 0,92***
CG Upper 0707 089" 0.89"""
Lower - - 0,79***
EC Upper - - 0.81°**
Lower 079" 070" 085"
HC CAl 0.61" - 077"
CA2 054" - 0.94™™*
CA3 066" 0.62 0.94**
CA4 0.54" 0.55" 0.96"**
DG ML - - 0.62""
DG GCL - - 0.56"
AM BL 092" 073" 076
.
P <0.05;
o
P<0.01;

*kk
P <0.001; (-) indicates regions with non-significant correlations.
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