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Abstract  27 

 28 

Parkinson’s disease dementia (PDD) is neuropathologically characterized by aggregates of α-synuclein 29 

(Lewy bodies) in limbic and neocortical areas of the brain with additional involvement of Alzheimer’s 30 

disease-type pathology. Whilst immune activation is well-described in Parkinson’s disease (PD), how it 31 

links to protein aggregation and its role in PD dementia has not been explored. We hypothesized that 32 

neuroinflammatory processes are a critical contributor to the pathology of PDD. To address this hypothesis, 33 

we examined 7 brain regions at postmortem from 17 PD patients with no dementia (PDND), 11 patients 34 

with PD dementia (PDD), and 14 age and sex-matched neurologically healthy controls. Digital 35 

quantification after immunohistochemical staining showed a significant increase in the severity of α-36 

synuclein pathology in the hippocampus, entorhinal and occipitotemporal cortex of PDD compared to 37 

PDND cases. In contrast, there was no difference in either tau or amyloid-β pathology between the groups 38 

in any of the examined regions. Importantly, we found an increase in activated microglia in the amygdala 39 

of demented PD brains compared to controls which correlated significantly with the extent of α-synuclein 40 

pathology in this region. Significant infiltration of CD4+ T lymphocytes into the brain parenchyma was 41 

commonly observed in PDND and PDD cases compared to controls, in both the substantia nigra and the 42 

amygdala. Amongst PDND/PDD cases, CD4+ T counts in the amygdala correlated with activated microglia, 43 

α-synuclein and tau pathology. Upregulation of the pro-inflammatory cytokine interleukin 1β (IL-1β) was 44 

also evident in the substantia nigra as well as the frontal cortex in PD/PDD versus controls with a 45 

concomitant upregulation in Toll-like receptor 4 (TLR4) in these regions, as well as the amygdala. The 46 

evidence presented in this study show an increased immune response in limbic and cortical brain regions, 47 

including increased microglial activation, infiltration of T lymphocytes, upregulation of pro-inflammatory 48 

cytokines and TLR gene expression, which has not been previously reported in the postmortem PDD brain. 49 

 50 

 51 
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Introduction  52 

 53 

The development of dementia is a key milestone in the progression of Parkinson’s disease (PD). Almost 54 

half of patients develop PD dementia (PDD) within 10 years from diagnosis [77], reaching over 80% at 20 55 

years [29]. Widespread cortical and limbic Lewy body deposition has been reported by several 56 

clinicopathological studies to be the best pathological correlate of cognitive decline in PD [1, 30, 34, 38, 57 

47, 51]. However, the association between cortical Lewy body pathology and PD dementia is far from clear-58 

cut, given that approximately one third of PD cases classified as Braak PD Stage 3 (indicative of no 59 

neocortical Lewy bodies) were found to be demented during life [5]. Conversely, a number of PD cases 60 

exhibiting neocortical and/or limbic Lewy body pathology had no history of cognitive impairment [8, 61]. 61 

Other studies have reported a significant role for co-existing Alzheimer’s type pathology [10, 27, 37, 39, 62 

41, 65] and a combination of both cortical Lewy body and Alzheimer’s-type pathologies has been suggested 63 

as a more robust correlate of PD dementia [9, 31]. Despite extensive research on the neuropathological 64 

substrate of PDD, a consensus has yet to be reached. These conflicting results may be in part due to 65 

differences in case selection, the methodologies used, as well as the inherent heterogeneity of the disease, 66 

however, it also suggests that mechanisms other than protein aggregation may be critically contributing to 67 

cognitive decline in PD. 68 

Neuroinflammation in the PD brain has been described in a small number of postmortem studies, 69 

as well as in vivo using [11C]PK11195 PET imaging [25], but clinicopathological studies assessing 70 

neuroinflammation in PD dementia cases are lacking. McGeer and colleagues were the first to report an 71 

increase in the number of HLA-DR+ microglia in the substantia nigra of PD compared to healthy brains 72 

[52], while a subsequent study found increased numbers of microglia in the hippocampus, transentorhinal, 73 

cingulate and temporal cortices of PD cases compared to controls [36]. Infiltration of both helper (CD4+) 74 

and cytotoxic (CD8+) T lymphocytes into the parenchyma of the substantia nigra has been observed in the 75 

vicinity of neuromelanin-positive dopaminergic neurons in the PD brain [6]. Upregulation of pro-76 

inflammatory cytokines has also been reported in PD, including increased expression of tumour necrosis 77 
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factor α (TNFα), interleukin 1β (IL-1β), and interferon γ (IFNγ) in the substantia nigra, and upregulation of 78 

interleukin 6 (IL6) and interleukin 2 (IL2) in the striatum [33, 56–58]. Pro-inflammatory cytokine 79 

expression has not been explored in more widespread brain regions. 80 

A prominent pathway regulating inflammatory responses is mediated by Toll-like receptors (TLRs) 81 

[42]. Accumulating evidence suggests that α-synuclein may be triggering microglial activation via TLR2 82 

and TLR4, leading to downstream secretion of pro-inflammatory mediators [13, 22, 44, 46]. Both these 83 

receptors have been found to be upregulated at the protein level in the caudate/putamen of postmortem PD 84 

cases compared to controls [16], with TLR4 also being elevated in the substantia nigra [68] and TLR2 in 85 

the anterior cingulate cortex [19].  86 

Hence, although there is accumulating evidence suggesting that neuroinflammation is a feature of 87 

the pathology of PD, investigation of neuroinflammatory processes in extra-nigral brain regions has been 88 

limited to date, and no studies have explored associations with cognitive status during life. We therefore 89 

sought to characterize inflammatory changes across multiple brain regions in demented compared to non-90 

demented PD cases and age-matched controls, in addition to better characterizing the anatomical pattern of 91 

misfolded protein pathology in these cases. We explored the relationship between markers of 92 

neuroinflammation and aberrant forms of α-synuclein, tau and amyloid-β, as well as the association of 93 

neuropathological findings with cognitive decline during life.  94 

 95 

Materials & Methods  96 

 97 

Human samples 98 

 99 

This study received ethical approval from the London - Bloomsbury Research Ethics Committee 100 

(16/LO/0508). Postmortem brain tissue from 28 idiopathic PD cases and 14 age and sex-matched controls 101 

with no known history of neurological or neuropsychiatric symptoms was acquired from the Queen’s 102 
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Square Brain Bank and the Cambridge Brain Bank. Presence/absence of tau or amyloid-β pathology was 103 

not used as a selection criterion for controls, as our aim was the comparison of PD cases with typical 104 

neurologically healthy aged individuals in whom a degree of incidental protein pathology is expected. 105 

Brains were bisected in the sagittal plane with one half flash-frozen and stored at -80 oC and the other half 106 

fixed in 10% neutral buffered formalin for 2-3 weeks. From the formalin-fixed tissue, blocks were sampled 107 

and embedded in paraffin. 108 

All PD cases had been assessed during life at the Parkinson’s Disease Research Clinic, University 109 

of Cambridge, UK, with prospective collection of longitudinal clinical and neuropsychological data. All 110 

PD cases met the UK Parkinson's Disease Society Brain Bank Diagnostic Criteria. Cause of death was 111 

determined based on the death certificate. Standardized assessments included the Unified Parkinson’s 112 

Disease Rating Scale (UPDRS), Hoehn & Yahr stage, the Mini-Mental State Examination (MMSE), and 113 

verbal fluency testing. PD dementia was diagnosed using MDS PD Dementia level 1 criteria [17, 21], 114 

operationalized using MMSE<26, impaired cognitive performance in more than 1 domain and impairment 115 

in functional ability on activities of daily living as assessed by the clinician. In cases who were lost to 116 

follow-up from the Parkinson’s Disease Research Clinic, dementia status was determined retrospectively 117 

through review of the medical notes.   118 

 119 

Immunoperoxidase staining of human postmortem brain tissue 120 

 121 

Immunohistochemistry was performed on 10 μm-thick paraffin-embedded sections from 7 brain regions: 122 

substantia nigra, amygdala, hippocampus, entorhinal, occipitotemporal, prefrontal, and posterior parietal 123 

cortex. One section per brain region was stained for each marker of interest in control and PD cases. 124 

Sections were deparaffinized and sequentially rehydrated, in xylene, 100% EtOH, 90% EtOH, 70% EtOH 125 

and dH2O. Antigen retrieval was performed in 98% formic acid (pH=1.6-2.0) for 5 min (α-synuclein and 126 

tau), or in boiling 10 mM sodium citrate buffer (0.05% Tween20, pH=6) for 30 min (all other antibodies). 127 

Blocking of endogenous peroxidase activity was performed in 3% H2O2 in PBS, for 15 min at room 128 
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temperature. Sections were then incubated with blocking solution (2% milk for α-synuclein and tau, or 20% 129 

normal rabbit serum for all other antibodies) for 20 min at room temperature. Sections were subsequently 130 

incubated with the appropriate primary antibody for 1 hour at room temperature (α-synuclein [Enzo Life 131 

Sciences sa3400, 1:250]; tau [in house P11/57 clone, 1:5]; amyloid-β [DAKO MO872, 1:100]; GFAP 132 

[DAKO Z0334, 1:500]; HLA-DR [DAKO MO775, 1:500]; Iba1 [Wako Chemicals 019-19741, 1:4000]; 133 

CD3 [Leica Biosystems NCL-L-CD3-565, 1:300]; CD4 [Abcam ab133616, 1:100]; CD8 [Abcam ab17147, 134 

1:100]). Following 3x 5 min washes with PBS, sections were incubated with biotinylated secondary 135 

antibody for 30 min at room temperature. Following 3x 5 min washes with PBS, the sections were incubated 136 

with ABC Elite Vectastain Kit (Vector Laboratories) for 30 min at room temperature. Colour was developed 137 

by 4 min incubation in DAB Peroxidase Substrate solution (Vector Laboratories). Upon rinsing with dH2O, 138 

sections were counterstained with Harris’ Haematoxylin for 30 sec, sequentially dehydrated in ascending 139 

EtOH concentrations and coverslipped using DPX mounting medium. Slide scanning was done at the 140 

Histopathology/HIS facility at the Cancer Research UK Cambridge Institute. Scanning was performed on 141 

the Aperio Scanscope AT2 (Leica Biosystems) at x20 magnification with a resolution of 0.503 μm per pixel. 142 

Images were viewed with the Aperio Imagescope viewing platform (Leica Biosystems).  143 

 144 

Neuropathological assessment 145 

 146 

The diagnosis of idiopathic PD was confirmed by the presence of Lewy bodies in the substantia nigra. 147 

Neuropathological assessment of α-synuclein, tau, and amyloid-β was performed using Aperio ImageScope 148 

software. Lewy body, neurofibrillary tau tangle and amyloid-β pathology were assessed by a recently 149 

described quantitative method based on a digital analysis package in ImageScope [18]. Specifically, the 150 

Positive Pixel Count v9 algorithm was used with parameters optimized for the quantification of brown 151 

(DAB) immunohistochemical staining. To account for differences in ROI size across postmortem cases, 152 

the specific staining is reported as the total positive pixels per mm2 stained area. Microglia were counted 153 

by a quantitative semi-automated method using ImageJ Software (Rasband, W.S., ImageJ, U. S. National 154 
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Institutes of Health, Bethesda, Maryland, USA). Specifically, 3x 1 mm2 square ROIs were randomly 155 

selected from each brain region. Image processing included the following steps: colour deconvolution, 8-156 

bit conversion, background subtraction and noise reduction. The appropriate brightness threshold was 157 

manually determined to create an overlay mask. The particle analysis plugin was used to count the number 158 

of activated microglia per mm2. Size settings were optimized to primarily include enlarged amoeboid 159 

(activated microglia) and not small, ramified cells. This was done by measuring the cell soma diameter of 160 

amoeboid microglia in several sections in different brain regions and then using this experimenter-161 

determined diameter in the particle analysis plugin to quantify cells of similar or larger cell soma size only. 162 

This algorithm was applied to all the images across all brain regions using the Multiple Image Processor 163 

plugin and the mean of the 3x ROIs was used for statistical analysis. The same methodology was used for 164 

the quantification of HLA-DR+ and Iba1+ activated microglia. Astroglial quantification was done by a semi-165 

automated method using ImageJ Software. The total GFAP stained area was measured in 3x 1 mm2 square 166 

ROIs per brain region and the mean was used for statistical analysis. Finally, the number of parenchymal 167 

but not perivascular CD4+ and CD8+ T lymphocytes was manually counted in the entire section of the 168 

substantia nigra and the amygdala. Infiltrating lymphocytes were expressed as the number of cells per mm2. 169 

 170 

RNA extraction from frozen postmortem brain 171 

 172 

Frozen tissue samples from the substantia nigra, amygdala, hippocampus, and frontal cortex were used for 173 

mRNA extraction. 20-40 mg of tissue were homogenized with Qiazol Lysis Reagent. RNA was then 174 

purified using the RNeasy Plus Universal Mini Kit according to the manufacturer’s instructions. RNA 175 

concentration was measured using a NanoDrop spectrophotometer. RNA integrity was determined by 176 

Agilent 2100 Bioanalyzer using Agilent RNA 6000 Nano Chips according to the manufacturer’s 177 

instructions. RNA samples with RIN numbers ≤ 5 were not used for further analysis. 300 ng of total RNA 178 

was converted to cDNA using the SuperScriptTM III First-Strand Synthesis SuperMix for qRT-PCR as per 179 

the manufacturer’s instructions.  180 
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Real-time quantitative PCR 181 

 182 

For each cDNA sample, the 20 µl reaction mixture consisted of 10 µl of TaqMan Gene Expression 183 

Mastermix (Thermo Fisher Scientific #4369510), 1 µl of the appropriate TaqMan primer/probe, 4 µl DNase 184 

free H2O and 5 µl cDNA. A non-template sample (containing TaqMan primer/probe, TaqMan master mix 185 

and DNase free H2O without cDNA) was used as a negative control. The following TaqMan (Thermo Fisher 186 

Scientific) primer/probes were used: TLR2 (Hs02621280_s1), TLR4 (Hs00152939_m1), TNFα 187 

(Hs00174128_m1), IL-1β (Hs01555410_m1), IL6 (Hs00174131_m1), IL8 (CXCL8) (Hs00174103_m1), 188 

and the housekeeping reference genes CYC1 (Hs00357717_m1), UBE2D2 (Hs00366152_m1) and 189 

GAPDH (Hs04420697_g1). Real-time amplifications were run in triplicates in a QuantStudioTM 12K Flex 190 

Real-Time PCR System (Applied Biosystems). The reaction mixtures were incubated at 50 °C for 2 min 191 

and 95 °C for 10 min followed by 40 cycles at 95 °C for 10 sec, and 60 °C for 1 min. The expression of the 192 

target genes (CT) was normalized by subtracting the mean CT of three housekeeping reference genes (CYC1, 193 

UBE2D2 and GAPDH) giving the ΔCT for each sample. Statistical analysis was done on the ΔCT values as 194 

recommended by Yuan et al. [79] using two-tailed unpaired t-tests. For the graphical representation of the 195 

fold-change, the Livak method was used [49]. Briefly, the mean ∆CT of the control group was subtracted 196 

from the ∆CT of each sample to get the ∆∆CT. Finally, the formula 2-∆∆CT was used to extrapolate the fold-197 

change. Fold-change is 1 for the control group (no change). For the PD group, fold-change >1 indicates 198 

increased gene expression, whereas <1 denotes decreased expression compared to the control group. 199 

 200 

Statistical Analysis  201 

 202 

The Shapiro-Wilk normality test was used to assess the distribution of variables. Accordingly, comparisons 203 

between control, PDND and PDD groups, were performed either with a one-way ANOVA or a Kruskal 204 

Wallis test (for parametric and nonparametric variables, respectively), whilst correcting for multiple 205 

comparisons with the appropriate post-hoc test. Comparisons between two groups were made with an 206 
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unpaired two-tailed t-test or by Mann-Whitey U test (for parametric and nonparametric variables, 207 

respectively). Categorical variables were compared using a χ2 test.  208 

Spearman’s rank-order correlation was used to assess correlations between neuropathological 209 

variables within specific regions. The association of pathological variables with cognitive decline during 210 

life (change in MMSE per year) was first assessed by Spearman’s rank-order correlation. Pathological 211 

variables found to be associated with cognitive decline (p<0.05) were then entered into a univariate linear 212 

regression analysis, with rate of cognitive decline as the dependent variable, whilst correcting for age at 213 

death and disease duration. All correlative analyses (between pathological, immune, and clinical markers) 214 

were exploratory and so formal correction for multiple testing was not applied. 215 

IBM SPSS Statistics and GraphPad Prism were used for statistical analysis. Graphs were generated 216 

using GraphPad Prism. A p-value<0.05 was defined as statistically significant.  The data is presented as 217 

mean (± SD) unless otherwise specified. 218 

 219 

Results  220 

 221 

Demographics 222 

 223 

Demographic and clinical characteristics of PD patients (n=28) and controls (n=14) are summarized in 224 

Table 1. 11 PD patients developed dementia during life (PDD), whilst 17 had remained cognitively intact 225 

(PDND). The mean duration of dementia from onset to death was 4.7 (± 2.9) years. Controls, PDND and 226 

PDD cases were matched for age, sex, and postmortem interval. For 5 of the PD cases, clinical data was 227 

only available for a single visit to the clinic. Those cases were excluded from the “interval from last 228 

assessment to death” and “change per year” analysis.   229 

There was no difference in disease duration between the PDND and PDD groups. Total UPDRS at 230 

last assessment was significantly higher in PDD compared to PDND cases (p=0.021) as anticipated, but 231 

PDND and PDD groups were matched in terms of motor severity (UPDRS-III) at last assessment. PDD 232 
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cases had significantly lower MMSE scores at their last clinic visit prior to death, compared to PDND cases 233 

(p<0.0001), as well as a significantly greater decline in MMSE scores per year (p<0.0001). 234 

 235 

Table 1. Control and PD case demographics.   

  Control PDND PDD p 

N 14 17 11 - 

Postmortem interval (hours) 64.1 (± 38.3) 58.8 (± 28.1) 61.5 (± 32.7) 0.903 

Sex: % Male 64.3% 51.9% 90.9% 0.112 

Age at death 79.8 (± 5.9) 79.0 (± 8.1) 81.8 (± 6.4) 0.573 

Age at diagnosis - 66.9 (± 11.1) 67.9 (± 9.7) 0.803 

Disease duration at death (yr) - 12.1 (± 4.8) 13.9 (± 6.4) 0.396 

Interval from last assessment to death (yr) - 4.2 (± 3.3) 3.9 (± 4.1) 0.749 

Last Hoehn & Yahr score - 2.6 (± 0.7) 2.9 (± 0.8) 0.693 

Last UPDRS motor (on medication) - 30.6 (± 15.0) 39.3 (± 9.9) 0.117 

Last UPDRS total (on medication) - 50.2 (± 21.3) 69.8 (± 16.9) 0.021* 

Last MMSE - 28.7 (± 1.2) 20.6 (± 5.1) <0.0001**** 

Change in MMSE per year - 0.21 (± 0.64) -1.46 (± 1.34) <0.0001**** 

Continuous variables were compared using One-way ANOVA (between Control, PDND and PDD) or Mann-

Whitney U test (between PDND and PDD). Categorical variables (sex) were compared using the χ2 test. UPDRS: 

Unified Parkinson's Disease Rating Scale, MMSE: Mini-Mental State Examination. The values represent the mean 

(± SD); *p<0.05, ****p<0.0001. 

 236 

Cause of death was also interrogated in the controls and PD cases (Fig. 1). The most frequent primary cause 237 

of death in the control group was cancer (43%) followed by cardiovascular conditions (29%). In the PD 238 

group, death was predominantly due to respiratory infection (32%; mainly bronchopneumonia) and 239 

cardiovascular disease (18%), with cancer and Parkinson’s disease being the third most common causes 240 

(11% each). Dementia was recorded as the primary cause of death in 7% of PD cases. 241 

 242 

Increased cortical α-synuclein pathology, but not tau or amyloid-β in PDD compared to PDND brains  243 

 244 

Examination of the substantia nigra confirmed marked loss of pigmented cells and the presence of Lewy 245 

bodies and Lewy neurites in the remaining pigmented cells in all PD cases, but not in any of the controls. 246 

Formal quantification of Lewy body counts in this region was of little value as they were confounded by 247 
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cell death. No neurofibrillary tau tangles or amyloid-β plaques were identified in the substantia nigra in 248 

either controls or PD cases. The extent of α-synuclein, tau and amyloid-β pathology was quantitatively 249 

measured in a further six brain regions, namely the hippocampus, amygdala, entorhinal, occipitotemporal, 250 

prefrontal and posterior parietal cortices.  251 

Comparison of α-synuclein pathology was made only between PDND and PDD cases but not with 252 

controls due to the complete absence of Lewy bodies and neurites in the latter (Fig. 2a). α-Synuclein 253 

pathology was greater in PDD compared to PDND across multiple brain regions, with comparisons reaching 254 

significance (p<0.05) in the hippocampus, entorhinal, and occipitotemporal cortex. There were no 255 

statistically significant differences in tau or amyloid-β pathology in any brain regions between the three 256 

groups (Fig. 2b and 2c). 257 

 258 

Increased astrogliosis but not microglial activation in the PD substantia nigra 259 

 260 

In the substantia nigra, quantification of the number of enlarged amoeboid HLA-DR+ microglial 261 

cells (activated) revealed no significant difference between controls, PDND and PDD brains (Fig. 3a, b). 262 

Given that this finding contradicts previous reports of an increase in activated microglia in the nigra in PD, 263 

we performed additional staining in this region using the microglial marker Iba1, which confirmed similar 264 

results (Supplementary Fig. 1). Astrogliosis (GFAP+ stained area) was increased in PDND brains compared 265 

to controls (Kruskal-Wallis with Dunn's multiple comparisons test, p=0.024; Control vs PDND p=0.019) 266 

(Fig. 3c, d). This suggests increased astrocytic scarring in this brain region which could be related to the 267 

widespread neuronal cell death. 268 

 269 

Microglial activation is increased in the amygdala of PDD cases  270 

 271 

Quantification of microglial activation and astrogliosis was performed in six additional brain 272 

regions, namely, the amygdala, hippocampus, entorhinal, occipitotemporal, prefrontal and posterior parietal 273 



Kouli et al., 2020 

12 

 

cortex. Activated microglia counts in the amygdala were significantly higher in PDD cases compared to 274 

controls (Kruskal-Wallis with Dunn's multiple comparisons test, p=0.039; Control vs PDD p=0.046) (Fig. 275 

4a, c). The number of activated microglia in the hippocampus was also higher in PDD compared to PDND 276 

cases, but this did not withstand multiple comparisons correction. The number of activated microglia did 277 

not differ between groups in the remaining brain regions (Fig. 4c). Astrogliosis did not differ between 278 

controls, PDND and PDD cases in any brain region (Fig 4b, d). 279 

  280 

Increased T lymphocyte infiltration in PDND and PDD brains compared to controls 281 

 282 

Initial investigations in the substantia nigra in a subset of brains indicated a higher number of parenchyma 283 

infiltrating CD3+ T cells per mm2 in PD versus controls (p=0.038). (Supplementary Fig. 2). Parenchyma-284 

infiltrating CD3+ T cells were also observed in the amygdala in both PD cases and controls, but these cells 285 

were extremely sparse or absent in the hippocampus and the cortical brain regions we investigated. 286 

Therefore, the substantia nigra and the amygdala were further examined quantitatively for the presence of 287 

CD4+ and CD8+ T lymphocyte infiltration. Representative images of CD4+ and CD8+ immunostaining in 288 

the substantia nigra and amygdala of a control and Parkinson’s case are shown in Fig. 5a & c. The 289 

percentage of postmortem cases with 0-10, or more than 10 infiltrating cells in the entire section is 290 

illustrated in Fig, 5b, d, f, and h.  291 

In the substantia nigra only 17% of controls showed significant CD4+ lymphocyte infiltration (>10 292 

cells) compared to 44% of PDND and 78% of PDD cases (χ2=75.15, p<0.0001) (Fig 5b). Quantification of 293 

parenchyma-infiltrating lymphocytes per mm2 revealed a significant increase in the number of CD4+ T cells 294 

in the substantia nigra in PDD>PD>controls (p=0.016; Control vs PDD p=0.014) (Fig. 5i). A larger 295 

proportion of PDD cases (80%) had more than 10 CD8+ lymphocytes in the substantia nigra compared to 296 

PDND cases (69%) and controls (58%) (χ2=11.31, p=0.0035) (Fig 5d). However, there was no difference 297 

in the number of CD8+ cells per mm2 across groups after correcting for multiple comparisons (p=0.105) 298 

(Fig. 5i). In the amygdala, only 10% of controls showed marked CD4+ lymphocyte infiltration (>10 cells), 299 
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as compared to 50% of PDND and 33% of PDD cases (χ2=37.68, p<0.0001) (Fig. 5d). The number of CD4+ 300 

cells per mm2, however, was not significantly different between the three groups after correcting for 301 

multiple comparisons (p=0.081) (Fig. 5i). The number of infiltrating CD8+ T lymphocytes in the amygdala 302 

was comparable across groups (p=0.434) (Fig. 5i).  303 

 304 

Pro-inflammatory cytokine IL-1β expression is upregulated in the substantia nigra and frontal cortex 305 

of PD brains 306 

 307 

Quantitative real-time PCR with primers for TNFα, IL-1β, IL6, and IL8 was performed in four brain regions 308 

(substantia nigra, amygdala, hippocampus, and frontal cortex). Due to the limited availability of frozen 309 

brain tissue, PDD and PD cases were collapsed into a single group for comparison with controls. In the 310 

substantia nigra and frontal cortex, there was a significant increase in the expression of the pro-311 

inflammatory cytokine IL-1β in PD compared to controls (p<0.05) (Fig. 6a and d). In the amygdala and 312 

hippocampus there were no between-group differences in cytokine expression (Fig. 6b, c).  313 

 314 

TLR4 expression is upregulated in the substantia nigra, amygdala and frontal cortex of PD brains 315 

 316 

Quantitative real-time PCR with primers for TLR2 and TLR4 was performed in four brain regions 317 

(substantia nigra, amygdala, hippocampus, and frontal cortex). TLR2 expression was similar in PD and 318 

controls across all four brain regions (Fig. 7). In contrast, TLR4 was significantly upregulated in the 319 

substantia nigra (p=0.006), the amygdala (p=0.035) and the frontal cortex (p=0.006) of PD cases compared 320 

to controls (Fig. 7).  321 

 322 

Correlation between neuropathological and immune markers 323 

 324 
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Spearman’s rank-order correlation in PD cases between the pathological proteins in each brain region 325 

revealed a consistent association between α-synuclein and tau in all the examined brain regions, most 326 

strongly in the amygdala (Rho=0.575, p=0.003) and prefrontal cortex (Rho=0.602, p=0.003) (Table 2). 327 

There was also a correlation between α-synuclein and amyloid-β in the occipitotemporal and posterior 328 

parietal cortices. No significant correlation was observed between tau and amyloid-β in any brain region.   329 

 330 

Table 2. Spearman’s rank-order correlation between pathological proteins in PD cases. 

Region  tau Amyloid-β 

  Rho p Rho p 

Amygdala (n=24) 

α-synuclein 

0.575 0.003** 0.219     0.304 

Hippocampus (n=22) 0.431  0.040* 0.034     0.879 

Entorhinal cortex (n=23) 0.468  0.024* 0.257     0.248  

Occipitotemporal cortex (n=22) 0.535  0.010* 0.438     0.047* 

Prefrontal cortex (n=22) 0.602  0.003** 0.385     0.077 

Posterior parietal cortex (n=28) 0.354  0.070* 0.413 0.029* 

Rho: Spearman’s correlation coefficient. *p<0.05; **p<0.01 

 

 331 

In PDND and PDD cases, Spearman’s rank-order correlation was performed between all three 332 

pathological proteins and the number of activated microglia in each brain region (Supplementary Table 1). 333 

In the amygdala, HLA-DR+ microglial count significantly correlated with α-synuclein (Rho=0.448; 334 

p=0.028). In the posterior parietal cortex, the number of activated microglia was significantly associated 335 

with tau pathology (Rho=0.471; p=0.013). No correlation between activated microglia and amyloid-β was 336 

observed in any region. 337 

In the amygdala, Spearman’s rank-order correlation also revealed a significant correlation between 338 

CD4+ T lymphocytes with both α-synuclein (Rho=0.443; p=0.034) and tau pathology (Rho=0.420; 339 

p=0.046), as well as a correlation between CD8+ T lymphocytes and tau pathology (Rho=0.569; p=0.006) 340 

(Supplementary Table 2). In this brain region, the number of infiltrating CD4+, but not CD8+ T lymphocytes 341 

was correlated with the number of activated microglia (Spearman’s Rho=0.525; p=0.01).  342 

 343 
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Association between neuropathology and cognitive decline 344 

 345 

We sought to identify which pathological marker was the best correlate to longitudinal cognitive decline in 346 

life (measured by the MMSE). Only cases with clinical data collected up to and including 3 years prior to 347 

death were included in this analysis (n=13). Four variables correlated significantly with MMSE change per 348 

year using Spearman's Rank-Order Correlation (i.e., α-synuclein pathology in the hippocampus, entorhinal, 349 

occipitotemporal and prefrontal cortices). Univariate linear regression, correcting for age at death and 350 

disease duration, confirmed a significant association between MMSE change per year and α-synuclein 351 

pathology in the hippocampus (F(3,9)=14.73, p=0.001), entorhinal (F(3,9)=33.98, p<0.0001), occipitotemporal 352 

(F(3,9)=7.80, p=0.007), and prefrontal cortex (F(3,9)=12.51, p=0.002) (Table 3).  353 

 354 

Table 3. Univariate linear regression of MMSE change per year with correction for 

age at death and disease duration 

Variable 

Standardized 

Beta Coefficient Adjusted R2 p value 

α-Synuclein in the hippocampus -0.914 0.774 0.001 

α-Synuclein in the entorhinal cortex -0.972 0.892 <0.0001 

α-Synuclein in the occipitotemporal cortex -0.868 0.630 0.007 

α-Synuclein in the prefrontal cortex -0.958 0.738 0.002 

MMSE: Mini-Mental State Examination 

 355 

Discussion  356 

 357 

This study provides novel insights into the neuropathological substrates of cognitive decline in PD through 358 

investigating, for the first time, the nature and distribution of neuroinflammatory change in PD cases with 359 

or without dementia and correlating this with protein pathology. We confirm previous findings that α-360 

synuclein pathology correlates with the rate of cognitive decline in PD, whilst the levels of Alzheimer’s 361 

disease pathology were found to be comparable across groups. Neuroinflammatory change in PDD cases 362 

was most pronounced in the amygdala, a limbic region heavily implicated in emotion and cognition [62]. 363 

Specifically, we observed increased microglial activation in the amygdala in PDD compared to controls 364 
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and found evidence of CD4+ T cell infiltration into this region in all PD dementia cases. Furthermore, 365 

microglial activation, CD4+ T cell infiltration and α-synuclein pathology were correlated in this region, 366 

implicating an α-synuclein-driven neuroinflammatory response in the amygdala in PD dementia. We 367 

explored the expression of pro-inflammatory cytokines as well as TLR2 and TLR4 in several extra-368 

nigrostriatal regions and observed elevated expression of TLR4 in the amygdala, frontal cortex, and 369 

substantia nigra, accompanied by elevated levels of the downstream inflammatory cytokine IL-1β. Taken 370 

together, our observations are consistent with the hypothesis that α-synuclein drives a neuroinflammatory 371 

response in PD through the activation of microglial TLR4 [46] and suggest a contributory role for peripheral 372 

T lymphocytes.   373 

Our results show a significantly higher burden of α-synuclein pathology in PDD compared to 374 

PDND cases across multiple brain regions. This is consistent with previous findings of increased α-375 

synuclein burden in PD dementia. Compta et al. using both a semi-quantitative Lewy body scoring system 376 

and quantification of Lewy body density per mm2 found a significantly elevated burden in PDD brains 377 

(n=29) compared to PDND (n=27), particularly in the frontal, temporal, cingulate and entorhinal cortex [9]. 378 

A second large autopsy study in 92 PDD and 48 PDND brains using traditional scoring protocols reported 379 

similar results in the same brain regions [38]. These findings were further validated in another large study 380 

with 55 PDD and 49 PDND cases [65]. Previous volumetric MRI studies have also implicated the amygdala 381 

in PD dementia showing significant atrophy of this region in demented PD patients compared to healthy 382 

controls but not in cognitively intact PD patients compared to controls thus implicating the amygdala in 383 

cognitive decline in PD [40]. A limited number of studies have also addressed the role of abnormalities in 384 

the amygdala in relation to other non-motor symptoms of PD. On a functional level, a magnetic resonance 385 

imaging (MRI) study revealed that in the absence of structural alterations, there were abnormally high levels 386 

of activity in the amygdala of depressed PD patients compared to patients without depression and to controls. 387 

This heightened activity was found to be positively correlated with clinical scores of depression. Functional 388 

connectivity between the amygdala and fronto-parietal cortices was also found to be reduced, specifically 389 

in the patients suffering from depression [32]. Furthermore, an early clinicopathological study showed that 390 
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PD patients suffering from hallucinations had nearly double Lewy body density in the basolateral amygdala 391 

compared to patients that did not experience them [28]. Amygdala abnormalities have also been linked to 392 

cognitive decline in Alzheimer’s disease. Similar to PD, atrophy of the amygdala was shown to be 393 

substantial in two large independent cohorts of mild Alzheimer’s disease. The magnitude of atrophy was 394 

strongly predictive of cognitive decline as shown by a robust correlation with MMSE scores [63]. The role 395 

of amygdala dysfunction in PD dementia has not been extensively studied and based on our present findings 396 

may warrant further investigation. 397 

Notably, we did not observe any significant differences in tau pathology between PDND and PDD 398 

cases. In agreement, semi-quantitative scoring in large postmortem study revealed similar levels or 399 

neurofibrillary tau tangles in the temporal, mid-frontal, and parietal cortex of PDND and PDD cases [38]. 400 

Tau Braak staging, however, has shown inconsistent results across studies; whilst Horvath et al. found the 401 

overall tau Braak stage to be significantly higher in demented compared to non-demented PD cases [30], 402 

Ruffmann and colleagues did not find differences between the groups, with 84% of all cases having only 403 

mild tau pathology (Braak stage 0-2) [65]. We did not observe significant differences in amyloid-β 404 

pathology between controls, PDND, and PDD cases. In contrast, previous studies have reported higher 405 

amyloid-β scores in the hippocampus, striatum, entorhinal and frontal cortex of demented compared to non-406 

demented PD brains [65]. The total amyloid-β plaque score, total amyloid angiopathy in the cortex [9], and 407 

the amyloid-β Thal phases [30, 73] have also been reported to be significantly higher in PDD compared to 408 

PDND. This discrepancy of our results with previous studies may be due to the difference in brain regions 409 

under investigation and the smaller sample size used in our study. Indeed, we observed a trend for increased 410 

amyloid-β deposition in the PDD cases compared to both PDND and controls, however this was not 411 

significant after correcting for multiple comparisons. 412 

We hypothesized that neuroinflammation might be an additional neuropathological substrate 413 

contributing to dementia in PD. PET neuroimaging studies using [11C]PK11195, a ligand for TSPO which 414 

is upregulated on activated microglia, have similarly suggested that microglial activation is increased in 415 

PDD cases. Edison and colleagues demonstrated increased tracer uptake in multiple brain regions in 416 
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demented PD patients compared to controls, which was much more widespread than in non-demented PD 417 

patients versus controls [20]. We have previously shown that PD patients with a higher risk of progressing 418 

to dementia have increased activation of the innate immune system, including an increase in classical 419 

(inflammatory) monocytes, and increased monocyte expression of both TLR2 and TLR4 compared to 420 

patients at low risk of dementia [75]. Furthermore, we found that a pro-inflammatory cytokine profile in 421 

the serum in newly-diagnosed PD patients was associated with faster UPDRS-III progression and more 422 

impaired cognitive function over 3 years of follow-up [78]. However, the contribution of 423 

neuroinflammation to PDD has not previously been explored at postmortem. Our novel data show an 424 

increase in activated HLA-DR+ microglia in the amygdala of PDD cases. In a previous study Imamura et 425 

al. showed increased numbers of HLA-DR+ microglia in the hippocampus, transentorhinal, cingulate and 426 

temporal cortex in a relatively small number of PD (n=12) and control (n=4) autopsy cases, though in this 427 

study no distinction was made between demented and non-demented PD brains [36]. The lack of a PD 428 

versus control difference in activated microglia in these regions in our study may relate to the characteristics 429 

of the control population used. We opted to select typical elderly controls on the basis of having no 430 

neurological or cognitive symptoms during life and not on the basis of an absence of tau or amyloid-β 431 

pathology in the brain. In contrast, other authors typically select “supranormal” controls with no 432 

neurofibrillary tau tangles or amyloid-β plaques. Such controls are not representative of the normal 433 

neurologically intact aged population; indeed it has been repeatedly demonstrated that misfolded tau and 434 

amyloid-β accumulation occurs during ageing in the absence of neurodegenerative disease [3, 11, 50, 64, 435 

66]. Our controls had a degree of amyloid-β and tau pathology and such misfolded protein deposition may 436 

trigger low level microglial activation. This could explain the contradictory findings in our study compared 437 

to previous work [36]. 438 

Surprisingly, we did not find a difference in HLA-DR+ microglia count in the substantia nigra of 439 

PD cases (either PDND or PDD) compared to controls. This is in contrast to the seminal study by McGeer 440 

et al. in 1988 who first reported an increase in HLA-DR+ microglia in this region of PD cases compared to 441 

controls [53]. Similar findings have been reported by a subsequent study showing an increase in both 442 
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amoeboid CD68+ microglia as well as Iba1+ microglia in the postmortem PD nigra [15]. These 443 

inconsistencies with our findings may be partly explained by methodological differences in the 444 

identification of activated microglia as discussed below, as well as differences in the selection of control 445 

populations. [11C]PK11195 PET neuroimaging studies have also shown conflicting data. Ouchi et al. found 446 

increased binding in the midbrain of newly diagnosed PD patients [60], whilst Gerhard et al. did not find a 447 

difference in the substantia nigra of patients compared to controls [25]. Additional studies are needed to 448 

ascertain the extent of microglial activation in the substantia nigra and at which stage of the disease this is 449 

more prominent. 450 

Although we did not observe an increase in number of activated microglia in the nigra, we did 451 

observe increased infiltration of peripheral T lymphocytes in this region in PDD and PDND cases, as well 452 

as elevated IL-1β levels, providing alternative evidence of immune activation in this region. Brochard et al. 453 

have previously shown an increased number of both CD4+ and CD8+ T lymphocytes in the substantia nigra 454 

of PD cases compared to controls, especially in the vicinity of dopaminergic neurons [6]. Additionally, 455 

recent work by Sommer et al. using CD3, a pan-T lymphocyte marker, revealed an increase in total CD3+ 456 

T lymphocytes (including parenchymal and perivascular cells) in the substantia nigra of PD cases compared 457 

to controls [69]. Our results corroborate these earlier findings and we also show that this increase is 458 

predominantly seen in PD dementia cases compared to controls. Furthermore, we observed a similar non-459 

significant trend in the amygdala, particularly in the numbers of CD4+ but not of CD8+ lymphocytes, and 460 

found that significant CD4+ lymphocyte infiltration (more than 10 cells) into the amygdala was more 461 

common in PDND and PDD (50% and 33% of cases) compared to controls (10% of cases). Infiltration of 462 

T lymphocytes in the brain parenchyma has also been observed in other synucleinopathies. In particular, 463 

CD4+ but not CD8+ or B lymphocytes were found to be increased in the frontal cortex and hippocampus of 464 

cases with dementia with Lewy bodies (DLB) compared to controls at postmortem [35]. A second recent 465 

study in DLB cases showed increased T lymphocyte infiltration in both the grey and white matter of the 466 

middle temporal gyrus, in the absence of prominent microglial activation [2]. Similarly, in the substantia 467 

nigra of cases with multiple system atrophy compared to controls both CD4+ and CD8+ T lymphocytes were 468 
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found to be increased [76]. The role of infiltrating T lymphocytes in PD is still unclear, however, ablation 469 

of CD4+ T cells in an MPTP mouse model of PD was found to be neuroprotective [6]. In another set of 470 

experiments using an AAV-α-synuclein rat model of PD it was observed that T cell-deficient (athymic 471 

nude) mice were protected from dopaminergic neuron loss in the substantia nigra [71]. Taken together, this 472 

data suggests that these adaptive immune cells may have a cytotoxic effect in PD and related 473 

synucleinopathies. Furthermore, recent evidence from human studies suggests that α-synuclein epitopes are 474 

recognised by autoreactive CD4+ T lymphocytes in PD [72], which may explain our observed a significant 475 

correlation between CD4+ T cells and α-synuclein pathology in the amygdala in our PD cases. 476 

Both activated microglia and infiltrating lymphocytes may be exerting neurotoxic effects via the 477 

production of pro-inflammatory cytokines. In this study, we report for the first time an upregulation of the 478 

pro-inflammatory cytokine IL-1β in the frontal cortex of PD cases compared to controls. Gene expression 479 

of IL-1β was also increased in the PD substantia nigra, in line with previous evidence [56]. It should, 480 

however, be noted that caution is needed when interpreting these results, given that the control sample size 481 

available for gene expression analysis was small. Furthermore, bulk tissue was used in these experiments 482 

with normalisation against housekeeping genes. Therefore, the reported gene expression findings have not 483 

been adjusted for potential differences in the ratio of neurons to glial cells which may occur due to increased 484 

neuron loss in certain regions in the PD cases compared to controls. The expression of pro-inflammatory 485 

cytokines in postmortem PD has not been extensively investigated in the past. In fact, previously available 486 

data come primarily from early work by Mogi and colleagues who quantified the protein levels of several 487 

cytokines in the substantia nigra using enzyme-linked immunoassays. They reported higher levels of both 488 

IL-1β and IL6 [56], as well as elevated TNFα and IL2 in the substantia nigra of PD brains compared to 489 

controls [57, 58].  490 

One likely pathway leading to upregulation and secretion of pro-inflammatory cytokines is that 491 

mediated by Toll-like receptor activation. In vitro experiments have shown that microglia can be directly 492 

activated by misfolded α-synuclein through both TLR2 [44] and TLR4 [22, 67]. Increased protein levels of 493 

both TLR2 and TLR4 have previously been reported in the substantia nigra [15, 68], and the 494 
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caudate/putamen of PD compared to control brains [16], and in addition, these receptors are upregulated in 495 

peripheral blood mononuclear cells of PD patients compared to controls [16, 75].  Our work has now shown 496 

elevation of TLR4 expression in multiple brain regions including the substantia nigra, amygdala and frontal 497 

cortex of PD cases compared to controls. Notably, in these same brain regions in PD, we also observed 498 

increased expression of IL-1β, a downstream product of the inflammasome pathway which is triggered by 499 

TLR4 activation. Interestingly, TLR2 and TLR4 have also been implicated in other proteinopathies, 500 

including Alzheimer’s [70] and Huntington’s disease [74] raising the possibility of a common pathogenic 501 

mechanism across several neurodegenerative diseases. The concomitant increase in the gene expression of 502 

TLR4 and IL-1β in the substantia nigra and the prefrontal cortex suggests an involvement of the NOD-like 503 

receptor protein 3 (NLRP3) inflammasome in these regions, with TLR4 activation resulting in increased 504 

expression of pro-IL-1β as well as NLRP3 activation; in turn, NLRP3 inflammasome activation could be 505 

responsible for the cleavage of pro-IL1β to the mature protein. This hypothesis is supported by recent data 506 

showing an upregulation of the protein levels of the NLRP3 adapter protein ASC (apoptosis-associated 507 

speck-like protein containing a caspase recruitment domain) as well as cleaved caspase-1 in postmortem 508 

nigral samples of PD cases compared to controls [26]. The same study also showed that inhibition of NLRP3 509 

activation in a mouse model of PD (intrastriatal injection of α-synuclein pre-formed fibrils) could 510 

effectively mitigate motor dysfunction as well as dopaminergic neuron loss. Nevertheless, future studies 511 

are necessary to determine whether NLPR3 inflammasome activation is also occurring in other extranigral 512 

regions, particularly in the amygdala and the prefrontal cortex of PD cases versus controls. 513 

In this study, we observed significant correlations between cortical α-synuclein Lewy pathology 514 

and the rate of cognitive decline during life. This finding corroborates previous evidence showing a robust 515 

correlation between cortical Lewy body burden and cognitive decline in PD using multivariate linear 516 

regression analyses [1, 65]. Other investigators have used the presence of dementia as the primary outcome 517 

in a logistic regression model, showing that neocortical Lewy body burden is strongly associated with 518 

dementia in PD [30, 38]. In keeping with our findings that tau and amyloid-β pathology did not differ 519 
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between demented and non-demented PD cases, we did not find a correlation between either tau or amyloid-520 

β in any of the examined brain regions and MMSE decline per year. 521 

Although our data implicate neuroinflammation, particularly in the amygdala in PDD, we did not 522 

find a significant correlation between inflammatory changes in this region and cognitive decline during life.  523 

A previous study similarly found no correlation between HLA-DR+ microglia in the substantia nigra and 524 

clinical parameters in PD, whilst the use of a different marker CD68 (indicative of microglial phagocytic 525 

activity) revealed a strong association between CD68+ microglia and disease duration [12]. The method of 526 

characterizing activated microglia in postmortem brain may be critical to revealing clinicopathological 527 

correlations.  528 

Indeed, a limitation of our study and a major challenge in postmortem brain studies overall is the 529 

definition of “activated microglia”. Here we have used enlarged and amoeboid morphology to quantify 530 

activated microglia selectively. However, this is a subjective method and microglial morphology is not 531 

restricted into either ramified or amoeboid shapes but represents a continuum including a whole range of 532 

morphological phenotypes [7]. Another caveat in our analysis is that the immunostaining of microglia was 533 

performed on thin brain sections (10 µm). Previous studies assessing phenotypic differences to classify 534 

microglia have done so in sections 30-40 µm-thick [24, 48, 48], with Kongsui and colleagues finding that 535 

the diameter of many microglia ranges between 40-50 µm [45] suggesting that even thicker sections would 536 

be needed for morphological studies. Furthermore, although microglia had been generally considered to be 537 

a functionally homogeneous population, comprehensive RNA sequencing studies have found evidence of 538 

different microglial subtypes with distinct function and have identified markers which can help distinguish 539 

between them. For instance, a recent single-cell RNA sequencing study in postmortem brain tissue from 540 

Alzheimer’s disease cases discovered a subtype of “disease-associated microglia” (DAM), with a unique 541 

transcriptional and functional profile, characterized by high phagocytic activity and upregulation of specific 542 

markers such as TREM2 [43].Therefore, future work in postmortem brain could make use of additional 543 

markers such as P2RY12 and TMEM119 (homeostatic microglia) [4], and TREM2 (DAM) to better 544 

understand the role of microglia in PD. Future work could also utilise comprehensive genome-wide 545 
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expression analyses which have become possible through the use of protocols to isolate microglia from 546 

human brain tissue [59] or by singe-cell RNA sequencing using bulk tissue, as has recently been done in 547 

Alzheimer’s disease postmortem brain [14].  548 

Strengths of our study include our cohort of clinically well-characterised cases enabling the 549 

correlation between the pathological markers with the clinical course of the disease during life, as well as 550 

the use of controls who are representative of the typical aged population as discussed earlier. Additionally, 551 

in this study we employed a digital image analysis approach to quantitatively evaluate the severity of protein 552 

pathology in the postmortem brain. Traditional pathology is based on semiquantitative scoring upon visual 553 

inspection [54, 55] and is a useful method of assessing the distribution and overall protein pathology burden 554 

but it is inevitably subject to inter-rater variability and may also lack sensitivity particularly in identifying 555 

subtle differences in pathology severity. Digital quantification is a reliable alternative, useful for high 556 

throughput analysis, and can provide a more accurate quantitative measure of pathology severity [18, 23]. 557 

The methodology used in the present study was based on work described by Dunn et al. who showed a 558 

strong correlation between the automated analysis and the conventional scoring methodology [18].  559 

In summary, this study demonstrates that dementia in PD is associated with increased 560 

neuroinflammation in the substantia nigra and amygdala at postmortem, involving microglial activation and 561 

the infiltration of T lymphocytes. We also report an upregulation of the pro-inflammatory cytokine IL-1β 562 

and upstream TLR4 in both the substantia nigra and extra-nigrostriatal regions in PD. We have confirmed 563 

that limbic and neocortical α-synuclein is the most robust predictor for dementia in PD and identified a 564 

correlation between α-synuclein and neuroinflammation in the amygdala. Taken together, this data suggests 565 

that a combination of α-synuclein pathology and inflammatory changes in the brain are critically involved 566 

in dementia in PD. 567 

  568 

 569 
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Figure Legends 895 

 896 

Fig. 1 Primary cause of death in controls and Parkinson's disease cases. Among those dying of cancer, 897 

primary sites were the oesophagus, pancreas, colon, liver, lung, skin, breast and endometrium. Respiratory 898 

infections included bronchopneumonia, aspiration sepsis and lower respiratory tract infection, while other 899 

infections were urinary sepsis and Staphylococcal septicaemia. Cardiovascular causes of death were acute 900 

myocardial infarction, ischaemic heart disease, cardiac arrest, pulmonary embolism and ruptured aortic 901 

aneurysm. “Other” in the control group included old age and multiple organ failure and in the PD group, 902 

chronic obstructive pulmonary disease, and acute respiratory failure. 903 

 904 

Fig. 2 Quantification of α-synuclein, tau and amyloid-β pathology in multiple brain regions. (a) There 905 

was in increase in α-synuclein pathology in PDD compared to PDND cases in the hippocampus (Mann-906 

Whitney U test, p=0.015), entorhinal (Mann-Whitney U test, p=0.015), and occipitotemporal cortex 907 

(Unpaired t test with Welch's correction, p=0.037). (b) There was no difference in tau pathology between 908 

groups in any region (Kruskal-Wallis test with Dunn's correction for multiple comparisons, p>0.05). (c) 909 

There were no between-group differences in amyloid-β pathology (Kruskal-Wallis test with Dunn's 910 

correction for multiple comparisons, p>0.05). AMG: Control n=10, PDND n=13, PDD n=11, 911 

HIPP/ERC/OTC: Control n=8, PDND n=13, PDD n=10, PFC: Control n=13, PDND n=15, PDD n=7, PPC: 912 

Control n=13, PDND n=17, PDD n=11. PDND: PD no dementia, PDD: PD dementia, AMG: Amygdala, 913 

HIPP: Hippocampus, ERC: entorhinal cortex, OTC: Occipitotemporal cortex, PFC: Prefrontal cortex, PPC: 914 

Posterior parietal cortex. *p<0.05. 915 

 916 

Fig. 3 Microglial activation and astrogliosis in the substantia nigra. (a) Representative image of HLA-917 

DR+ microglia in the substantia nigra of a control (left) and a Parkinson’s brain (right). The dark brown 918 

pigmented cells are neuromelanin-containing dopaminergic neurons. (b) Quantification of the total 919 

activated (enlarged amoeboid) microglia per mm2 (Kruskal-Wallis with Dunn's multiple comparisons test, 920 
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p=0.646). (c) Representative image of astrocytic GFAP immunostaining in the substantia nigra of a control 921 

(left) and a Parkinson’s brain (right). (d) Quantification of the total GFAP-stained area per mm2 (Kruskal-922 

Wallis with Dunn's multiple comparisons test, p=0.024; Control vs PDND p=0.019). Control n=12, PDND 923 

n=16, PDD n=10. PDND: Parkinson’s disease no dementia, PDD: Parkinson’s disease dementia. Scale bar: 924 

100 μm. *p<0.05. 925 

 926 

Fig. 4 Microglial activation and astrogliosis in extra-nigral brain regions. (a) Representative image of 927 

HLA-DR+ microglia in the amygdala of a control (left) and a Parkinson’s brain (right). (b) Representative 928 

image of astrocytic GFAP immunostaining in the amygdala of a control (left) and a Parkinson’s brain 929 

(right). (c) Quantification of activated (enlarged amoeboid) microglia per mm2. There was a significant 930 

increase in the number of activated microglia in the amygdala of PDD cases compared to controls (Kruskal-931 

Wallis with Dunn's multiple comparisons test, p=0.039; Control vs PDD p=0.045). (d) Quantification of 932 

the total GFAP-stained area per mm2 (Kruskal-Wallis with Dunn's multiple comparisons test, p>0.05). 933 

AMG: Control n=10, PDND n=13, PDD n=11; HIPP/ERC/OTC: Control n=8, PDND n=13, PDD n=10; 934 

PFC: Control n=13, PDND n=15, PDD n=7. PPC: Control n=13, PDND n=17, PDD n=11. PDND: 935 

Parkinson’s disease no dementia, PDD: Parkinson’s disease dementia, AMG: Amygdala, HIPP: 936 

Hippocampus, ERC: entorhinal cortex, OTC: Occipitotemporal cortex, PFC: Prefrontal cortex, PPC: 937 

Posterior parietal cortex. Scale bar: 100 μm. *p<0.05. 938 

 939 

Fig. 5 CD4+ and CD8+ T lymphocytes in the substantia nigra and the amygdala. (a, c) Representative 940 

image of parenchyma infiltrating CD4+ and CD8+ T lymphocytes in the substantia nigra of a control (left) 941 

and a Parkinson’s brain (right). The dark brown pigment is neuromelanin within dopaminergic neurons; the 942 

smaller CD4+ and CD8+ T cells are shown in the higher magnification inserts indicated by black squares. 943 

(b, d) Percentage of controls, PDND and PDD cases that show 0-10 or more than 10 infiltrating CD4+ 944 

(χ2=75.15, p<0.0001) or CD8+ cells (χ2=11.31, p=0.0035) in the entire nigral section (e, g) Representative 945 

image of parenchyma infiltrating CD4+ and CD8+ T lymphocytes in the amygdala of a control (left) and a 946 
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Parkinson’s brain (right). CD4+ and CD8+ cells are shown in the higher magnification inserts indicated by 947 

black squares. (f, h) Percentage of controls, PDND and PDD cases that show 0-10 or more than 10 948 

infiltrating CD4+ (χ2=37.68, p<0.0001) or CD8+ cells (χ2=3.92, p=0.141) in the entire amygdala section. (i) 949 

Quantification of parenchymal CD4+ (p=0.023, Control vs PDD p=0.018) and CD8+ T lymphocytes 950 

(p=0.102) per mm2 in the substantia nigra. Control n=12, PDND n=16, PDD n=10. Quantification of 951 

parenchymal CD4+ (p=0.081) and CD8+ T lymphocytes (p=0.434) per mm2 in the amygdala. Control n=10, 952 

PDND n=12, PDD n=11. Kruskal-Wallis with Dunn's multiple comparisons test. PDND: Parkinson’s 953 

disease no dementia, PDD: Parkinson’s disease dementia. Scale bar: 100 μm. Scale bar (insert): 20 μm.  954 

*p<0.05. 955 

 956 

Fig. 6 Expression of inflammatory cytokines in PD and control brains. Fold change in cytokine gene 957 

expression in the PD group relative to the control group. The dotted line marks the control group (Fold 958 

change=1 indicates same levels of gene expression as in controls. Fold-change >1 indicates increased gene 959 

expression, while <1 denotes decreased expression compared to controls). (a) In the substantia nigra, IL-960 

1β was significantly upregulated in the PD group compared to controls (two-tailed unpaired t-test, 961 

t(17)=2.263, p=0.037; Control n=5, PD n=14). (b, c) No differences in cytokine expression were observed 962 

in the amygdala (two-tailed unpaired t-test, p>0.05; Control=5, PD=8) and the hippocampus (two-tailed 963 

unpaired t-test, p>0.05; Control n=5, PD n=13). (d) In the frontal cortex of PD cases, IL-1β was more highly 964 

expressed compared to controls (two-tailed unpaired t-test, t(15)=2.278, p=0.038; Control n=6, PD n=11). 965 

Fold change = 2-∆∆CT. *p<0.05. 966 

 967 

Fig. 7 Expression of TLR2 and TLR4 in PD and control brains. Fold change in TLR2 and TLR4 gene 968 

expression in PD compared to controls. The dotted line marks the control group (Fold change=1 indicates 969 

same levels of gene expression as in controls. Fold-change>1 indicates increased gene expression, while 970 

<1 denotes decreased expression compared to controls). (a) In the substantia nigra, TLR4 expression was 971 

significantly higher in the PD group compared to controls (two-tailed unpaired t-test, t(18)=3.09 p=0.006; 972 
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Control n=6, PD n=14) (b) TLR4 expression was also elevated in the amygdala (two-tailed unpaired t-test, 973 

t(11)=2.41, p=0.035; Control n=5, PD n=8) (c) No differences in either TLR2 or TLR4 gene expression 974 

were observed in the hippocampus (two-tailed unpaired t-test p>0.05; Control n=7, PD n=13). (d) There 975 

was a significant increase in TLR4 expression in the frontal cortex of PD cases compared to controls (two-976 

tailed unpaired t-test, t(17)=3.14,  p=0.006; Control n=7, PD n=12). Fold change = 2-∆∆CT. *p<0.05, 977 

**p<0.01. 978 

 979 
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