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Abstract

Aims: Endoplasmic reticulum stress followed by the unfolded protein response is one of
the cellular mechanisms contributing to the progression of a-synuclein pathology in Par-
kinson’s disease and other Lewy body diseases. We aimed to investigate the activation
of endoplasmic reticulum stress and its correlation with a-synuclein pathology in human
post-mortem brain tissue.

Methods: We analysed brain tissue from 45 subjects—14 symptomatic patients with
Lewy body disease, 19 subjects with incidental Lewy body disease, and 12 healthy con-
trols. The analysed brain regions included the medulla, pons, midbrain, striatum, amyg-
dala and entorhinal, temporal, frontal and occipital cortex. We analysed activation of
endoplasmic reticulum stress via levels of the unfolded protein response-related proteins
(Grp78, elF2a) and endoplasmic reticulum stress-regulating neurotrophic factors (MANF,
CDNF).

Results: We showed that regional levels of two endoplasmic reticulum-localised neuro-
trophic factors, MANF and CDNF, did not change in response to accumulating
a-synuclein pathology. The concentration of MANF negatively correlated with age in
specific regions. elF2a was upregulated in the striatum of Lewy body disease patients
and correlated with increased a-synuclein levels. We found the upregulation of chaper-
one Grp78 in the amygdala and nigral dopaminergic neurons of Lewy body disease
patients. Grp78 levels in the amygdala strongly correlated with soluble «-synuclein
levels.

Conclusions: Our data suggest a strong but regionally specific change in Grp78 and
elF2a levels, which positively correlates with soluble o-synuclein levels. Additionally,
MANF levels decreased in dopaminergic neurons in the substantia nigra. Our research
suggests that endoplasmic reticulum stress activation is not associated with Lewy

pathology but rather with soluble a-synuclein concentration and disease progression.
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INTRODUCTION

Parkinson’s disease (PD) is a progressive, neurodegenerative disease,
pathologically confirmed by loss of dopaminergic neurons in the sub-
stantia nigra pars compacta (SNpc) and intracellular aggregation of
a-synuclein (aSyn) protein in neuronal cell bodies (Lewy bodies [LBs]),
and processes (Lewy neurites [LNs]) in selectively vulnerable brain
regions [1]. A major constituent of both structures is aSyn fibrils with
interspersed vesicular membranes and organelles [2, 3]. These neuro-
nal structures are pathological hallmarks of LB disease (LBD), which
includes PD, Parkinson’s disease dementia (PDD), and dementia with
Lewy bodies (DLB), that show considerable clinical and pathological
overlap. Within LBD, aSyn pathology progressively affects the ner-
vous system in a caudal-to-rostral direction over the course of the dis-
ease in six pathologically distinctive stages as described by Braak et al.
(Braak stage 1-6) [4]. Even after years of focused research, we still do
not fully understand what causes aSyn to aggregate and propagate
throughout the brain and how this relates to the underlying neuronal
loss [5, 6]. The potential culprits for neurodegeneration include
inflammation, oxidative stress, mitochondrial dysfunction, dysregula-
tion of calcium homeostasis and chronic endoplasmic reticulum
(ER) stress-induced apoptosis [7]. Accumulation of misfolded proteins
such as aSyn results in ER stress and is detected by specific sensors in
the ER, collectively known as the unfolded protein response (UPR) [8].
The UPR consists of three pathways, which include ER-resident trans-
membrane proteins, known as protein kinase RNA-like ER kinase
(PERK), inositol-requiring enzyme 1a (IRE1la) and activating transcrip-
tion factor 6 (ATFé) (Figure 1). Upon ER stress, chaperone Grp78
binds to misfolded proteins within the ER, releasing these three signal
transducers and allowing their activation [9]. Activation of PERK,
IREla and ATF6 promotes the control of the expression of genes
encoding factors that modulate ER-associated protein degrada-
tion [10], increases biogenesis of the ER and Golgi complex and
inhibits protein synthesis, thus preventing an overload of protein in
the ER [11]. If the UPR fails to protect a cell from excessive ER stress,
it ultimately promotes apoptosis, for example, via upregulation of
CHOP [12], ASK1 and NF-kB [13].

Two ER-localised neurotrophic factors, cerebral dopamine neuro-
trophic factor (CDNF) and its conserved homologue, mesencephalic
astrocyte-derived neurotrophic factor (MANF), have been shown to
protect and restore the function of dopaminergic neurons in the
rodent and non-human primate models of PD [14-16]. CDNF
increases the expression of UPR proteins, such as Grp78, ATF4 and
ATF6, and simultaneously decreases terminal UPR pathway protein
CHOP during ER stress [17]. Furthermore, CDNF is protective in cul-
tured cells against toxic aSyn oligomers [18] and recently reduced the
neuronal internalisation of preformed aSyn fibrils in both in vitro and
in vivo models of PD, alleviating also behavioural alterations [19].
Expression of MANF is upregulated after ER stress initiation [20-22].
MANF also functions as a chaperone in the ER [23] and can act as an
independent anti-apoptotic agent [24].

Evidence that the UPR is involved in aSyn pathology has primarily
been provided by cellular and animal models for PD [25-32].

Key Points

e Regional levels of endoplasmic reticulum-localised neuro-
trophic factors MANF and CDNF did not change in
response to accumulating a-synuclein pathology in the
striatum and entorhinal cortex.

e The concentration of MANF negatively correlated with
age in cortical regions of Lewy body disease patients.

e Total elF2a protein levels and phospho-elF2a/total elF2a
ratio strongly positively correlated with a-synuclein levels
in the striata of Lewy body disease patients.

e Grp78 is upregulated in the amygdala and its level is
strongly correlated with soluble a-synuclein.

e Upregulation of ER stress markers is associated with

levels of soluble a-synuclein rather than Lewy pathology.

Numerous studies have shown that the aggregation of misfolded aSyn
induces chronic ER stress and UPR activation in vitro [29, 31] and
in vivo [12, 29-31]. The UPR could be proposedly induced by direct
interaction between misfolded aSyn and intraluminal ER chaperone
Grp78 [29]. Although most of this evidence is experimental, human
post-mortem studies have also suggested the role of UPR in the pro-
gression of PD. Increased expression of Grp78 has been described in
aSyn pathology-affected neurons [33]. Furthermore, the activation of
the UPR has also been observed by immunohistochemistry for phos-
phorylated PERK and elF2« in the SNpc neurons of PD patients [34].

In our study, we aimed to further dissect the role of ER stress in
LBD-affected brains by systematically analysing the potential activa-
tion of the UPR in different stages of the disease. Our initial hypothe-
sis was that we would observe sequential upregulation of UPR
markers in subsequently affected regions in both incidental LB disease
(ILBD) subjects and LBD patients in response to the progression of
Lewy pathology. Thus, we aimed to correlate the results with Braak
staging. We focused on MANF and CDNF, as these molecules could
have therapeutic potential for neurodegeneration in the future. Fur-
thermore, we hypothesised that there is a direct correlation between
Grp78 levels, PERK pathway activation and progressive accumulation
of aSyn in the human brain. The regions examined were selected
based on their pathological importance in the progression of LBD in
the brain.

MATERIAL AND METHODS
Human tissue samples

Post-mortem brain tissue from 45 subjects in total was selected from
the Oxford Brain Bank (OBB) for this study. Subjects were selected as
symptomatic LBD (PD/PDD/DLB) patients with Braak stages 5-6
aSyn pathology (n = 14), subjects with ILBD with Braak stages 1-4
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FIGURE 1 Signalling pathways of the unfolded protein response. Accumulation of unfolded or misfolded protein in endoplasmic reticulum
(ER) cisternae will eventually resolve in unfolded protein response (UPR), which is controlled by three main ER-resident sensors— protein kinase
RNA-like ER kinase (PERK), inositol-requiring enzyme 1a (IRE1la) and activating transcription factor 6 (ATFé). After dissociation with Grp78, both
PERK and IRE1«x are activated by autophosphorylation. PERK phosphorylates elF2a, decreasing protein translation initiation and thus overload of
misfolded proteins in ER cisternae. PERK phosphorylation also leads to the translation of ATF4, a transcription factor that promotes the
expression of genes related to autophagy and apoptosis (e.g., CHOP). Activation of IRE1« catalyses the excision of an intron from ubiquitously
expressed XBP1u mRNA, causing a frameshift in the XBP1 coding sequence resulting in the translation of XBP-1s, a transcriptional factor that
upregulates genes involved in protein folding and quality control, in addition to regulating lipid synthesis. Upon activation, ATFé is translocated to
the Golgi complex, where it is proteolytically cleaved and released as a transcription factor which directs the expression of genes encoding

chaperones, ERAD components and molecules involved in lipid synthesis.

aSyn pathology (n = 19) and healthy controls (n = 12). The patients
were selected based on limited concomitant Tau pathology, absence
of other neurodegenerative or demyelinating diseases, limited vascu-
lar/ischaemic pathology of the brain and absence of malignancy. Brain
samples were obtained and prepared in accordance with the Ethics
Committee of the University of Oxford (ref 23/SC/0241). Analyses
were undertaken on nine different brain regions—medulla, pons, mid-
brain, striatum, amygdala and entorhinal, temporal, frontal and occipi-
tal cortex. Essential demographic and neuropathological data are
shown in Table S1. A summary of the regions used in each experiment

is shown in Table S2.

Enzyme-linked immunosorbent assay analysis

For enzyme-linked immunosorbent assay (ELISA), frozen brain tissue
samples were homogenised in ice-cold lysis buffer (137-mM NaCl,
20-mM Tris-HCI, 2.5-mM EDTA, 1% NP-40, 10% glycerol, 0.5-mM
sodium orthovanadate and cOmplete™ Mini EDTA-free Protease
Inhibitor Cocktail [Roche]; pH 8.0) using 0.1 ml of lysis buffer per
10 mg of tissue and plastic pestles. Homogenised samples were incu-
bated for 30 min on ice, centrifuged at 12,000 rpm for 20 min at
+4°C and supernatants were collected and stored at —75°C until

analysis. Total protein concentration in the samples was measured
using DC Protein Assay (Bio-Rad). The levels of MANF and CDNF
were analysed with in-house ELISA [35, 36]. Briefly, MaxiSorp (Nunc)
immunosorbent 96-well plates were coated overnight at +4°C with
1 pug/ml of goat anti-human MANF pAb (R&D Systems, AF3748), or
mouse anti-human CDNF mAb (Icosagen, 301-100, clone 7Dé),
diluted into 50-mM carbonate coating buffer (15mM sodium carbon-
ate, 35-mM sodium bicarbonate, pH 9.6). The plates were then
washed with washing buffer (PBS with 0.05% Tween) and blocked
with blocking buffer (1% casein [Sigma C8654] in washing buffer for
MANF, 3% BSA [Probumin® Merck Millipore] for CDNF, respectively)
for 2 h at room temperature. After blocking and subsequent washing,
recombinant human (rh)MANF (lcosagen, P-101-100) and rhCDNF
(Icosagen, P-100-100) as reference standards, and study samples in
blocking buffer were applied in duplicates on wells and incubated
overnight at +4°C. Plates were washed four times and incubated with
horseradish peroxidase (HRP)-linked mouse anti-MANF mAb
clone 4E12) anti-CDNF
mAb (Icosagen, 302-100, clone 6G5) detection antibodies respectively

(Icosagen, and HRP-linked mouse
at 1-pg/ml concentration for 5h at room temperature. The plates
were finally incubated with 3,3',5,5'-tetramethylbenzidine according
to the manufacturer’s protocol using DuoSet ELISA Development Sys-
DY999).

tems reagents (R&D Systems, The absorbances were
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quantified by measurement at 450 and 540 nm for background cor-
rection using VICTOR3 spectrophotometer (Perkin Elmer). All anti-
bodies and samples were applied to the plate in 100-ul volume while
washing and blocking steps were performed in 200-pl volume. Brain
lysates were analysed as 1:200 for MANF and 1:10 for CDNF. For
MANF ELISA the limit of detection (LOD) indicating assay sensitivity
was 45 pg/ml, the lower limit of quantitation (LLOQ) 62.5 pg/ml and
the dynamic range 62.5-2000 pg/ml. For the in-house CDNF ELISA,
the LOD was 31 pg/ml, the LLOQ was 31.3 pg/ml and the dynamic
range was 31.3-2000 pg/ml. The mean intra-assay and inter-assay
variations analysed as three different concentrations were 8.1% and
5.5% CV for MANF and 7.1% and 8.8% CV for CDNF. MANF ELISA
did not cross-react with human recombinant CDNF, or vice versa,
even at the highest tested concentration of 500 ng/ml. Recovery of
recombinant protein added as 100-pg/ml spike to the study samples
was 106.7% + 7.0% (range 99.6%-115.6%, n = 5) for MANF ELISA
and 98.7% + 10.4% (range 82.6%-110.6%, n = 5) for CDNF ELISA.
Concentrations were normalised to the total protein concentration in

the sample.

Capillary Western blot procedure

For capillary western blot (WB), frozen brain tissue was homogenised
in lysis buffer (5mM HEPES, 320mM sucrose, 1mM EDTA, 0.1% SDS;
pH 7.4) to 6% w/v. Pierce Protease and Phosphatase Inhibitor Mini
Tablets without EDTA (ThermoFisher) were added according to the
manufacturer’s protocol. The homogenates were spun at 10,000 x g
for 10 min at 4°C. The total protein amount in the supernatant was
determined using the BCA Protein Quantification Kit (Abcam) and
adjusted to 2 mg/ml. Analyses were performed using the Protein Sim-
ple Peggy Sue System according to the manufacturer’s instructions
using a 12-230 kDa separation module (ProteinSimple, SM-S001) and
the anti-rabbit (ProteinSimple, DM-001) or the anti-mouse

(ProteinSimple, DM-002) detection modules. Brain homogenates were
diluted with sample buffer, then combined with 5x fluorescent Mas-
ter Mix (sample buffer, fluorescent standard, 200-mM DTT) and
heated at 95°C for 5 min. The denatured samples, blocking reagent,
primary antibodies, the mouse and rabbit HRP-conjugated secondary
antibodies, and the chemiluminescent substrate were dispensed into a
384-well plate. After plate loading, the separation electrophoresis and
immunodetection steps took place in the fully automated Peggy Sue
Western blot system (ProteinSimple), electropherograms were
inspected and areas under the curve were statistically analysed. All
the results were normalised using p-actin. Additionally, results from
the striatum were normalised to tyrosine hydroxylase (TH) levels, as
indicated in the results. The antibodies and their dilutions used with
Peggy Sue are listed in Table 1.

WB procedure

Protein samples were prepared using 0.5 g of frozen human brain
tissue. Tissue was homogenised and fractionated according to
sarkosyl-based protocol [37, 38]. Briefly, tissue was homogenised
in extraction buffer with sarkosyl (10-mM Tris-HCL, 0.8-M NacCl,
1-mM EGTA, 10% sucrose, 2% sarkosyl; 20 ml/1 g), EDTA-free Pierce
Protease and Phosphatase Inhibitor Mini Tablet (ThermoFisher) was
added, then incubated at 37°C for 30 min and centrifuged at
10,000 x g in 4°C for 10 min. Supernatants were spun at 21,000 x g
at 4°C for 90 min, and the resulting supernatant consisting of soluble
fraction 1 (S1 fraction) was collected. The remaining pellets were
resuspended in extraction buffer and, after a quick spin, diluted three-
fold in sarkosyl buffer (50-mM Tris-HCL, 0.15-M NaCl, 10% sucrose,
0.2% sarkosyl), and they were spun again at 21,000 x g in 4°C for
90 min. The resulting supernatant consisting of soluble fraction
2 (S2 fraction) was collected. Protein concentration was established
using Pierce™ BCA Protein Assay Kit (ThermoFisher, 23225). Twenty

TABLE 1 List of antibodies used in Peggy Sue capillary WB, WB, IHC and IF.

Antibody Host Manufacturer (Cat. no.) Dilution Use
Anti-a-synuclein (Syn1) Mouse BD Transduction Lab (#610787) 1:50 Peggy Sue WB
1:2000 WB
Anti-tyrosine hydroxylase Rabbit Novus Biologicals (NB300-109) 1:50 Peggy Sue WB
Anti-phospho-elF2u (Ser51) Rabbit Cell Signalling (#3597) 1:50 Peggy Sue WB
Anti-eiF2a Rabbit Cell Signalling (#9722) 1:50 Peggy Sue WB
Anti-p-Actin Mouse Abcam (ab8224) 1:100 Peggy Sue WB
1:20,000 WB
Anti-Grp78 Rabbit Abcam (ab21685) 1:2000 WB
Anti-Grp78 Rabbit Invitrogen 1:4000 IHC
(PA1-014A) 1:2000 IF
Anti-MANF Rabbit Icosagen 1:4000 IHC
(310-100)
Anti-a-synuclein (Syn-1, 42) Mouse BD Transduction Lab (#610787) 1:1000 IF
Anti-a-synuclein (SynO4) Mouse In-house 1:1000 IF

Abbreviations: IF, immunofluorescence; IHC, immunohistochemistry; WB, western blot.
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micrograms of each protein sample were loaded onto 7.5% Mini-
PROTEAN® TGX™ Precast Gels (Bio-Rad) for protein separation, then
transferred to nitrocellulose membrane (Amersham). The membranes
were incubated with anti-Grp78 and anti-MANF primary antibodies
followed by an HPR-conjugated goat anti-rabbit secondary antibody.
Each membrane was probed for f-actin to normalise the levels of
immunolabelling. The primary antibodies and their relative dilutions
used with WB are listed in Table 1. ECL™ Prime Western Blotting
System (Cytiva, RPN2232) was used for developing the membrane.
Image analysis and band quantification were performed using

Image)—we analysed signal intensity as area under the curve.

Immunohistochemistry and immunofluorescence

Immunohistochemistry (IHC) and immunofluorescence (IF) were per-
formed on formalin-fixed and paraffin-embedded midbrain tissue sec-
tions (6 um) according to a standardised protocol. Briefly, antigen
retrieval was performed by either sodium citrate (pH 6) or EDTA
buffer (pH 8) using a microwave oven for Grp78 and MANF respec-
tively, and formic acid treatment for aSyn. For aSyn, we have used
two antibody clones—Syn-1 (42) and SynO4. The primary antibodies
were incubated overnight at 4°C. Dilutions used are given in Table 1.
IHC was performed using a REAL EnVision Detection System (Agilent,
K500711-2). Quantification of IHC signals was performed using Ima-
gel following Leica Aperio AT2 whole slide scanning. Ten high-
resolution photographs of regions of interest (ROls) (each with an area
of 96,000 um?) of one representative subject from each group were
taken using Aperio ImageScope software. At least five neurons (diam-
eter over 10 um) were present in every region. DAB colour channel
was analysed in 8-bit greyscale for mean optical density in the neu-
rons in the ROI. For IF, goat anti-rabbit conjugated with Alexa Fluor
488 (1:200, Invitrogen, A11070) and goat anti-mouse conjugated with
Alexa Fluor 568 (1:200, Invitrogen, A11019) secondary antibodies
were used. Slides were coverslipped and mounted using an anti-fade
mounting medium with DAPI. The signals were visualised using a
Zeiss LSM-880 confocal microscope with Airyscan (Carl Zeiss,
Germany). Image capture including Z-stack processing was performed
using the Zen Black and Zen Blue (Version 3.4, Carl Zeiss, Germany)
software. The primary antibodies tested in this study that did not pro-
duce a satisfactory result are shown in Table S3.

TaqgMan real-time polymerase chain reaction

For real-time polymerase chain reaction (RT-gPCR), total RNA was
isolated from 25 mg of tissue using miRNeasy mini kit (Qiagen,
217004) according to the manufacturer’s protocol. The yield and qual-
ity of the RNA were assessed by measuring the A260:A280 ratio
using the NanoDrop One system (ThermoFisher Scientific) according
to the standard protocol [39]. Of the purified total RNA, 250 ng was
reverse transcribed to cDNA using the SuperScript ViLO cDNA Syn-
thesis Kit (ThermoFisher Scientific, 11754050). RT-gPCR analysis was

JOURNAL OF THE BRI ALSOCIETY

performed using the Rotor-Gene Q system (Qiagen) and the TagMan
Gene Expression Assays (Applied Biosystems). Reactions were per-
formed in duplicates using the FAM dye-labelled assay. Table S4 lists
the used probes. To monitor contamination, each run contained sev-
eral no-template controls. Each 20-pl reaction substrate contained
10-ul TagMan Universal PCR Master Mix (Applied Biosystems,
4304437), 2-ul cDNA and 1-ul TagMan Probe. The PCR amplification
conditions included 2-min initial incubation at 50°C, 10-min denatur-
ation at 95°C followed by heating at 95°C for 15- and 60-s cycles at
40°C. The comparative delta Ct method (224t method) was used to
calculate the relative fold change in gene expression. Data were nor-
malised to housekeeping genes GAPDH and B2M to determine ACt

2—ACW

and relative expression ( . Gene expression in the occipital cor-

tex was used as a reference/calibrator for 2724t analysis.

Statistical analysis

Statistical analysis was performed using GraphPad PRISM 8 software.
Nonparametric Mann-Whitney U test was used for comparison
between groups in means or mean-dots columns. Scattered dot plots
with linear regression lines were analysed by nonparametric Spear-
man’s rank correlation coefficient calculation. Grubbs’ test was per-
formed to identify the outliers. Data points were excluded from the
analysis in case of clear analytical errors or discrepancies between

duplicates.

RESULTS

ELISA analysis of MANF and CDNF shows no changes
during the pathological progression of aSyn pathology,
but MANF levels negatively correlate with age

By using in-house ELISAs, we were able to quantify MANF and CDNF
levels in human brain tissue. The observed concentrations of MANF
(17.6 £4.2,18.9 + 5.5 and 16.8 + 3.6 ng/mg total protein in striatum,
entorhinal and occipital cortex, respectively) were about 33 times
higher than those of CDNF (499.9 + 215.9, 554.7 + 193.3 and 578.5
+ 204.3 pg/mg total protein in striatum, entorhinal and occipital cor-
tex, respectively). Protein concentrations of both MANF and CDNF
were evenly distributed in LBD, subjects with ILBD and healthy con-
trols in all three examined regions—striatum, entorhinal and occipital
cortex. There were no significant changes observed in the concentra-
tions of MANF (Figure 2A) and CDNF (Figure 2B) between groups.
Interestingly, we observed a significant negative correlation between
MANF concentration and age in the occipital cortex (Figure 2C). Even
though there was no significant correlation in the striatum and ento-
rhinal cortex, the trend was similar to the findings in the occipital cor-
tex (Figure 2C). CDNF showed a uniform concentration in the
striatum, entorhinal and occipital cortex independently of the age of
the subject (Figure 2D). Moreover, we observed that the concentra-

tions of MANF and CDNF were not correlated with each other in any
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FIGURE 2 The concentration of mesencephalic astrocyte-derived neurotrophic factor (MANF) and cerebral dopamine neurotrophic factor
(CDNF) do not change in selected human brain areas. Enzyme-linked immunosorbent assay (ELISA) analysis was used to determine the
concentration of MANF (A) and CDNF (B) in tissue homogenates of post-mortem human striatum, entorhinal cortex and occipital cortex in
healthy controls (n = 12), incidental Lewy body disease (ILBD) subjects (Braak 1-4, n = 10-12) and Lewy body disease (LBD) patients (Braak 5-6,
n = 10-11). Correlation between age and protein concentration was analysed for MANF (C) and CDNF (D) in the striatum, entorhinal cortex, and
occipital cortex of all subjects. Correlation between MANF concentration in the striatum and entorhinal cortex was analysed in healthy controls
(control, n = 12), ILBD Braak 1-4 subjects (n = 11) and LBD Braak 5-6 patients (Braak, n = 10) (E). Means-dots columns + SD (A,B) and scattered
dot plots (C-E) are shown. Linear regression line (red line), number of pairs (n), Spearman’s rank correlation coefficient (r) and p values (p) are
shown in the scattered dot plots (C-E). The Mann-Whitney test was used for comparison between groups (A,B). Spearman’s rank correlation
coefficient was used for correlation analysis (C-E). Significant p values in scattered dot plots are indicated in red.

of the analysed brain regions (data not shown). However, we
observed a strong positive correlation between MANF levels in the
entorhinal cortex and striatum of healthy controls, which was not pre-
sent in the analysis of LBD or ILBD (Figure 2E).

Capillary WB shows total elF2a to increase in the
striatum with the pathological progression of aSyn
pathology

Using capillary WB, we analysed elF2a and phospho-elF2a in the stri-
atum, entorhinal and occipital cortex. We found a significantly higher
protein level of total elF2« in LBD Braak 5-6 patients than in healthy
controls in the striatum (Figure 3A) but not in the entorhinal or occipi-
tal cortex. Even though there were no significant differences between
ILBD Braak 1-4 subjects and healthy controls in the striatum, there
was an observable trend of increased concentration towards the
higher Braak stage. Interestingly, we did not observe any significant
differences in the concentration of phospho-elF2ua (Figure 3B) or
phospho-elF2a to total elF2a ratio (Figure 3C) in the striatum
between the groups. Importantly, there is a great inter-individual vari-
ability, more prominent in the phospho-elF2ua to total elF2a ratios.
Further, TH was used in capillary WB to normalise our striatal data,
due to its direct correlation with

striato-nigral  pathway

neurodegeneration. Indeed, we showed that TH levels were signifi-
cantly lower in LBD Braak 5-6 patients than in healthy controls
(Figure 3D). Data analysis of total elF2a and phospho-elF2a yielded
similar results when normalised to TH levels (Figure 3E). Our investi-
gation of the correlation between phospho-elF2a and total elF2a in
the striatum (TH-normalised) showed that levels of these two forms
of the protein positively correlate in all three study groups (Figure 3F).
This finding was not observed in the entorhinal (Figure 3G) or occipital

(data not shown) cortex.

Total elF2x protein levels and phospho-elF2a/total
elF2a ratio strongly positively correlate with aSyn
levels

Further, we analysed levels of total monomeric aSyn by use of capil-
lary WB in the striatum, entorhinal and occipital cortex. In the stria-
tum, we observed a significantly higher level of aSyn in the ILBD
Braak 1-4 group than in healthy controls (Figure 3H). Due to a strong
inter-individual variability, LBD Braak 5-6 patients did not consis-
tently show higher levels than controls, but the trend of rising protein
levels with the Braak stage is visible (Figure 3H). These trends were
similar when we analysed TH-normalised striatal data (Figure 3l). In

the entorhinal cortex, we observed that the level of aSyn is
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FIGURE 3 Total elF2a is upregulated in the striatum of LBD Braak 5-6 patients, phospho-elF2a/total elF2a ratio positively correlates with
aSyn level. Capillary WB analysis was used to determine the relative concentration of total elF2a (A), phospho-elF2a (B), phospho-elF2a/total
elF2a ratio (C) and aSyn (H) in tissue homogenates of post-mortem human striatum, entorhinal cortex and occipital cortex in healthy controls
(control, n = 12), ILBD subjects (Braak 1-4, n = 16-18) and LBD patients (Braak 5-6, n = 11-13). Levels of tyrosine hydroxylase (TH) in the
striatum were analysed by capillary WB (D) in brain homogenates of healthy controls (control, n = 12), ILBD subjects (Braak 1-4, n = 19) and
LBD patients (Braak 5-6, n = 14). Levels of total elF2a, phospho-elF2a, phospho-elF2a/total elF2a ratio and aSyn in the striatum were
normalised to TH levels (E,l). Total elF2a and phospho-elF2a level correlation were analysed in the striatum (F) and entorhinal cortex (G) in
healthy controls, ILBD Braak 1-4 subjects and LBD Braak 5-6 patients. Correlations between aSyn levels and total elF2« levels or phospho-
elF2a/total elF2a ratios were analysed in the striatum (J) and entorhinal cortex (K) of all subjects. Correlation analysis in striatum tissue was
performed on TH-normalised data (F,G,J,K). Means + SD with individual data points (A-E,H,l) and scattered dot plots (F,G,J,K) are shown. Linear
regression line (red line), number of pairs (n), Spearman’s rank correlation coefficient (r) and p values (p) are shown in the scattered dot plots. The
Mann-Whitney test was used for comparison between groups. Spearman’s rank correlation coefficient was used for correlation analysis.
Significant p values in scattered dot plots are indicated in red. *p < 0.05; **p < 0.01.

significantly higher in LBD Braak 5-6 patients than in ILBD Braak 1-4 shown that there is a strong positive correlation between aSyn levels
subjects. Similarly, significant differences were present in the occipital and both total elF2a and phospho-elF2a to total elF2a ratio
cortex, between LBD patients and healthy controls (Figure 3H). (Figure 3J). We did not observe similar results in the entorhinal cortex
Finally, our analysis of data from the striatum (TH-normalised) has (Figure 3K).
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WB analysis shows that Grp78 is upregulated in LBD

patients in the amygdala and its positive correlation
with aSyn levels

HRABOS ET AL.

striatum, temporal and frontal cortex. Levels of Grp78 were signifi-
cantly increased in the amygdala of LBD Braak 5-6 patients compared
with the control group (Figure 4A,B). We then correlated the levels of
Grp78 with increasing levels of soluble aSyn (Figure 4C), with results
showing a strongly significant positive correlation of the proteins in
the amygdala (Figure 4D). Medulla (Figure 4E,l), pons (data not shown)

We used WB to analyse Grp78 protein levels in the S1 fraction of
protein  homogenates of six regions—medulla, pons, amygdala,
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FIGURE 4 Grp78is upregulated in the amygdala of Lewy body disease (LBD) Braak 5-6 patients and positively correlates with soluble aSyn
levels. Relative concentration of Grp78 was determined by Western blot (WB) analysis in amygdala (A,B), medulla (E,l), striatum (F,J), temporal
cortex (G,K) and frontal cortex (H,L) in post-mortem brain tissue homogenates of healthy controls (n = 4), ILBD Braak 1-4 subjects (n = 4-5) and
LBD Braak 5-6 patients (n = 5). Grp78 protein level was determined in S1 fraction and normalised to -actin. The relative concentration of aSyn
was determined by WB analysis only in the amygdala (A,C); it was normalised to p-actin. The correlation between Grp78 and aSyn levels was
analysed (D). Representative photographs of blots are shown (A,E-H). Means + SD with individual data points (B,C,I-L) and a scattered dot plot
(D) are shown. Linear regression line (red line), number of pairs (n), Spearman’s rank correlation coefficient (r) and p values (p) are shown in the
scattered dot plot. The Mann-Whitney test was used for comparison between groups. Spearman’s rank correlation coefficient was used for
correlation analysis. Significant p-value in the scattered dot plot is indicated in red. *p < 0.05.
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and temporal cortex (Figure 4G,K) analyses showed no significant
changes in Grp78 levels. Further, we observed a significant increase in
Grp78 levels in the striatum in LBD Braak 5-6 patients compared with
ILBD Braak 1-4 subjects (Figure 4F,J)). Frontal cortex data showed a
significant decrease in Grp78 levels in LBD patients compared with
healthy controls (Figure 4H,L). The comparison of the Grp78 levels
clustered according to subject groups shows a pattern of upregulation
in the striatum and amygdala with growing Braak stage (Figure S1A).
Additionally, we analysed the striatum for soluble aSyn level in S1
fraction with results similar to those obtained by using capillary WB
method. There was a significant increase in ILBD Braak 1-4 group
compared with healthy controls (Figure S1B). Lastly, comparable
results for all regions respectively were observed in an analysis of the
S2 fraction in all brain areas (Figure S2A-L).

RT-gPCR analysis showed no significant changes in
the gene expression of ER stress markers during the
pathological progression of aSyn pathology

We analysed genes that take part in all three crucial UPR pathways.
PERK pathway was analysed by quantifying mRNA levels of EIF251
(protein elF2a) and ATF4. There were no significant changes in mRNA
levels in these genes in the striatum (Figure 5A) or entorhinal cortex
(Figure 5B) between the controls, ILBD subjects and LBD patients.
The same was true for the ATF6 and ERN1 (protein IREla), with no
significant changes between the groups in both brain regions

(Figure 5A,B). Further, we measured levels of mMRNA of DDIT3 (protein

CHOP) and NFE2L2, gene coding protein Nrf2, which promotes cell
survival following ER stress and UPR pathway activation [40]. Once
again, we did not discover any significant changes in mRNA levels of
DDIT3 and NFE2L2 (Figure 5A,B). Lastly, we analysed the mRNA levels
of three UPR-associated neurotrophic factors: MANF, CDNF and
GDNF and observed no significant changes in gene expression of
these three markers either. Noticeable in-group inter-individual
changes in mRNA levels were observed, as demonstrated by high SD,

in both striatum and entorhinal cortices (Figure 5A,B).

IHC analysis shows increased levels of GRP78 and
decreased levels of MANF in the SNpc dopaminergic
neurons with the pathological progression of aSyn
pathology

To observe the activation of ER stress in the dopaminergic neuron
population of SNpc, we used IHC to analyse Grp78 and MANF immu-
noreactivity. Grp78 showed increased immunoreactivity in LBs-
containing and LBs-free dopaminergic neurons in SNpc of LBD Braak
5-6 patients compared with the expression observed in ILBD subjects
(Figure 6A,C). We showed a decreased immunoreactivity for MANF in
both ILBD Braak stage 1-4 subjects and LBD Braak stage 5-6
patients compared with controls (Figure 6B). These findings were
quantified and showed a significant decrease with the progression of
Braak stage (Figure 6D). Interestingly, the results were not restricted
to LBs-containing cells but were observed in most of the

neuromelanin-containing neurons.
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FIGURE 5 Relative mRNA levels of unfolded protein
response (UPR)-associated genes. Real-time polymerase
chain reaction (RT-gPCR) analysis was used to determine
relative fold changes in expression of nine genes (EIF2S1,
ATF6, ERN1, ATF4, DDIT3, NFE2L2, MANF, CDNF and
GDNF) in post-mortem human brain tissue of healthy
controls (n = 6-8), incidental Lewy body disease (ILBD)
Braak 1-4 subjects (n = 6), Lewy body disease (LBD)
Braak 5-6 patients (n = 7-8). Analysed areas were the
striatum (A) and entorhinal cortex (B). Gene expression in

the occipital cortex was used as a reference/calibrator for
27AACt gnalysis. Experiments were performed in
duplicates. Means + SD (A,B) are shown. The Mann-
Whitney test was used for comparison between groups.

Entorhinal cortex
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FIGURE 6 Grp78is upregulated and
MANF is downregulated in SNpc

Braak 5-6

dopaminergic neurons in Braak stage 5-6
patients. IHC analysis for Grp78 (A) and
MANF (B) was performed in SNpc of
healthy controls (n = 3), ILBD Braak 1-4
subjects (n = 2-3) and LBD Braak 5-6

patients (n = 3) (A). Analysis of the optical
density of immunopositive staining (DAB)
for MANF (C) and Grp78 (D) was
performed in 10 areas within SNpcin a
scanned microscope at least twice with

similar results. Representative
microphotographs (A,B) and means + SD

(B) MANF (C,D) are shown. The Mann-Whitney test
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Co-localization of Grp78 and aSyn was observed only
rarely in double IF in the SNpc

Intracellular co-localisation of Grp78 with aSyn in SNpc dopaminergic
neurons was tested with double IF using two different primary anti-
bodies for the detection of aSyn deposition. With Syn-1 (against epi-
topes 91-99aa), apart from confirming the findings from IHC,
showing that Grp78 is upregulated in SNpc LBD patients compared
with controls, we also observed that Grp78 co-localised with aSyn
only rarely, and exclusively around the outer layer of the fully devel-
oped LBs (Figure 7A). Detailed image in 3D tomogram can be seen in
Figure S3. However, using another conformation-specific anti-aSyn
antibody (clone SynO4), we found no co-localisation in the SNpc LBs
in LBD patients (Figure 7B).

DISCUSSION

There is growing pathological evidence that ER stress plays an impor-
tant role in LBD pathophysiology. Here, we studied the largest cohort
analysed for some of the UPR markers presented so far, including
three groups of subjects—symptomatic LBD patients, subjects with
ILBD and healthy controls. With this cohort, we could examine the
pathological progression of aSyn pathology, given the different Braak
stages used. We hypothesised that there would be a correlation
between ER-localised neurotrophic factors and ER stress markers with

progressive accumulation of aSyn in the LBD human brain, and we

employed several techniques to investigate this. There has been a lack
of high-quality testing of several primary antibodies in human brain
tissue. Therefore, our first effort was to analyse commercially avail-
able primary antibodies for use in human-centred neuropathological
research. We used very sensitive, in-house-built ELISA for neuro-
trophic factors, MANF and CDNF, which were not detectable using
conventional WB and commercially available antibodies (data not
shown). Capillary WB allowed us to analyse tissue samples in a more
high-throughput manner; however, the availability of optimised pri-
mary antibodies was a limitation. Conventional WB proved to be an
ideal method for the detection of abundant proteins, such as Grp78.
Moreover, we employed IHC to specifically examine MANF and
Grp78 expression in the dopaminergic SNpc neurons in situ. Although
we carefully selected ROIs to avoid analytical errors, the presence of
neuromelanin could influence optical density levels. Lastly, we
decided to analyse mRNA expression by RT-qPCR. Degradation of
mMRNA due to prolonged post-mortem delay is a major issue that must
be taken into consideration when interpreting the presented data as it
could explain noticeable inter-individual changes in mRNA levels
within the study groups.

Despite the earlier findings in vitro and in vivo on the possible
relationship between CDNF and MANF with ER stress and aSyn
aggregation [18, 19], our study observed no significant differences
in the levels of either neurotrophic factor during the progressive
accumulation of aSyn pathology. We also failed to draw any correla-
tions between CDNF and MANF ELISA levels and total soluble aSyn
or markers of ER stress (elF2a, Grp78) measured with capillary or
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FIGURE 7 Co-localization analysis of Grp78 and aSyn in SNpc in human brain. Double immunofluorescence (IF) analysis of Grp78 (green) and
aSyn (red) was performed in SNpc of healthy controls (control, n = 2) and Braak 5-6 subjects (Braak 5-6, n = 4) (A,B). Two clones of aSyn
antibodies were used in two consecutive experiments—Syn-1 (A) and SynO4 (B). Cell nuclei are stained with DAPI (blue). The z-stacking method
was used to analyse the pictures using confocal microscopy. Each picture represents an individual 0.35-um section.

conventional WB. This may be partly attributed to the sensitivity complex and nuanced relationship, noting that although the CDNF
limitations of the techniques used to investigate these complex treatment reduced the preformed fibril uptake in their aggregation

interactions. Furthermore, Albert et al. recently suggested a more model of PD, it did not reduce the number of phosphorylated aSyn
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inclusions in the SNpc [19]. However, CDNF did inhibit the growth
phase of aSyn aggregation in vitro, considered to present the mis-
folded oligomeric aSyn species, and thus, it may have an effect on
oligomeric aSyn without affecting the actual inclusion formation.
This would warrant further studies examining the relationship
between CDNF/MANF and oligomeric species of aSyn either using
seed amplification assay or in situ technique such as proximity liga-
tion assay. Interestingly, we also showed that MANF levels
appeared to decrease with age in the cortex whereas no such corre-
lation was observed for CDNF. The decrease of MANF levels with
age has been shown before in human serum [41]. The levels of
MANF and CDNF did not correlate with each other overall, but
levels of MANF correlated in the entorhinal cortex and striatum in
healthy controls and ILBD cases. This relationship was lost in LBD
patients with abundant aSyn pathology suggesting an imbalance fur-
ther along in the progression of the disease process. Importantly, to
our knowledge, our study is the first to show a decrease in MANF
expression in human SNpc neurons with disease progression using
IHC analysis, albeit this being done on a small patient group size
and further confirmation is necessary.

Out of all the three UPR pathways, the PERK pathway has been
mostly investigated in post-mortem PD brains [27, 34, 42]. We found
that WB levels of total elF2a (but not phosphorylated elF2a) were sig-
nificantly higher in the striatum of LBD patients compared with
healthy controls, but not in the entorhinal and occipital cortex. To
examine the activation of the PERK pathway, we analysed the
phospho-elF2a/total elF2a ratio, as phosphorylation of elF2a indi-
cated protein activation. However, this ratio was not significantly
changed in any of the regions analysed. Furthermore, we found the
levels of total and phospho-elF2a to correlate positively in the stria-
tum of all cases, suggesting that there is probably no dysregulation or
disproportionate activation of phosphorylation in response to accu-
mulating aSyn pathology. Our findings align with Baek et al., who
reported a significant increase in the level of total elF2« in the frontal
and temporal cortices of PD patients, while the phospho-elF2a levels
remained unchanged [42]. In contrast, Mercado et al. reported a clear
increase in the levels of both phosphorylated PERK and elF2a in both
PD and ILBD cases in several brain areas [27]. Hoozemans et al. and
Mercano et al. have also analysed the PERK pathway more specifically
in the SNpc neurons using IHC and showed phospho-PERK and
phospho-elF2a positivity in LBD patients, but not in control cases.
However, only up to 20% of the aSyn-positive neurons in SNpc of PD
patients showed increased phospho-PERK immunoreactivity, and it
appeared to have a different subcellular localization from aSyn [34].
We did not observe any differences in the mRNA level of elF2a in any
examined regions, consistent with Baek et al., who also found stable
mRNA despite the changes in the elF2a protein levels [42].

The key role in the activation and modulation of the UPR
response lies with intraluminal ER chaperones, including Grp78. To
study the relative concentration of Grp78 by WB, we analysed brain
homogenates in all major affected brain regions in PD. We observed
very different patterns of Grp78 expression in response to disease

progression in different brain areas. We found significantly lower

levels of Grp78 protein in the frontal cortex of LBD subjects com-
pared with controls whereas no differences were observed in the
pons, medulla and temporal cortex. In contrast, in the amygdala, we
observed a significant increase in Grp78 levels in LBD patients com-
pared with controls. Baek et al. found decreased levels in the frontal
cortex but also in the cingulate gyrus and temporal cortex. Moreover,
we found the Grp78 levels to positively correlate to the level of total
aSyn in the amygdala.

Two main approaches to tissue homogenisation were used during
the WB analysis—whole cell homogenates in capillary WB and soluble
fractions in conventional WB. Interestingly, aSyn levels in the striatum
analysed by both techniques were quite similar. Thus, our results are
transferable independently of the used tissue processing technique. In
the analysis, we have used antibody clones with epitopes only rarely
affected by truncation or phosphorylation, which thus showed us a
comprehensive picture of the total soluble aSyn level, independent of
the posttranslational changes of the aSyn.

Accumulation of unfolded and specifically misfolded aSyn protein
affects protein trafficking at multiple stages. Misfolded proteins are
prone to form toxic oligomeric aSyn forms, which can bind to biologi-
cal membranes, including ER cisternae. [43, 44]. To further examine
the relationship of UPR proteins and distinct aSyn aggregates, we
examined expression levels in situ in the dopaminergic SNpc cells
during the progression of the disease and the co-localization of
Grp78 with aSyn aggregates. Consistent with findings by Credle
et al., we found an increased Grp78 expression in the pigmented
neurons of the SNpc with the progressing aSyn pathology. However,
we showed that the Grp78 expression was mostly punctate through-
out the cell and did not associate with the developing aSyn aggre-
gates. Co-localisation or Grp78 was only seen rarely and almost
exclusively around the outer layer of the fully developed LBs, sug-
gesting that UPR activation and aSyn aggregates formation are not
associated.

The precise chain of events leading to UPR activation remains
unclear and has not yet been described in detail. Many studies have
suggested that LBs and LNs are not necessarily linked to neurodegen-
eration, by showing no correlation between LBs formation and neuro-
nal loss [6, 45]. In short, neurodegeneration occurs independently of
LB formation. Our data further support this hypothesis showing that
UPR upregulation can also be LBs independent. We only observed
UPR upregulation (increased Grp78 and elF2a) in SNpc, striatum and
amygdala and not in the other regions also affected by LBs (medulla,
pons, temporal and frontal cortex). We believe that the UPR response
is not automatically increased in response to LB formation per se but
can be found in certain vulnerable areas where the upregulation cor-
relates with soluble aSyn. Furthermore, our finding of in situ upregula-
tion of Grp78 in SNpc neurons without LBs suggests the same
hypothesis. Therefore, we believe that soluble forms of aSyn, rather
than LBs could be an answer to ER stress activation.

A deeper understanding of UPR mechanisms in the human brain
is crucial for developing new therapeutic approaches. There is a series
of molecules targeting UPR pathways, some of which are proving to

be effective in slowing the progression of neurodegeneration in
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models, including GSK2606414 [46] and ISRIB [47]. Additionally, the
repurposed drugs trazodone hydrochloride and dibenzoylmethane
have proved to have a neuroprotective effect both in tauopathy-
frontotemporal dementia mice by inhibiting UPR activation [48]. A
phase I/ll randomised, placebo-controlled, double-blinded, multi-
centre clinical study in patients with advanced PD with intraputaminal
CDNF injection was completed in August 2020, with results showing
CDNF to achieve its primary endpoint of safety and tolerability [49].
Thus, research on the interplay between UPR and aSyn pathology
holds the potential to fill an acute need for targeted therapy in neuro-

degenerative diseases.
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