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Abstract

Behere, A. 2022. Ex‘PLA’ining the progression of pathological proteins in Alzheimer’s

and Parkinson’s diseases. see(d)ing is believing. Digital Comprehensive Summaries of
Uppsala Dissertations from the Faculty of Medicine 1866. 77 pp. Uppsala: Acta Universitatis
Upsaliensis. ISBN 978-91-513-1591-1.

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are the two most common forms
of neurodegenerative disorders affecting approximately 50 million people worldwide. The
underlying neuropathological processes leading to AD and PD share many similarities, i.e.
aberrant protein aggregation of tau and alpha-synuclein (a.Syn) in the brain. Monitoring tau and
aSyn aggregation is challenging, due to morphological heterogeneity of the aggregating species
and problems in preserving the antigen conformation ex vivo.

In paper-I, we validated the usefulness of proximity ligation assay (PLA), a technique that
enabled us to visualize previously undetected early a.Syn pathology in the A30P-tg mouse model
of PD. We observed an age-progressive increase in the levels of phosphorylated aSyn (pSyn®'*)
and the compactness of aggregates in the brain. Although loss of dopaminergic neurons was not
found, a subtle dysregulation of other catecholamines was recorded in the older mice.

In paper-II, we revealed a wide distribution of pSyn®'* aggregates in alpha-synucleinopathy-
patient brains. By using a PLA setup with certain antibody pair combinations on brain
sections, we observed unique staining patterns, which could not be visualized using regular
immunohistochemistry (IHC). In A30P-tg mice, the morphological pattern of the PLA signals
indicated an intracellular shift of pSyn*'* from the periphery towards the neuronal soma.

In Paper-III, we demonstrated that multiplex pTau®*>™*-pTau™", singleplex pTau™"' and
singleplex pSyn®” PLAs can recognize an extensive tau and aSyn pathology compared to
regular IHC. We found that using our PLA approach we could differentiate between pTau®*™"
and pTau™' pathology in AD brains, whereas IHC could not. Similarly, in the PD brain,
singleplex pSyn®” PLA detected novel structures, i.e. apparent thick intercellular tunnelling
nanotubes and early aggregates; whereas pSyn®'” THC was limited to the detection of mature
pathology. Lastly, we demonstrated that our multiplex PLA approach detected co-aggregates
of pSyn*"®-pTau.

In Paper-1V, in an aSyn seeding mouse model we observed pSyn™~ immunoreactivity close
to the striatal injection site one day post-injection (dpi). Intriguingly, this type of staining
disappeared with the concurrent formation of peri-nuclear pSyn®'” inclusions in specific brain
regions after 14 dpi. In parallel, astrocytic activation prior to pSyn®'” inclusion formation was
observed.

In conclusion, we have developed several novel PLAs that detect both tau and aSyn pathology
with a higher ex vivo sensitivity and specificity than currently used immunostaining methods.
This thesis work provides valuable insights that potentially could be used for the development
of future biomarkers for tauopathies and synucleinopathies.
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*“ The answers you get depend
on the questions you ask.”’
—Thomas Kuhn
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dopamine transporter

dementia with Lewy bodies

days post injection

enzyme linked immunosorbent assay
extracellular vesicles
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microtubule associated protein tau
microtubule binding domain
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PAGE polyacrylamide gel electrophoresis

PET positron emission tomography

PFFs pre-formed fibrils

PK proteinase K (Keratin)

PD Parkinson’s disease

PDD Parkinson’s disease dementia

PLA proximity ligation assay

PTM post-translational modification

RCA rolling circle amplification

ROI region of interest

ROS reactive oxygen species

SNARE soluble N-ethylmaleimide-sensitive factor
attachment protein receptor

SNpc substantia nigra pars compacta

MY synaptic vesicle

TANC tau—associated neuritic cluster

TEM transmission electron microscopy

tg transgenic

TH tyrosine hydroxylase

TNT tunneling nanotube

TLR toll-like receptor

VAMP-2 vesicle-associated membrane protein 2

VMAT2 vesicular monoamine transporter 2

VTA ventral tegmental area

WB western blot



Introduction

Proteins are the building blocks of our body; without them, we would not
function. The proteins are thus the basic structural units of all cellular life
forms. The word ‘protein’ has been derived from Greek proteios, which means
“the first” or “the foremost”. All proteins consist of the same starting material,
which is amino acids (aa). As evident from its name, every single aa contains
a backbone with an ‘amine group’ and a ‘carboxyl group’. These aa are cou-
pled to each other with a ‘peptide bond’ that consists of one carboxyl group,
attached to the amine group of an adjacent aa. Different functional groups are
attached to the carbon backbone of aa. This explains how there can be up to
21 different naturally occurring and potentially many more aa structures with
diverse biochemical properties. Through a combination of these 21 aa units,
each protein exhibits a unique and specific sequence, consequently achieving
an array of biochemical functionalities that range from being parts of a rigid
fibrous connective tissue to function as highly dynamic enzymes in the human
body.

The vast complexity and richness of proteins lie far beyond the linear aa se-
quence defined by the genetic code. The combination of genetic variation, al-
ternative splicing and post-translational modifications (discussed later in this
section) leads to a rich variety in structure, biological function and sub-cellular
localization of proteins. This complexity of proteins is accurately captured by
the more inclusive, relatively new, term *‘proteoform’' . In this thesis, I have
utilized the word ‘proteoform’ in this context whenever applicable.

Protein folding

All native proteins exist as uniquely folded polypeptide aa chains displaying
three-dimensional structures according to their aa sequence®. They adopt the
appropriate 3D structure with a minimal energy configuration with their ther-
modynamically most stable conformation under physiological conditions. Cy-
rus Leventhal, in his thought experiment, noted that a protein of an average
size has a possibility to attend 3°* different conformations and that, hypothet-
ically, the time required to attend the most stable correct conformation in a
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sequential fashion would be astronomical’. Therefore, he postulated a para-
dox, suggesting that protein folding is governed under strict thermodynamic
control and follows a funnel like energy landscape model to achieve its mini-
mal energy conformation®’. The funnel landscape allows the folding proteins
a minimal space to explore and thereby forcing them to adopt minimal energy
conformation quickly, through local amino acid interactions®. A majority of
protein folding takes place within a few milliseconds to minutes’. This process
is complex and tightly regulated, as protein folding takes place in a crowded
cytoplasmic solution with an approximate macromolecular concentration up
to 400 g/L'®'". Interestingly, other specialized proteins in the cytoplasm that
are known as molecular chaperones help proteins to fold correctly'?. Chaper-
ones guide unstable proteins to fold properly by shielding their exposed hy-
drophobic aa residues from other hydrophobic aa residues and giving them
proper room to fold correctly. Despite the help from chaperones, proteins
can misfold; however, these proteins are recognized by the quality control ma-
chinery of the cell and are tagged for degradation '.

Protein misfolding

Protein misfolding is a phenomenon that can occur spontaneously when a pro-
tein escapes its correct folding pathway from the proposed energy minimizing
funnel model". In their native state, most of the functional proteins predomi-
nantly exhibit a right-handed spiral coiled loop or an a-helical structure. It has
been noted that when an abnormal conformation change occurs, proteins ac-
quire another structural motif that is known as a pB-sheet. However, some of
the functional proteins in their native state also exist with B-sheet motifs. In-
terestingly, the conversion of an a-helix structure into a B-sheet structure takes
place via a partially folded transitional intermediate conformation that is be-
lieved to promote aggregation and lead to formation of ‘amyloid’'®. This type
of conformational change event can take place randomly or more frequently
for certain proteins that have repetitive aa motifs, e.g., polyglutamine in Hun-
tington’s disease'’. In some cases, when a protein adopts a ‘toxic’ misfolded
configuration, it will most likely interact with the other units of native state
proteins and promote their configuration to a ‘toxic state’ via a self-replicating
template-amplifying loop. An example of such an infectious self-replicating
protein is the prion protein'®. The figure below describes various possible con-
formations a protein can attain after its synthesis (Fig. 1).
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Figure 1: Conformations of protein in folding and misfolding. An overview of
possible protein conformation states after its synthesis. Image adapted from Dobson
20031,

Protein misfolding diseases

Protein misfolding diseases, or proteinopathies, are a group of diseases that
involve abnormal accumulation of proteins within cells or tissue parenchyma.
These diseases are a direct and indirect result of dyshomeostasis of protein
synthesis, folding and/or clearance and are, as expected, prevalent in an aging
population. Protein aggregation can be triggered by random events, hyper-
phosphorylation, prion-like self-conversion or by a genetic mutation that
might make the protein less stable. Furthermore, genetic mutations responsi-
ble for increasing unregulated intracellular concentration of proteins, or im-
balances in degradation pathways in proteasome and/or the autophagy ma-
chinery, promote amyloid formation'®. In certain proteinopathies, such as sys-
temic amyloidosis, the amount of aggregates is so large that kilograms of am-
yloid can be found in the affected organs'’. However, in some of the
proteinopathies of the central nervous system (CNS), the amount of aggre-
gates is so minuscule that they are difficult to detect with currently available
biochemical techniques.

In my thesis work, I have focused on detecting the protein aggregates found

in Alzheimer’s disease and alpha-synucleinopathies, all proteinopathies of the
CNS.
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Amyloidoses

Amyloidoses of the brain include disorders such Alzheimer’s disease (AD),
familial British dementia and familial Danish dementia. All three diseases ex-
hibit neuropathological features, such as intra-parenchymal amyloid plaques
or amyloid deposits, cerebral amyloid angiopathy (CAA) and intracellular
neurofibrillary tangles (NFTs)*°. The amyloid cascade hypothesis describes
that AP (in case of AD)?! is central to the aetiology and causes downstream
events such as formation of NFTs, cell death, vascular damage and dementia.
Autosomal dominant mutations identified in the amyloid precursor protein
(APP), presenilin-1 (PSENI) and presenilin-2 (PSENZ2) genes result in altered
biochemical properties or expression levels of AR %. As for sporadic AD, the
most common genetic risk factor is the APOFEe4 polymorphism, which is be-
lieved to affect the clearance of AB*.

Tauopathies

Tauopathies are a group of brain disorders that involves abnormal depositions
of the tau protein, predominantly in neurons but also in glial cells and which
manifest in dementia and/or Parkinson-like motor symptoms (Parkinson-
ism)*. Alzheimer’s disease is considered both an amyloidosis and a tauopa-
thy, as AD brains also show presence of intra-neuronal NFTs containing ag-
gregated and hyper-phosphorylated tau protein®. Furthermore, the mutations
in the microtubule associated protein tau gene (MAPT) give rise to a form of
frontotemporal dementia, which shares many neuropathological features with
AD, such as presence of NFTs?. Other tauopathies include progressive supra-
nuclear palsy, Pick’s disease, corticobasal degeneration, which all manifest
into different clinical presentations based on the biochemical profile of tau
aggregates, the affected neuronal sub-population and the observed neuro-ana-
tomical location.

Alpha-synucleinopathies

Alpha-synucleinopathies, are the group of neurodegenerative disorders
(NDDs) that involve abnormal accumulation of insoluble and fibrillar forms
of alpha-synuclein (a-syn) aggregates in neuronal or glial cells*’*. The most
common alpha-synucleinopathies are Parkinson’s disease (PD), dementia
with Lewy body (DLB) and multiple system atrophy (MSA). Both PD and
DLB share the histopathological hallmark of Lewy bodies (LBs) and Lewy
neurites (LNs), which are intra neuronal inclusions of fibrillar o-syn®’, and are
collectively termed as Lewy pathologies.

Dementia with Lewy bodies has been reported as the second most prevalent

type of dementia after AD and represents approximately 15% cases of all de-
mentia cases’’. It displays cardinal symptoms such as fluctuations in cogni-
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tion, visual hallucinations, and Parkinsonism with combined cortical or sub-
cortical dementia. Parkinson’s disease dementia (PDD) shares many neuropa-
thological similarities with DLB, except some morphological differences; for
example, DLB has a higher load of AP in striatum, cortex and amygdala com-
pared to PDD cases®’. Clinically, these diseases are differentiated by the “one
year rule” that is utilized to diagnose DLB, if the cognitive symptoms start
within one year after the onset of motor symptoms. If they start later, it is
classified as PDD. Furthermore, the PDD cases display more pronounced par-
kinsonism symptoms in addition to cognitive impairments, whereas DLB
symptoms predominantly include visual hallucinations and psychosis**.

Multiple system atrophy is characterized by inclusions of fibrillar a-syn in
oligodendrocytes and are termed glial cytoplasmic inclusions (GClIs) or Papp-
Lantos bodies®~. It is a rare adult onset neurodegenerative disorder, that can
be characterized by progressive autonomic failure, cerebellar ataxia, parkin-
sonism and pyramidal symptoms in different combinations*’. Multiple system
atrophy affects different neuronal pathways, including striato-nigral,
olivopontocerebellar pathways as well as the autonomic nervous system. Fur-
thermore, MSA is clinically sub-classified as ‘MSA-P’ (Parkinsonism pre-
dominant) and ‘MSA-C’ (cerebellar dysfunction predominant).

Alzheimer’s disease

Alzheimer’s disease is the most common form of dementia, representing 60-
70% of total dementia cases globally. Currently, dementia is the seventh lead-
ing cause of death among the world population®® and at present, 55 million
people suffer from dementia and over 60% of dementia patients live in low-
and middle-income countries*®. Furthermore, dementia affects women dispro-
portionately and 65% of total deaths due to dementia are women®®. The pro-
jected number of people suffering from dementia is expected to have tripled
by 2050 and it is considered one of our biggest global public health challenges.

Alzheimer’s disease was first described by Dr. Alois Alzheimer, in 1906 when
he examined the autopsied brain of his patient Auguste Deter’’. In her cerebral
cortex he observed an abundance of amyloid plaques surrounded by glial cells
and neurofibrillary tangles, which are today known as the neuropathological
hallmarks of AD?**. The classical criteria from National Institute of Aging
(NIA) proposed ‘ABC’ criteria to detect AD-neuropathological change on au-
topsied brains, where ‘A’ stands for AP plaques detected by immunohisto-
chemistry or Thal score, ‘B’ stands Braak staging against NFTs and ‘C’ stands
for Consortium to Establish Registry of AD (CERAD) score against neuritic
plaques by thioflavin-S staining®”.
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Currently, the differential diagnosis of AD from other dementias is performed
according to updated research guidelines from NIA, that is based on their ATN
criteria*’. The letter ‘A’ represents amyloid load detected by either decreased
cerebrospinal fluid (CSF) levels of A4 or AP positron emission tomography
(PET) imaging. The letter ‘T’ represents tau pathology detected either by tau
PET or by increased phosphorylated tau (p-tau) levels in CSF. Whereas the
letter ‘N’ represents neurodegeneration detected by brain atrophy on proxy
imaging methods, such as magnetic resonance imaging (MRI) and PET with
8F fluorodeoxyglucose (FDG) or by determining total tau (t-tau) levels in
CSF.

The neuropathological changes associated with AD are estimated to begin 20-
30 years prior to the clinical onset*'. Therefore, ongoing research is aimed at
identifying accurate biomarkers for the pre-clinical phase of AD. Currently,
several plasma and CSF biomarker options are being evaluated that can pre-
dict the trajectory of AD, several years prior to its clinical manifestations***,

At present, there are no disease modifying or curative treatments available for
AD. The pharmacological management of AD is based on the use of acetyl-
choline esterase inhibitors, i.e., donepezil, rivastigmine and galantamine, as
well as an NMDA -receptor antagonist, memantine**. These drugs have a lim-
ited effect on the cognitive and behavioural symptoms of AD. In 2021, adu-
canumab (Aduhelm®) became the first anti-AB antibody treatment option
available, to prevent progression of AD, in patients in the United States. Alt-
hough it has shown a promising effect on lowering the A load, the clinical
benefits of aducanumab have not been clearly significant®. Other antibodies
and other pharmacological agents designed with an aim to lower either AP or
tau pathology in AD patients are currently in clinical trials.

Parkinson’s disease

Parkinson’s disease is the most common neurological movement disorder, af-
fecting about 7 million people worldwide. The incidence of PD is 1% of the
population above age of 60 years*®. Parkinson’s disease patients exhibit the
cardinal motor symptoms resting tremor, bradykinesia, rigidity and gait dis-
turbances*’. These classical motor symptoms of PD are attributed to the de-
pletion of dopamine levels in the striatum, due to a significant loss of dopa-
minergic neurons of substantia nigra pars compacta (SNpc).

Apart from a major loss of dopaminergic neurons, a loss of selective neuronal
subpopulations, such as serotonergic neurons of raphe nuclei, noradrenergic
neurons of locus coeruleus, and cholinergic neurons of dorsal motor nucleus
of vagus, pendunculopontine nucleus and nucleus basalis of Meynert, have
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been reported*®#*#*>! Although the reasons behind this site-specific and se-
lective neuronal loss are unclear, one of the major common features displayed
by all these neuronal subpopulations is the presence of Lewy body-related pa-
thology™. A number of non-motor symptoms, such as anosmia, depression,
anxiety, sleep disturbances, autonomic dysfunction are prevalent in PD pa-
tients and often result in a poor life-quality™.

Usually, non-motor symptoms of PD are present already in the prodromal
phase, i.e., prior to clinical onset of classical PD symptoms and have been
reported to correlate with brain stem pathology®*. Current efforts are aimed at
identifying suitable biomarker candidates that will predict the trajectory of PD
and other synucleinopathies in the prodromal phase. Different seed amplifica-
tion assays, such as protein misfolding cyclic amplification (PMCA) or real
time quaking induced conversion (RT-QulC), can amplify small amounts of
misfolded a-syn aggregates in CSF and have shown promise as diagnostic
tools with a high sensitivity and specificity®’. Furthermore, the detection of
misfolded a-syn in skin biopsies from PD patients have opened new avenues
to use minimally invasive methods to detect PD several year before the clinical
onset®,

Parkinson’s disease can, based on the disease actiology, be classified as either
sporadic or genetic. Several mutations involved in a number of genes, such as
the a-syn protein encoding gene (SNCA), LRRK?2, Parkin, PINK-1, and DJ-1
can lead to autosomal dominant or recessive forms of PD>®'. However, the
proteins encoded by these genes are responsible for normal cellular functions
related to synaptic vesicle release, mitochondrial energetics, and to the au-
tophagy or lysosomal degradation machinery®. Although no curative treat-
ment for PD is currently available, the use of dopamine precursor L-dopa, do-
pamine agonists, inhibitors of dopamine catabolizing enzymes, anticholiner-

gic drugs, as well as deep brain stimulation may provide symptomatic re-
lief®*,

Tau

Structure and expression

Tau, or tubulin-associated unit, was one of the first microtubule associated
protein (MAP) that was discovered and characterized in the late 1970’s%>,
Almost a decade later, tau was identified as a protein forming a core of NFTs,
in the AD brain®’. The adult human protein tau is expressed by MAPT. In hu-
man brain, it exists as six different isoforms generated by alternative splicing
of exons E2, E3 and E10. These isoforms are of different aa length depending
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upon the number of 29 aa inserts near N-terminal: ON, IN & 2N; and two
different repeat domains, i.e., 3R or 4R near the C-terminal. Thus, the protein
can exist as differently sized molecules ranging from the shortest 352 aa long
ON3R tau to the longest 441 aa long 2N4R tau isoforms®. Structurally, tau can
be divided in two domains based on a chymotrypsin cleavage site at residue
aa 197. The N-terminal half is called the ‘projection domain’®’, which does
not bind to microtubules, whereas the C-terminal domain spanning from aa
200-400 is called the ‘assembly domain’™ that is involved in microtubule
(MT) interactions. Natively, tau exists as an ‘intrinsically disordered’ or ‘un-
folded’ hydrophilic protein, which makes it functionally highly flexible and
mobile’'. Although being a disordered protein, tau prefers to adopt a ‘paper-
clip’ conformation, where N- and C-terminal fold and overlap with repeat do-
mains on top of each other. Due to its flexible nature, it is able to bind and
interact with tubulin, to stabilize and promote its assembly into microtubules.

Physiological role

As discussed briefly above, a majority of tau is located in the brain, especially
in neurons. It is present ubiquitously in immature neurons in a phosphorylated
form, but becomes axonal and non-phosphorylated during the maturation of
adult neurons’?. In adult neurons, small amounts of tau can be found in the
nucleus’ and dendritic spines’. Extra-neuronal tau can be found in oligoden-
drocytes” and muscle fibres”®. The neuronal tau sorting mechanism is not
clearly understood, but tau is selectively transported to axons to perform its
normal physiological function. The presence of tau in the neuronal soma is a
sign of neurodegeneration associated with disease conditions’’. Tau has an
ability to influence retrograde and anterograde axonal cargo transport, as it
can compete with the axonal motor proteins kinesin and dynein by blocking
their binding sites on microtubules’®. Currently, the physiological role of nu-
clear tau in chromosome stability and cellular transcriptomic, as well as its
synaptic role, is under investigation””’.

Tau aggregation and hyper-phosphorylation

Physiologically, tau is a phospho-protein with a normal degree of phosphory-
lation of about 2 mol POs/mol of protein. However, the AD associated tau is
roughly 4 times (~8 mol PO4/mol of protein) excessively hyper-phosphory-
lated®. Abnormally hyper-phosphorylated tau is observed in two types of tau
filaments: straight filaments (SFs) and paired helical filaments (PHFs) that
form the dense core and fuzzy outer layer of NFTs®. Additionally, hyper-
phosphorylated tau exists in twisted ribbon filaments in AD brains. The PHFs
are in majority, representing about 80%, whereas SFs represent approximately
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5% of the NFT pathology in AD*2. The formation of these three different hy-
per-phosphorylated tau aggregates associated with AD is a widely researched
topic.

The initial hypothesis suggested that hyper-phosphorylation promotes aggre-
gation of tau into pathological PHF conformation associated with AD®’. It was
supported by the observation that phosphorylation occurs prior to formation
of NFTs”’. However, in vitro data from other groups suggested that recombi-
nant human tau could lead to formation of PHF-like filaments under suitable
conditions, i.e., presence of heparin/polyanions, in absence of phosphoryla-
tion®. A few years later, it was shown that AD p-tau and recombinant human
p-tau could self-assemble faster into PHF-like filaments, even in absence of
heparin and other co-factors, under physiological conditions®. Collectively,
these experiments suggested that although phosphorylation of tau is not pre-
required for its aggregation, presence of phosphorylation promotes tau aggre-
gation dramatically.

Furthermore, phosphorylation of tau on certain aa residues, especially in the
proline rich microtubule binding domain (MBD), such as S231 and S214 or
the repeat domain, such as S262, dramatically reduce affinity of tau to micro-
tubule or promote its detachment®*’. This phenomenon leads to the release
of phosphorylated tau from the microtubule, which may lead to sequestering
of normal tau and other proteins, disrupting their normal function and en-
hanced assembly into PHFs. Moreover, in vitro data indicates that pseudo-
phosphorylation of tau at S202, T205 and S396, S404 lead to a rigid paper-
clip fold structure of tau, which in turn induces pathological conformational
changes (which can be detected by the MC-1 antibody) as well as enhanced
fibrillation®,

Multiple kinase enzymes can phosphorylate tau in a site dependent manner.
These kinase enzymes can be classified as proline directed protein kinases
(PDPKs) and non-PDPKs*’. The PDPKs have their phosphorylation sites, ser-
ine (S) and threonine (T) aa residues in the proline rich domain. Examples of
PDPKs include glycogen synthase kinase 3 (GSK-3), cyclin dependent kinase
(cdk5) and other enzymes, such as extracellular signal-regulated kinase
(ERK), p38 and c-Jun N-terminal protein kinase (JNK), which belong to the
mitogen activated protein (MAP) kinase family. The non-PDPKs target S/T
residues in the MBDs, which do not contain adjacent proline residues next to
phosphorylation sites. The examples of non-PDPKs include protein kinase A
and C (PKA & PKC) as well as Ca*'/calmodulin-dependent kinase II
(CaMKII). Furthermore, these kinases show a certain overlap between their
phosphorylation sites. Different protein phosphatases (PPs), such as PP-1, PP-
2A and PP-2B, are able to de-phosphorylate tau in vitro as well as in vivo™.
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Over 50 different sites of tau can be phosphorylated in the AD brain’'. How-
ever, some of the phosphorylation sites of tau have a greater pathological im-
portance, as antibodies specifically directed against them, have proven to be
useful as biomarkers. These phosphorylation sites include different antibodies
directed against, PHF-1 (pS396/pS404)°*, different AT epitopes®, such as
AT8 (pS202/T205), AT180 (pT231/pS235), AT270 (pT181), ATI100
(pT212/pT214) and 12E8 (pS262)**. Currently, the pT181, pT217 and pT231
sites are being investigated as the earliest plasma and/or CSF biomarkers, for
determining the preclinical phase of AD?’. Interestingly, recent ex vivo evi-
dence suggests that pT181 and pT205 might be two of the most prominent
phosphorylation sites that govern the multisite phosphorylation of the human
tau protein’®. Further research will shed new light on the temporal sequence
of tau phosphorylation with respect to pathology and/or neurodegeneration.

Propagation of pathological tau

Tau is considered to be a prion-like protein, which in a misfolded state has a
capacity to serve as a template and promote misfolding of native tau”’. Prion-
like spread of tau is considered as one of the main hypotheses behind the dis-
tinct and hierarchical involvement of different neuroanatomical regions, as
described by the Braak staging of neuropathology. The Braak staging defines
six stages of outward spread of brain pathology based on occurrence of NFTs.
The NFTs are observed in transentorhinal cortex or enterorhinal cortex of the
medial temporal lobe (Braak I & II), before the pathology slowly progresses
to involve hippocampal regions (Braak III & IV), and finally the neocortex
(Braak V & VI)*®,

Different cell and animal model experiments indicate that various tau species,
either recombinant or extracted from tauopathy patients, have an ability to
seed and spread endogenous tau”’. The aggregation and/or seeding potential
oftau is shown to be dependent upon its isoform (described in review by Wang
et al. 2016'"). Furthermore, the seeding activity is dependent upon different
mutations or origins of the tau seed (recombinant or patient-derived). Differ-
ent post translation modifications, such as truncation and phosphorylation,
modulate cellular uptake and play a key role in the spreading and seeding ca-
pacity of tau. Recently, tau seeding activity was found to correlate positively
with hyper-phosphorylated tau oligomers '°'. Interestingly, in the same study
hyper-phosphorylation of tau at S198/S199/S202 (ATS) and S400/T403/S404
(PHF-1) indicated a negative correlation and hyper-phosphorylation at
T231/S235 (AT180) and S262 (12ES8) a positive correlation to its seeding ac-
tivity'*'.

Inter-neuronal propagation of pathological tau is hypothesized to occur in a
sequential manner, with initial release of pathological tau to the extracellular
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space, followed by its uptake by a recipient cell, which in turn accumulates
endogenous tau to form intracellular inclusions. The release of tau is proposed
to occur by passive leakage of dying neurons or when tau dissociates from
ghost tangles'®. However, some studies describe that the release of physio-
logical tau may take place in absence of neurodegeneration''**, Uptake of
tau is mediated by endocytosis or by a trans-synaptic route. A recent paper
showed that tau seeds can enter a cell via clathrin-independent endocytosis,
escape from the endocytosis pathway, and enter the cytosol to misfold endog-
enous tau'®. Tau propagation is a bidirectional process along the length of
axons (retrograde and anterograde) and exosome-mediated tau spread is con-
sidered as another possible mechanism behind the observed bidirectional
propagation'*%'%7,

Neuropathological diversity

As described earlier, tauopathies is an umbrella term that describes different
neurodegenerative conditions with inclusions of hyper-phosphorylated tau.
The observed neuropathological heterogeneity is a combined product of the
disease condition, isoform dominance (i.e., either 3R, 4R or mixed 3R-4R tau)
as well as the cell-type and/or brain region involvement. This molecular and
neuropathological heterogeneity has resulted in more than 20 distinct tauopa-
thies. Although these conditions are grouped together based on the presence
of tau inclusions, the observed neuropathology varies drastically (detailed re-
viewed in Chung et al. 2021'*®). For example, neuronal tau inclusions are sub-
classified as pre-tangle-NFTs, Pick bodies, grains and ballooned neurons. As-
trocytic inclusions are defined by ramified astrocytes, tufted astrocytes, thorn-
shaped astrocytes, globular astrocytes, granular fuzzy astrocytes and astro-
cytic plaque. The oligodendrocytic inclusions are subdivided into coiled bod-
ies, Pick body—like inclusions and globular oligodendrocytic inclusions.

Alpha-synuclein

Structure and expression

Alpha-synuclein derives its name from its ‘synaptic’ and ‘nuclear’ localiza-
tion, when it was first described in Torpedo Ray'®. It belongs to a highly con-
served family of synucleins (together with beta-synuclein [B-syn] and gamma-
synuclein [y-syn])''°. The a-syn protein is abundantly expressed in the CNS
with a higher expression in neocortex, cerebellum, and hippocampus'''"''?,
Additionally, its expression has been observed in glial cells and in peripheral

organs such as kidney, liver, heart, blood vessels, skin, muscles and bone mar-
row 6113115
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Alpha-synuclein is 140 aa long and is encoded by SNCA. It exists in three
different isoforms through alternative splicing. The major 140 aa long protein
is structurally divided into three domains as follows (Fig. 2):

1) N-terminal domain (aa 1-60) that contains seven imperfect re-
peats of 11 KTKEGV motifs that can adopt a-helical structure
when interacting with phospholipids and lipid membranes''®!",

i) Hydrophobic non-amyloid component (NAC) core region (aa 61-
95) involved in self-assembly and aggregation.

1i1) Acidic C-terminal tail (aa 96-140), where different posttransla-
tional modifications (PTMs) can occur.

Most of the identified point mutations leading to familial forms of PD and
DLB lie in the N-terminal region. For example, seven missense point muta-
tions in SNCA gene have been identified to cause dominantly inherited forms
of either PD or DLB: A30P'"®, E46K'"?, H50Q'?°, G51D'*!, A53T°, AS3E'*,
A53V'3. Furthermore, duplications'** and triplications'*® of the wild type
SNCA gene can also lead to familial forms of PD with a dominant inheritance.
Recently, an E83Q"*® mutation that leads to a familial form of DLB was dis-
covered.

A30P pS129

-

-
A~ ¢

NAC domain

Figure 2: Structure of alpha-synuclein. A nuclear magnetic resonance (NMR) pre-
dicted structure of micelle bound-human a-syn expressed by E.coli'?’. The N-terminal
domain of a-syn spans from aa 1-60, which interacts with lipid membranes and has 7
missense familial mutations of PD (indicated by stars). The hydrophobic non-amyloid
component (NAC) core region spans from aa 61-95 which is involved in self-aggre-
gation of a-syn. The acidic C-terminal tail spans from aa 96-140, where different post-
translational modifications such as phosphorylation (pS129) take place.

Synaptic role

The physiological role of a-syn at the synapse remains a largely unanswered
question, but its presynaptic localization and ability to interact with lipid mem-
branes advocates for its regulatory role in the synaptic release of neurotrans-
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mitters. It acts as a molecular chaperone for soluble N-ethylmaleimide-sensi-
tive factor attachment protein receptor (SNARE) complex'*®. The SNARE
complex serves as a molecular zipper enabling the fusion of the synaptic ves-
icles (SVs) with presynaptic membrane and a-syn promoting its assembly by
binding synaptobrevin-2/VAMP-2 protein of the SNARE complex by its C-
terminal and phospholipid membrane of the SV by its N-terminal'?. Further-
more, various emerging theories suggest that a-syn plays a role in synaptic
vesicle recycling by modulating the size of readily releasable pool of SVs, its
mobilization and endocytosis'**'*?. In addition, physiological a-syn multi-
mers have been shown to cluster SVs at presynaptic neurons that result in re-
stricted motility and reduced exo/endocytosis of SVs'*. In the presynaptic
chaperone protein cysteine string protein a (CSPa) knockout (KO) mice, the
precedent neurodegeneration and lethal phenotype is rescued by transgenic
(tg) overexpression of a-syn'**. This observation suggests that transgenic
overexpression of a-syn can enhance the functionality of SNARE proteins and
compensate for the absence of another presynaptic chaperone protein. On the
contrary, triple KO mice lacking all three synucleins (a-, f- and y-syn) dis-
played neurological impairments and diminished SNARE protein complex as-
sembly'*. Furthermore, in a tg mouse line, either expressing truncated human
a-syn (aa 1-120) or human A30P a-syn, a redistribution of SNARE proteins,
reduced dopamine content and SNARE mediated exocytosis were observed,
suggesting a toxic gain of function of aggregated a-syn at the synapse'*.
These studies highlight the essential role of synucleins in maintaining normal
functionality of SNARE proteins at the synapse.

Role in neurotransmitter release

Many studies on cell and animal models have been carried out to address the
role of a-syn in the dopaminergic system. In an animal study on a-syn KO (o-
syn-/-) mice, an excess of dopamine (DA) release post-stimulation and a re-
duced DA content was observed, indicating that a-syn is a presynaptic nega-
tive regulator of DA neurotransmission'*’. Another in vivo study on o- and y-
syn double KO mice concluded that the observed increase in DA release post
stimulation was due to an increased release probability of SVs containing
DA"®® Interestingly, human a-syn overexpression in catecholaminergic cells
resulted in reduced exocytosis events by arresting the priming of SVs prior to
fusion and release of catecholamines'*’. Another cell study overexpressing
different forms of human a-syn indicated increased cytosolic levels of cate-
cholamines, which was even more pronounced for A30P mutated a-syn and
accounted for the leakage of catecholamines from SVs in the storage pool'*’.
A study on rats found that AAV-mediated overexpression of human a-syn in
their nigro-striatal system resulted in a loss of dopamine containing SVs and
dopamine release'*'. Taken together, these reports highlight the regulatory
role of a-syn in maintaining normal functionality of dopaminergic neurons in
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vivo and that altered a-syn impedes the physiological neurotransmission of
DA.

Alpha-synuclein and dopamine

Dysregulation of tyrosine hydroxylase (TH), vesicular monoamine transporter
(VMAT?2) and dopamine transporter (DAT) levels/functionality prior to overt
loss of dopaminergic neurons in PD have been reported previously'*. In a
dopaminergic cell model, increased a-syn levels have been shown to decrease
TH activity by stabilizing TH in its inactive and non-phosphorylated form and
to result in reduced DA production, as TH is a rate-limiting enzyme in DA
biosynthesis'*. Furthermore, a-syn overexpression increases the activity of
protein phosphatase 2A (PP2A), which is responsible for de-phosphorylation
of TH, further contributing to a reduction of TH activity'**. During normal
aging, human and primate SN neurons have increased a-syn levels and de-
creased TH immunoreactivity, which provides an indirect evidence of the in-

verse relationship between a-syn levels and TH activity'*.

Vesicular monoamine transporter 2 (VMAT?2) is responsible for loading the
DA in SVs post its synthesis to prevent DA catabolism in the cytosol. How-
ever, alterations in level/activity of VMAT?2 are considered to be early events
that eventually lead to dopaminergic cell death. The overexpression of a-syn
in a dopaminergic cell model resulted in reduced VMAT2 mRNA and protein
levels and activity of VMAT?2 leading to an induction of higher reactive oxy-
gen species (ROS)'*®. Furthermore, a lower expression of VMAT?2 in the SN
of PD patients and the presence of VMAT?2 in LBs and LNs indicates its as-

sociation with o-syn pathology'’.

Dopamine transporter (DAT) is a presynaptic membrane protein, which is re-
sponsible for active uptake and clearance of DA from the synaptic cleft'*®. In
cell models and primary dopaminergic neuronal culture, DAT has been shown
to be co-immunoprecipitated with a-syn'*’. In addition, a-syn has been found
to directly bind to DAT"™. Increased levels of a-syn are considered to impact
negatively on the DAT levels and DAT mediated uptake of DA in cell and
animal models'"'*2,

Aggregation of alpha-synuclein

Natively, a-syn exists as an intrinsically unfolded random coil monomer under
physiological conditions'>*. However, some studies have suggested a ‘tetram-
eric o-helical a-syn’ as the native structure under physiological condi-
tions'>*!>>_ Although the notion that native a-syn exists as an unfolded random
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coil monomeric structure is widely accepted in the field"**!*’ increasing evi-
dence is emerging that a-syn adopts an a-helical multimeric structure when
binding to curved membranes'**'*. Under aggregation favourable conditions,
such as agitation, higher temperature and lower pH, a-syn undergoes a con-
formational change resulting in a partially folded intermediate structure'®’,
The partially folded intermediates have hydrophobic patches on the surface,
which are believed to be essential for continuous self-interaction leading to
the formation of oligomers, protofibrils and fibrils with increasing size and
hydrophobicity'®'. The a-syn fibrils are composed of several parallel B-sheet
strands that are insoluble'®*. The familial PD associated mutations in a-syn, as
well as some of the environmental conditions such as exposure to pesticide
and metal ions, promote a-syn aggregation and thereby most likely play a sig-
nificant role in the pathogenesis of certain forms of PD'®.

Oligomers

Alpha-synuclein oligomers display a wide range of molecular weights, vari-
ous degree of B-sheet content and exposed hydrophobicity'®. They exhibit
different structures, such as chain-like, pore-like, spherical, and annular, de-
pending on the environment'®. A range of a-syn oligomers exhibit a p-sheet-
rich structure and may (on-pathway oligomers) or may not (off-pathway oli-
gomers) eventually form fibrils'®'®. The A30P and A53T mutations have
been shown to increase the rate of oligomerization of a-syn in vitro. Further-
more, in vitro a-syn with the A53T mutation yields annular (10-12 nm in di-
ameter), spherical (~24 nm in diameter) and tubular shaped oligomers,
whereas A30P yields annular and spherical oligomers'”’. The distinct biophys-
ical and morphological properties of oligomers are believed to be responsible
for phospholipid membrane permeabilization and ROS generation that con-

tribute to cellular toxicity'”".

Furthermore, the a-syn oligomers’ “gain of toxic function” can affect multiple
cellular pathways and exhibit mitochondrial damage'’*'”, endoplasmic retic-
ulum stress'™*, generation of ROS associated membrane damage'”, induction
of abnormal Ca*" influx'"®, abnormal microglial activation'”’, autophago-ly-
sosomal dysfunction'” and synaptic dysfunction'”. Although it has been tech-
nically challenging to visualize a-syn oligomers, a variety of oligomers have
been confirmed with innovative approaches in different cell (e.g., bimolecular
fluorescent complementation assay'*’) and animal models'®"'®2, in addition to
post mortem synucleinopathy patient material (e.g., proximity ligation assay
PLA'"88) " Albeit showing toxic cellular effects, the in vitro generated o-syn
oligomers do not seem induce the misfolding and recruitment of endogenous
o-syn in animal models'®*'%,
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Fibrils and strains

The aggregation of a-syn follows a nucleation dependent fibril formation
pathway. The addition of a-syn pre-formed fibrils (PFFs) to monomeric a-syn
solution in vitro, omits the primary nucleation of a-syn aggregation kinetics
and triggers elongation of the fibrils directly'®. Furthermore, the fragmenta-
tion of fibrils provides additional surfaces for seeding more a-syn monomers,
thus catalysing the secondary nucleation, which results in enhanced elonga-
tion and increased formation of fibrils'®. In a fashion similar to the in vitro
experiments, the administration of exogenous PFFs successfully seeded neu-
ronal cells'®, mice'” and primates'®""'*resulting in an enhanced aggregation
of a-syn and Lewy body-like pathology in vivo.

Interestingly, recombinant a-syn aggregates have specific conformations and
biological activities. Several studies have shown that a-syn aggregates gener-
ated in vitro under different salt conditions yield two different types of fibril
strains: a cylindrical shaped ‘fibril” strain and a flat ‘ribbon’ strain. Both of
these a-syn strains have distinct biophysical properties, such as membrane in-
teraction and cellular toxicity'**!**. Furthermore, in vitro sequential passaging
of the “fibril” strain leads to formation of a distinct third type of strain that can
cross-seed tau into intra-neuronal inclusions'®>. Similar to in vitro generated
o-syn strains, intracranial and intramuscular injections in various mouse mod-
els with a-syn aggregates purified from different synucleinopathy brains, pro-
duced different strain-specific clinical, pathological and biochemical fea-
tures'”".

Small aggregates & proteinase K

Proteinase K (PK) is a broad spectrum serine protease enzyme that is exten-
sively employed to digest physiological proteins and characterize small mis-
folded protein aggregates in the prion research field'”’. Digestion with PK can
be used to distinguish native/physiological conformations (PK-sensitive) of a-
syn from pathological conformations (PK-resistant) of a-syn on tissue sec-
tions'”®. In addition to PK resistant a-syn inclusions, PK resistant synaptic o-
syn pathology has been reported in synucleinopathy patient and tg mice brain
tissue'*’?%. Furthermore, upon PK treatment of brain homogenates containing
a-syn aggregates, N- and C-terminally truncated smaller a-syn fragments
could be detected following SDS-PAGE*"'*", The PK resistance property has
been attributed to the hydrophobic NAC core of a-syn, which is implicated in
a-syn aggregation leading to B-sheet conformation®’'%?, Furthermore, altered
PK-resistant a-syn has been detected in the blood of PD patients, opening up

new avenues for biomarker strategies®”.
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Lewy bodies

Lewy bodies (LBs) are the histopathological hallmarks of PD, first described
by Fritz Heinrich Lewy in 1912, when he observed the presence of eosino-
philic inclusions in the neurons from PD patients®*. Since then, advancement
in histological staining methods, microscopy and computer-assisted visualiza-
tion methods have helped us to decipher their ultra-structure. Traditionally,
LBs were described as dense spherical structure with a core and radiating halo.
Subsequently, LBs were found to contain filamentous proteins with lipids and
organelles. Based on the filamentous protein arrangement, LBs were classified
in two subtypes: classical/brainstem LBs (radiating fibrillar core) and cortical
LBs (disorganized fibrils)*”’. The filamentous proteins in LBs were initially
thought to be neurofilaments and cytoskeletal proteins, but were later demon-
strated to contain fibrillar a-syn®’. Although this notion is widely accepted in
the field, a recent study claimed that a majority of LBs contains lipids with
membranes, organelles and non-fibrillar a-syn®”®. However, a recent study of
LBs describes them as onion skin-like layered structures®”’. In these phosphor-
ylated (pS129) inclusions, a-syn together with neurofilaments and cytoskele-
tal proteins form an outer encapsulating structure, containing different trun-
cated a-syn proteoforms layers with a lipid and/or proteinaceous central core.

Post-translational modification (phosphorylation)

The post-translational modifications (PTMs) of a-syn may alter its structure,
localization, activity, and degradation. So far, PTMs, such as ubiquitination,
nitration, truncation, SUMOylation, acetylation, glycosylation, o-GlcNAcyl-
ation and phosphorylation have been described to occur on a-syn®*®. Phos-
phorylation at serine 129 (pS129) of a-syn is one of the major PTMs observed
in synucleinopathy patients. A variety of kinases and phosphatases has been
suggested to govern phosphorylation and de-phosphorylation of a-syn in vivo.
For example, different kinase enzymes, such as G-protein receptor kinases
(GRKs), LRRK2 and polo-like kinases (PLKs), could phosphorylate a-syn in
vitro and in a cell model*®. Although pS129-modified o-syn modulates fibril-
lation in vitro and a large portion (~90%) of a-syn detected in Lewy bodies is
pS129 a-syn?'’, the role of pS129 o-syn in membrane binding, oligomeriza-
tion, fibril formation and neurotoxicity yet remains largely unclear. However,
recent papers indicate that pS129 a-syn, along with C- terminal truncations
(CTTs), plays an ultimate role in LB formation*”-*!'-%12,
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Propagation of pathology

The ascending caudo-rostral pattern of Lewy pathology in different brain re-
gions in PD and DLB cases with progressing disease stages indicates that a-
syn pathology might spread in distinct neuroanatomical pathways in a predict-
able fashion. Braak and colleagues proposed six stages of Lewy pathology,
initiating in olfactory bulb and peripheral vagus nerve, and gradually progress-
ing to brainstem, limbic areas and cortex”"*. Along these lines, a host-to-graft
transmission of misfolded a-syn was proposed as grafted foetal mesencephalic
neurons in transplanted PD patients were found to contain o-syn aggregates
after 11-16 years®'*. Additionally, presence of 0-syn aggregates in plasma in
PD patients indicates that pathological a-syn can be released into the extracel-
lular fluid*".

The seeding experiments with a-syn PFF injections indicate that in order to
misfold and assemble endogenous a-syn, the seed must bind to the neuronal /
glial cell surface and gain entry into the cytoplasm. Various cell surface re-
ceptors and/or various extracellular domains of transmembrane proteins, such
as heparin sulfate proteoglycans (HSPGs), lymphocyte activating gene 3
(LAGs), neurexin 1B, AB-precursor like protein-1 and o3 subunit of Na"/K"
ATPase are involved in interaction and internalization of fibrillar a-syn'®2'%,
Interestingly, HSPGs-mediated uptake of fibrillar a-syn by micropinocytosis
is highly cell specific to oligodendrocytes, as no uptake can be seen in neither
microglia nor astrocytes*”’. Furthermore, the size of the seed (ideal size <50
nm) and PTMs (such as acetylation) plays a role in seed internalization, as
demonstrated in several studies'®?2*?!,

Although the PFFs or fibrillar a-syn is capable of internalizing and seeding in
vivo, the a-syn oligomers are found to be the species that spread most effi-
ciently in experimental models**2. The o-syn oligomers were shown to transfer
via trans-synaptic route mediated by heat shock protein 70 (HSP70). Broadly,
the cellular spread of a-syn oligomers and other aggregation species has been
shown to occur via two possible routes: 1) exosomes and ii) tunnelling nano-
tubes (TNTs). Neurons can potentially form and secrete exosomes, i.e. 50-100
nm vesicular cargos containing specific proteins or RNAs that can communi-
cate between cells***?**, Different cellular experiments have indicated that the
spread of a-syn oligomers can occur through exosomes®*>?*°. Tunnelling
nanotubes are cellular protrusions of cytoskeletal proteins that interact and
fuse with plasma membranes to send and/or receive cargoes. They can be clas-
sified on their size and dimensions as thin TNTs (15-60 pm in length, 50-200
nm in diameter) and thick TNTs (30-140 pm in length, >700 nm in diame-
ter’”’. The presence of TNT-mediated transfer of a-syn aggregation species
has been visualized by different cell culture experiments in neuronal and glial
cells, such as astrocytes?* 23!,
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As discussed above, although different cells are involved in the uptake and
transfer of a-syn species, the selective susceptibility to form a-syn inclusions
and vulnerability to degenerate is limited to subpopulation of cells in synucle-
inopathy patients**. Although this central phenomenon is yet a largely unan-
swered question, two possible hypotheses have been discussed**. One line of
thought provides an evidence regarding the existing differences in expression
level of a-syn among different cellular sub-populations™****. Meanwhile
other experiments describe differential expression levels of protein degrada-
tion machinery that may lead to inefficient clearance of a-syn aggregates and

associated vulnerability>*.

Neuroinflammation

The inflammation of the brain is generally referred to as neuroinflammation.
It involves activation of the different glial cells in the brain and is triggered by
pro-inflammatory signalling pathways including the release of different cyto-
kines and chemokines as a response to an insult or a pathogen. Concerning
different NDDs, whether neuro-inflammation is a cause or consequence is
widely debated. However, ‘chronic neuroinflammation’, together with ‘loss
of normal function’ and ‘gain of toxic function’ of the aggregating protein are
considered ‘partners in crime’ in the pathogenesis of different NDDs. The hu-
man brain inherently lacks immune cells due to presence of blood brain barrier
(BBB) and hence glial cells, such as astrocytes and microglia, carry out im-
mune functions in the brain.

Reactive microgliosis

Microglia are the major type of glial cells in the brain and they are originated
from the myeloid cells and perform macrophage-like functions. Microglia are
highly mobile cells that can ‘patrol’ the brain, while constantly sensing their
surrounding environment. Upon an insult or entry of pathogen in brain, mi-
croglia become active, i.e. show changes in their morphology and / or expres-
sion levels of surface proteins and secrete pro-inflammatory molecules, a phe-
nomenon termed as ‘reactive microgliosis’>’. Reactive microgliosis is the
first line of the body’s defence mechanism inside the brain. As evident from
different experimental models of PD, reactive microgliosis is an early event
in PD pathogenesis®****. Furthermore, post mortem immunohistochemical
analysis and in vivo PET imaging from PD patients have indicated presence
of reactive microgliosis*****'. Now it is clear from multiple lines of studies
that misfolded or fibrillar a-syn initiate a damage-associated molecular pattern
(DAMP) that is recognized by microglial pattern recognition receptors, be-
longing to toll-like receptor family (TLR2 & TLR4)'"**2, Additionally, o-syn
has been shown to interact with the microglial complement system, which
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triggers phagocytosis®****. Thus, microglia play a dual role upon interaction
with misfolded a-syn, i.e., triggering immune activation and promoting its
clearance. Paradoxically, when microglial activation is unregulated or abnor-
mally enhanced in disease conditions it might become toxic and contribute to
neurodegeneration and pathological protein accumulation. For example, mis-
folded a-syn released by neurons interact with microglia, it might trigger
caspase-mediated cleavage of a-syn, leading to its truncation, thereby promot-
ing aggregation and forming a vicious loop>***.

Role of astrocytes

Astrocytes are stellar-shaped non-neuronal cells that have a neuronal origin.
The astrocytes carry out various important functions in the brain, such as
forming synapses, nurturing neurons and maintaining the integrity of the BBB.
Activation of astrocytes are key features in many pathological conditions of
the CNS, including proteinopathies. An increase of GFAP immunoreactivity
is considered to be a sensitive marker of activated astrocytes. As discussed
earlier in the section above, activation of microglia and elevated pro-inflam-
matory cytokines in response to misfolded a-syn might trigger an astrocytic
response, due to cross-talk between these two cell types®*’. Reactive astrocytes
are classified as Al and A2 subtypes. Al astrocytes are known to upregulate
pro-inflammatory molecules, whereas A2 astrocytes upregulate neurotrophic
molecules. Microglial activation in response to misfolded a-syn has shown to
promote induction of Al astrocytes via TNFa, IL-1a and Clq in co-culture
experiments®*®, In astrocytes, exposure to misfolded a-syn led to enhanced
secretion of pro-inflammatory cytokines, mitochondrial defects and increased
H,0, production, that are all detrimental factors to neuronal survival**’. Fur-
thermore, the expression of major histocompatibility complex class II (MHC
II) on astrocytic surface in PD brains has suggested that astrocytes may act as
antigen presenting cells (APCs) for the brain infiltrating peripheral immune
cells that are often reported in the diseased brain®¥’.

Peripheral immune activation

Increasing evidence suggest that PD is a systemic disease and involves accu-
mulation of a-syn and inflammation in peripheral organs. Furthermore, Bor-
ghammar et al. have proposed a hypothesis that a-syn pathology might also
initiate in gut and therefore proposes two sub-types of PD, as ‘gut-first” or
‘brain-first’ PD*’. Various research groups have been able to provide evi-
dence for this hypothesis in a preclinical setting®'. Earlier immunohistochem-
ical studies have demonstrated presence of CD4" & CD8" cells in SNpc of PD
brains, indicating that significant infiltration of peripheral T cells occurs dur-
ing the course of disease’*>. Additionally, presence of infiltrating macrophages
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and monocytes have been observed in a PD animal model and post mortem
PD brain sections*****, Furthermore, elevated amounts of pro-inflammatory
cytokines, such as TNFa, IFy in blood, brain and CSF, speaks in favour of
MHC II" -APC interaction being behind triggering the T cells to mediate this
pro-inflammatory response®”. These lines of evidence speak in favour of T
cells playing a key role in PD pathogenesis. Recently, a study demonstrated
that peripheral blood mononuclear cells obtained from PD patients, but not
healthy controls, could recognize disease associated a-syn epitopes, such as
pS129 256, The study found that primarily CD4", but also CD8", T cells recog-
nized these epitopes. A follow-up study indicated that the T cell activation is
prevalent in the prodromal phase of PD*’. This has opened up new biomarker
avenues for PD patients in clinic. Some studies have found correlations be-
tween motor / cognitive performance score and the pro-inflammatory profile
of PD patients®*%¥,

31



Aims

This thesis work was aimed to explore the pathological protein inclusion for-
mation process in Alzheimer’s disease (AD) and Parkinson’s disease (PD), by
adopting an enhanced ex vivo detection technique based on the proximity li-
gation assay (PLA).

Specific aims:

I To visualize and characterize a-syn oligomers and study their
impact on the dopaminergic system in the (Thy-1)-h[A30P] a-
syn tg mouse model of PD.

11 To enhance ex vivo detection sensitivity of phosphorylated a-
syn proteoforms in different types of synucleinopathy brain tis-
sue.

I To investigate the phosphorylated tau and a-syn proteoforms

aggregating in AD and PD brains.

v To monitor the temporal evolution of glial and peripheral
events prior to inclusion formation, in a PFF seeding mouse
model of PD.
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Methodological considerations

Ethical statement

All animal experimental work included in papers I, II and IV was approved
by the Uppsala Ethics Committee (ethical permission number: 5.8.18-
08038/2018) and the use and housing of animals were performed according to
the EU directive 2010/63/EU for animal experiments. All animals were
housed at The National Veterinary Institute (Uppsala, Sweden) in open cages
on a 12:12 h dark: light cycle, with food and water available ad /ibitum. Brain
sections utilized in paper II were obtained from the Netherlands brain bank
(NBB), Netherlands Institute of Neuroscience, Amsterdam (open access:
www.brainbank.nl : project number 848). Prof. Irina Alafuzoff kindly pro-
vided the brain sections from Uppsala biobank (ethical permission number
2012/494) that were utilized in studies included in paper I11.

Synthetic alpha-synuclein preparations

The cryopreserved mouse a-syn monomers were bought from Proteos Inc.,
USA (#RP009). The monomers were thawed on ice and then centrifuged. The
concentration of a-syn monomers was determined by measuring the absorb-
ance at 280 nm using a Nano drop. Subsequently, the monomers were diluted
with Dulbecco’s phosphate-based saline (dPBS without Ca** and Mg*") to
yield the final concentration of 5 mg/ml. The monomers were placed in a safe-
seal Eppendorf tube and the cap was sealed using Parafilm. Finally, the Ep-
pendorf tube containing the monomers was placed on a shaker at 1000 RPM
in an incubator at 37° C for 7 days.

It is important to perform extensive quality control experiments on the syn-
thetic a-syn preparation (Fig. 3); since it affects the seeding capacity in vivo.
Sonication was performed upon diluting the yielded PFFs with sterile dPBS
at a 1:2 ratio. The working concentration of PFFs was placed on ice and soni-
cated using the Sonics Vibra cell sonicator with 20% amplitude (1 s off and 1
s on pulses for 60 s). After sonication, the generated PFFs were analysed by
transmission electron microscopy (TEM) and their average length was found
to be 31.95 + 0.95 nm, well within the reported optimal range (<50 nm) of the
seeding requirements, to result in inclusion formation in vitro and in vivo.
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Figure 3: Transmission electron microscopy (TEM) of synthetic alpha-synuclein
preparations. The figure displaying TEM pictures taken from dPBS (A), monomers
(B), pre-formed fibrils (C) and sonicated pre-formed fibrils (D). The quantification of
sonicated pre-formed fibrils revealed, their size distribution has been proper (E).

Animal models

It is said that ‘no model is perfect but some can be useful’ and this statement
is true for most of the currently existing animal models of NDDs. An ideal
mouse model for PD should recapitulate the loss of dopaminergic neurons in
SNpc and age progressive motor impairments, together with Braak stages of
LB pathology. However, most of the tg mice models overexpressing human
a-syn display aggregated a-syn inclusions, but do not mimic the loss of dopa-
minergic neurons observed in PD/DLB brains. In contrast, the toxin (6-hy-
droxydopamine, MPTP) based models display loss of dopaminergic neurons,
but not the LB pathology®”’.

Some of the most widely used genetic animal models are mice overexpressing
tg human a-syn (wild type, AS3T and A30P) under different promoters such
as Thy-1, prion, TH, PDGF- etc. Although a-syn aggregation together with
motor and behavioural impairments has been observed in these mouse models,
they do not mimic the extensive dopaminergic loss as observed in PD
brains?®’. Therefore, after almost a decade of research, different laboratories
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have developed and validated newer mouse models of synucleinopathy, which
mimic the prion-like spread of a-syn pathology, neuro-inflammatory response
and loss of SNpc dopaminergic neurons'****'. Today, mouse models that are
extensively used to answer relevant research questions regarding PD and other
synucleinopathies are based on: 1) intra-parenchymal injections of pathologi-
cal a-syn (PFF seeding model), and 2) viral-vector mediated overexpression

of a-syn®*.

In our studies in papers I and II, we have used the (Thy-1)-h[A30P] a-syn tg
(A30P-tg) mice, which show ~2-fold over-expression of human a-syn with
the A30P mutation and exhibit intra-neuronal a-syn inclusions. The observed
inclusions mimic some features of LB-like pathology, i.e., resistance of a-syn
to PK, Thioflavin S positive staining and phosphorylation at pS129 and the
mice also show concomitant motor and behavioural impairments, but without
extensive loss of dopaminergic neurons'*®. In paper IV, we have used the es-
tablished PFF seeding mouse model, i.e. a unilateral, single intra-striatal in-
jection of msPFF in wt mice. This mouse model was originally developed by
Luk et al. 2012 and reportedly showed the appearance at 14+ days post-injec-
tion (dpi) of pS129 a-syn inclusions, at 90+ dpi dopamine abnormality, such

as TH loss and cell death in SNpc, and at 180+ dpi motor impairments®>.

Surgical procedures

We followed the established intra-cranial PFF injection guidelines #2****%_ In

paper IV, we injected 2 months old C57bl/6N male mice with single unilat-
eral intracranial injections of 2 ul (corresponding to 5 ug) a-syn in the right
dorsal striatum. The mice were carefully monitored for their general health
parameters and weight loss for at least 3 days post- surgical procedures.

Prior to injections, the mice were anaesthetized with 4% isoflurane and then
fixed on stereotaxic frame, maintaining the anesthesia with 1.5%-2% isoflu-
rane mixed with oxygen throughout the surgery. The body temperature was
maintained at 37° C by using a heating pad and a rectal probe was inserted for
body-temperature feedback. Carbomer eye gel (Viscotears, Bausch & Lomb)
was applied to prevent eye damage due to drying. Local anesthesia with 2.5
mg/ml Marcaine was administered before opening the skin and the incision
site was cleaned with iodine solution, followed by 70% ethanol. A hole was
drilled in the skull without damaging the dura, using a Kopf high-speed drill.

Material was injected with a Hamilton syringe at a rate of 0.1 pl per min into
the right dorsal striatum (coordinates: +0.2 mm relative to bregma, 2 mm from
the midline) at a depth of 2.6 mm below the dura, with the needle in place for
10 min at target to prevent rapid backflow of its content. After the injection,
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the scalp incision was closed using individual sutures and the wound was dis-
infected with iodine solution. Mice were brought to recovery in a separate
cage with an infrared heating lamp until they were self-ambulatory and mon-
itored post-surgery for general health status and weight loss Painkiller was
administered as needed.

At pre-determined time-points post-injection, the mice were anaesthetized
with isoflurane before trans-cardial perfusion with 0.9% NaCl solution. Just
before starting the perfusion pump, approximately 200 pl of blood from aorta
was collected via a pipette and immediately transferred to a blood collection
tube coated with potassium EDTA and then kept on dry ice. The brains and
peripheral organs, such as spleen, liver and 5 mm pieces of duodenum, were
removed rapidly and transferred to Falcon tubes with 4% paraformaldehyde.

Tissue selection and preparations

Formalin fixed paraffin embedded tissue

To preserve the structure, cellular morphology and integrity of epitopes of the
tissue, it can be treated with chemical fixatives such as formalin or paraform-
aldehyde (PFA). This technique of tissue fixation and immobilization is called
formalin fixed paraffin embedding (FFPE). It crosslinks proteins and immo-
bilizes cellular components and processes and can be used to store and pre-
serve tissue at room temperature. FFPE sections can be cut using a sledge
microtome in various slice thicknesses. Usually, a 5-pum thickness is preferred
as it corresponds to a single cellular level thick plane in small organs, such as
the mouse brain. However, depending upon the tissue rigidity and research
requirements the tissue thickness can be adjusted. In papers L, IL, and IV, we
have used 5-um thick FFPE sections; whereas 20-um thick FFPE sections
were used in the studies performed in paper II1.

Tissue homogenate preparation

In paper I, the animals used for HPLC experiments were sacrificed by cervi-
cal dislocation without perfusion in order to prevent rapid degradation of cat-
echolamines. The obtained brains were snap-frozen using liquid nitrogen and
stored at -70 °C before tissue homogenization. The flash frozen brain tissues
were weighed and then homogenized in 1 ml ice-cold acetate buffer (pH 5.0)
containing 10 ng/ml of 3, 4-dihydroxybenzylamine (DHBA, as internal stand-
ard) using a Potter-Elvehjem homogenizer and centrifuged at 21000 xg for 10
min at 4 °C. The supernatant was collected fresh with a pipette and analysed
rapidly by loading it in the HPLC cartridges.
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Additionally, in paper I, a subset of the brain tissue was divided along the
midline to separate left from right hemispheres. The right hemispheres were
fixed in PFA, as described above. However, the left hemispheres were sub-
dissected with a scalpel and a forceps under a bench microscope to separate
the midbrain from the non-midbrain tissue fractions (containing olfactory
bulb, cortex, hippocampus, cerebellum, brainstem etc. predominantly). The
tissues were then homogenized in a PreCellys homogenizer (Bertin Technol-
ogies) with 5x w/v of TBS supplemented with Roche’s protease cocktail in-
hibitor (Sigma Aldrich) and an equal volume of 1 % Triton x-100 TBS as
extraction buffer. The homogenates were centrifuged at 16000 xg for 1 h at
4 °C, before the supernatant was carefully removed and stored at -70 °C before
use.

Choice of antibodies

Antibodies are useful tools in characterizing the morphological features and
assessing pathological levels of a-syn and tau in tissue material for research
and diagnosis of AD and PD. Here, in papers I-IV, we have employed a wide
array of antibodies to detect a-syn and tau pathology as seen in table below
(Table 1).

Table 1: An overview of a-syn and tau antibodies used in this thesis work.

Antibody clones Host Target Selectivity claim
species epitope (aa)
MJFR14-6-4-2 Rabbit n.d. a-syn filament
5G4 Mouse 46-53 Aggregated a-syn
clone 42 Mouse 91-99 hu / ms a-syn
4B12 Mouse 103-108 hu a-syn
LB509 Mouse 115-122 Pathological a-syn
MJFRI1 Rabbit 118-123 hu a-syn
211 Mouse 121-125 hu a-syn
Mab 1338 Mouse 131-140 hu / ms a-syn
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Antibody clones Host Target Selectivity claim

species epitope (aa)
EP1536Y Rabbit 120-(pS129)- pS129 a-syn
140
D1RIR Rabbit n.d. pS129 s a-syn
P#64 Mouse 124-(pS129)- pS129 a-syn
134
81A Mouse 125-(pS129)- pS129 a-syn
133
MN1020 Mouse ATS8 PHF pS202+pT205 Tau
EPR20390 Rabbit ATS synthetic pS202+pT205 Tau
MN1040 Mouse ATI180 PHF pT231 Tau
EPR2488 Rabbit ~ AT180 synthetic pT231 Tau
Immunohistochemistry

Immunohistochemistry (IHC) is a broadly used staining method that utilizes
antibodies, but today antibody fragments, nanobodies, peptides; affibody mol-
ecules are common to target specific epitopes, in order to visualize tissue pro-
teins with a proper contrast. Polyclonal antibodies are a mixture of antibody
clones directed at different epitopes of the same protein, whereas monoclonal
antibodies bind to a specific epitope of the protein. Therefore, monoclonal
antibodies usually display less ‘off-target binding’ and background staining.
However, their specificity can be limited due to the conformation of the anti-
gen may cause epitope inaccessibility or to a lower expression of the target
protein. Therefore, a step-by-step optimization of the IHC protocol is needed
in order to avoid false positive and false negative signals.

Such steps include the reversal of crosslinking (in case of FFPE sections) by
antigen retrieval, as crosslinking can mask epitopes and lead to poor binding
of the antibody to the target epitope. This can be achieved via treatment with
proteolytic enzymes (PK, trypsin etc.), or by providing heat to break the meth-
oxyl bridges between the epitopes, e.g. by boiling in acidic buffer, such as
citrate buffer. Other steps include the use of proper buffers and additives to
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stabilize the antibodies, permeabilization of the tissue prior to adding antibod-
ies, extensive washing / rinsing with an appropriate concentration of surfactant
to remove weakly bound unspecific reactions, etc. Another important step in-
cludes blocking non-specific binding by an appropriate buffer, e.g. bovine se-
rum albumin (BSA), normal goat serum (NGS) or a mouse-on mouse
(M.O.M.) blocking solution, as usually the antibody preparations contain
small traces of serum proteins.

The bound antibody is visualized by a direct or indirect detection method. In
a direct detection method, the primary antibody is coupled with a fluorophore
or an enzyme, whereas in an indirect detection system, a secondary antibody
is coupled to a fluorophore / enzyme that binds to the epitope-reporting anti-
body. If the target protein is in low abundance, indirect detection is preferred,
where the biotinylated secondary antibody’s signal can be amplified using en-
zymatic steps. In bright-field microscopy, an avidin-biotin or streptavidin-bi-
otin—enzyme complex conjugated to a secondary antibody is used for signal
amplification that can be visualized by performing enzymatic steps. Either
horse-radish peroxidase (HRP) or alkaline phosphatase (AP) is applied, that
can precipitate chromogens, Horse-radish peroxidase oxidizes 3,3’-Diamino-
benzidine (DAB) to give a red-brown precipitate that can be observed readily.
However, tissue samples contain endogenous peroxidase in their cellular com-
partments that might interfere with the true signal. Thus, it is important to
block the endogenous peroxidase activity by using 0.3-3% of H,O, solution,
prior to its chromogenic development.

Sometimes, using fluorophores is a preferred method as it provides with a
multiplexing potential, but it also comes with a long-term disadvantage due to
instability / fading of fluorophores or a photo-bleaching effect upon long ex-
posure times. Furthermore, immunofluorescent staining of FFPE sections is
generally not preferred, as PFA induces auto-fluorescence. After antigen sig-
nal development, counter-staining with Mayer’s haematoxylin (for bright field
microscopy) or 4’, 6-diamino-2-phenylindole (DAPI) is performed to stain
cell nuclei and visualize tissue architecture. In all the studies (papers I-1V),
included in this thesis, [HC was performed extensively to examine different
tissues and visualize various antigens, such as a-syn, tau and GFAP.

Proximity ligation assay

Proximity ligation assay (PLA) is an antibody-based technique that is widely
employed to visualize protein-protein interactions at a single molecular level
resolution®®. The PLA probes (antibodies conjugated to oligonucleotides) are
employed in order to form a circular DNA, which serve as a template for roll-
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ing-circle amplification (RCA). The post-RCA product can be tagged and ob-
served as individual bright puncta under the microscope. The newly developed
oligomeric a-syn PLA (ASO-PLA) is based on using the same monoclonal a-
syn antibody (211) to generate both the PLA probes that enable the visualiza-
tion a-syn oligomers'®. The ASO-PLA has been shown to visualize previ-
ously undetected a-syn pathology on ex vivo human brain sections and was
found to be 1.6 to 6.5 times more sensitive in detecting a-syn oligomers than
conventional o-syn immunohistochemistry'®. It was lauded as the most prom-
ising method for specific detection of pathological a-syn oligomers*’ 2% Fur-
thermore, multiple studies have confirmed the validity of ASO-PLA on human
and tg a-syn mice brain tissue. Furthermore, one group utilized indirect PLA
to visualize oligomers/ seeding events occurring between human and mouse
a-syn, in a mouse model'®'. In addition, the presence of o-syn oligomers in
periphery i.e., skin and GI tract biopsy samples opened new avenues for ASO-
PLA as a novel biomarker strategy in the synucleinopathy field*’* "%,

This technology is based on use of the Padlock probes. Padlock probes or cir-
cularizing oligonucleotides probes are single stranded DNA or linear nucleo-
tides of usually 70-100 or sometimes more nucleotide length, having a target
recognition sequence 5’- and 3’- ends. They can be hybridized and brought
together by using DNA ligase enzyme. They are bound covalently and cannot
be washed away once ligated. In recent years, lot of development in the probe
design has led to various new probes that can be utilized to address specific
research questions.

Duolink PLA (Sigma) probes: These are the primary PLA probes that are
employed (direct conjugation of oligonucleotides to 1° antibodies), to reveal
the protein interaction, when distance between the proteins is within 30 nm?%,
whereas, secondary PLA probes are employed (direct conjugation of oligonu-
cleotides to 2° antibodies), protein interactions within 40 nm are captured””.
The primary PLA probes are utilized in Paper I, whereas, secondary PLA

probes (Fig. 4) are utilized in Paper II, IIT and IV.

ProxHCR probes: ProxHCR stands for proximal binding hybridization chain
reaction that utilizes enzyme free system with specialized kinetically trapped
hairpin structured probes that are bound to antibodies that can be amplified
exponentially upon activation by an activator oligonucleotide®™.

UnFold PLA (NaVinci) probes: These are the improved version of originally
described direct PLA probes with additional enzymatic ‘unfolding’ step®”.
These modified probes have a hairpin- loop structures (containing uracil moi-
eties) within the circle forming oligonucleotide probe and its complementary

template probe. The hairpin- loop structures block the binding of complemen-
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tary oligonucleotides to each other prematurely upon their simultaneous intro-
duction to the sample. After, both antibodies (conjugated to UnFold probes)
are bound, enzymes called uracil-DNA glycosylase (UNG) and endonuclease
IV (EndolV) are applied to ‘unfold’ the probes, allowing them to remove ura-
cil moieties, in order to get ligated for the following steps. We have utilized
the UnFold PLA probes for PLA experiments in Paper IV.

MolBoolean PLA probes: This is the most recent advancement in PLA tech-
nology that can report ‘NOT’ and ‘AND’ Boolean functions of interacting
proteins, thus generating signals in three separate channels simultaneously,
thereby informing protein interaction within 40 nm in a separate channel and

individual proteins that are in the proximity but not interacting in their indi-
273

vidual separate channels

probe
addition

protein-protein protein-protein protein-protein
interaction interaction interaction

Figure 4: The principle behind indirect proximity ligation assay (PLA). The pro-
teins of interest that lie <40 nm apart can be targeted with primary antibodies of dif-
ferent species. The PLA probes (secondary antibodies conjugated to oligonucleotides)
are employed in order to form a circular DNA, which serve as a template for rolling-
circle amplification (RCA). The post-RCA product is then tagged to be observed as
individual puncta under the microscope.

ELISA

The enzyme-linked immune-sorbent assay (ELISA) is an easy and relatively
accurate method to quantify the molar concentration of protein analytes in a
solution. It is a widely used immunological detection method to quantify pro-
teins from multiple biological samples in a single experiment. It can be per-
formed in many different ways, by changing the parameters behind the same
principle of antibody-antigen binding interaction, i.e., direct, indirect, sand-
wich and competitive ELISA. It involves the first coating step, where immo-
bilization of antigen / coating (capture) antibody on a solid phase takes place,
e.g., 96-well polystyrene microplate. Thereafter, a blocking step limits un-
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specific binding interactions. This step is followed by analyte incubation for
signal detection. After performing these consecutive steps with in-between
washes, a signal measurement is carried out. In paper I, we have used a sand-
wich ELISA to quantify different a-syn species in mouse brain tissue homog-
enates. First, an epitope-specific a-syn antibody was coated on the ELISA
plate. After the blocking step, samples and standards were incubated. After
this step, a biotinylated antibody targeting the same a-syn epitope (to detect
oligomers) or non-overlapping a-syn epitopes(to detect total and phosphory-
lated a-syn) were added .This was followed by sequential addition of strep-
tavidin conjugated secondary antibody, and HRP for signal amplification. The
chromogen development was carried out using 3, 3’, 5, 5’-tetramethylbenzi-
dine (TMB) and H,SO4 to stop the chromogenic reaction. The absorbance or
optical density (OD) values were measured at 450 nm.

MSD multiplex ELISA: MSD (Meso Scale Discovery) designs multi-spot
panels with multiple pre-coated capture antibodies on an electrode surface per
well of 96-well ELISA plate. By utilizing this highly specialized calibrated
ELISA plate, one can detect multiple analytes from single- small volume sam-
ple. The detection step consists of addition of mixture of antibodies conjugated
with electrochemiluminiscent (ECL) labels or MSD SULFO TAG. This step
completes the ELISA sandwich, after that adding specialized MSD buffer and
applying voltage to the electrode-coated MSD plate lead to emission of a light
proportional to the concentration of bound SULFO TAG antibodies. This
emitted light is measured by the MSD plate-reader to provide a quantitative
output on molar concentrations of different analytes. In Paper IV, we used
the V-plex 10 spot pro-inflammatory panel that can detect IFN-y, IL-1f, IL-2,
IL-4, IL-5, IL-6, KC/GRO, IL-10, IL-12p70, and TNFa cytokines in blood
samples.

Immunoblotting

Sodium dodecyl sulphate-poly-acrylamide gel electrophoresis (SDS-PAGE)
is an extensively used technique in molecular biology to achieve separation of
proteins based on their molecular weight (MW). It involves an initial step,
where denaturing of protein (usually boiling the samples together with SDS)
is carried out to disrupt the protein’s tertiary structure by breaking di-sulphide
bonds and thereby unfold it to a linear polypeptide chain. The highly nega-
tively charged SDS binds to the protein backbone in an equal molar ratio to
the entire linear peptide chain length. The vertical separation of proteins is
achieved via applying an electric potential. The protein migrates from the
cathode side towards the anode. The rate of migration is controlled by differ-
ent combinations of gel polymers to yield different pore sizes, which in turn
offer resistance to high MW proteins, while allowing low MW proteins to run
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through the gel, thus achieving a protein separation gradient. The separated
proteins are then transferred horizontally from the gel onto a membrane and
fixed with PFA (usually, in case of a-syn). The transferred protein can be
stained with antibodies. This technique of immunoblotting is termed as ‘west-
ern blot (WB)’. In paper I, we measured PK resistance to a-syn aggregates
by using WB.

HPLC

The high-performance liquid chromatography (HPLC) system consists of
three main units: the injector, the pump and the detector. The detector sends a
signal to a computer, where a software assisted construction of a chromato-
gram takes place. The pump transports the Mobile Phase to the injector via a
fluctuating dampener and guard cell. The injector adds a sample or a standard
to the Mobile Phase, which is then pumped through a column that separates
different compounds within the sample. In the next step, the sample passes
through the cell where different compounds get oxidized by a positive poten-
tial, resulting in the generation of an electric current directly proportional to
its oxidation potential. The generated electric signal is picked up by the detec-
tor and amplified before getting transformed into a chromatogram seen on the
computer screen. In paper I, we analysed the levels of brain monoamines &
their metabolites- norepinephrine (NE), serotonin (5-HT), 5-HT metabolite 5-
hydroxyindole-3-acetic acid (5-HIAA), dopamine (DA) and its metabolites
dihydroxyphenylacetic acid (DOPAC) and homo-vanillic acid (HVA) by us-
ing an HPLC system with electrochemical (EC) detection.

Microscopy

Bright-field microscopy

Light microscope uses transmitted white light in combination with its lenses
to generate a magnified image of a specimen and at the same time, image con-
trast is achieved by absorption of light by the specimen. Usually, the micro-
scope consists of two lenses: an objective lens (focuses on the placed speci-
men) and an ocular / eye-piece lens (magnifies the image of the focused spec-
imen). Resolution of a microscope refers to the minimal distance between two
points that can be visualized separately. It is based on the Rayleigh’s criterion
that describes that the resolution is directly proportional to the wavelength of
the passing light, inversely proportional to its numerical aperture. The numer-
ical aperture defines the ability of the objective lens to capture light, which is
a product of the refractive index of the medium as well as the angle between
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the objective and the specimen. The refractive index is a ratio between veloc-
ity of light in a medium / velocity of light in vacuum. Thus, increasing the
refractive index by using an oil results in an enhanced resolution. Thus, the
oil-immersion method is preferred with lenses with larger numerical aperture,
e.g. a 63x objective. Usually, the resolution limit of light microscope is around
200 nm but can be affected by the levels of background signal. In all the stud-
ies (papers I-1V) included in this thesis, bright-field microscopy was exten-
sively used to visualize and capture pictures of the tissue sections.

Fluorescence/Fluorophore-based microscopy

An absorption of light (or photons) by a molecule promotes its electrons to a
higher energy state, i.e., the excitation state. The excited electron can return
to its ground state by several ways that are described by a Jablonski diagram.
When an excited electron undergoes relaxation to its ground state by emission
of light, this process is termed as ‘photo-luminance’. Fluorescence is a type of
photo-luminance, where the return of the electrons to their ground state occurs
without changing the electron spin. A molecule that can adopt a fluorescence
state is termed a ‘fluorophore’. Fluorophores are organic aromatic structures
that display properties, such as absorption and emission of light at only spe-
cific wavelengths. Hence, using a proper combination of fluorophores with
non-identical excitation and emission spectra is critical in order to prevent
merging of the signals. Fluorescent imaging relies upon its objective lens for
both illumination and collection of a reflected fluorescent emission. In order
to excite a fluorophore, only lights of certain wavelength are suitable. This can
be achieved via a series of in-built filters. These filters allow for the passing
of white light from the light source before allowing the remaining light to pass
through the objective for focus and magnification. After reaching the speci-
men, the reflected light again passes through the objectives and the filters be-
fore reaching to the eyepiece / attached camera. In paper 1V, fluorescent mi-
croscopy was used to visualize and capture pictures of the tissue sections.

Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) utilizes the electrons that are trans-
mitted through the specimen creating electron diffraction. It operates via a
broad electron beam focused on the mounted sample. The image is acquired
by projecting the electrons directly on a charged coupled device (CCD) cam-
era that generates a projected 2D image. Using TEM, a very high, resolution
(1A) can be achieved. However, the electrons are transmitted through the en-
tire thickness of a sample. Hence, the sample needs to be thin (around 100 nm)
or in the form of a properly diluted suspension on a grid treated with heavy
metal, in order to achieve high electron density for proper image contrast. In
paper IV, we extensively used TEM to confirm the presence of PFFs or frag-
mented proteins with or without (for pure monomeric preparations) soni-
cation.
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Multivariate statistical analysis

The multivariate statistical analysis is employed to extract information from
large data sets. It uses primarily two different methods: 1) principal component
analysis (PCA), ii) partial least square (PLS) regression analysis. To reduce
data dimensionality and extract the variance between uncorrelated variables
systematically, PCA uses ‘eigenvectors’ to extract information about this var-
iance. The Eigenvectors are the non-zero vectors, which undergo scalar trans-
formation to give only scalar values i.e. eigenvalues. The eigenvalues are or-
thogonal to each other, thus creating a space to include linear combination of
variables and observations. Hence, arranging the observations by largest var-
iation factor and second largest variation factor in an orthogonal spread on 2D
space. This orthogonal spread or the data-point overview enables the observer
with visual understanding of how two observation are similar, i.e. data points
clustered together, share similarities while the points spread far away from
each other have opposite properties. Furthermore, in order to understand, in
what way the data points are similar or different, one can investigate or super-
impose ‘loading plot’ on the ‘score plot’ with data points. The loading plot
contain information about characteristic properties that strongly influence
spread of principal components in ‘score plot’. In Paper II, we utilized PCA
to estimate efficiency of four different antibody-pairing combinations in PLA
with different synucleinopathy conditions and multiple staining variables.
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Summary of the investigations

Alpha-synuclein is often referred to as a ‘protein chameleon’ due to its ability
to exist in various dynamic conformations under physiological conditions'®.
This property of a-syn with its ability to exist in multiple conformations adds
another layer of complexity while detecting different aggregation species pro-
posed to be occurring during different disease conditions. Alpha-synuclein
displays molecular heterogeneity in terms of its aggregation species - dimers,
trimers, tetramers, soluble oligomers, kinetically stable oligomers, large oli-
gomers, various type of fibrils'®. To complicate matters further, different
PTMs, particularly phosphorylation and truncations, have been reported to in-
fluence different aggregation species and their cellular localization. Naturally,
investigating and pinpointing the a-syn aggregation species responsible for
and/or correlating with neurodegeneration or disease stages is a question of
high clinical relevance. Currently, the research heavily relies on usage of an-
tibodies raised against different epitopes of a-syn to target different confor-
mations / aggregation species. However, recently a group of researchers dis-
covered that 16 commercially available and widely employed a-syn antibod-
ies could not differentiate between a-syn conformations’®. This finding high-
lights the need of an innovative approach to overcome this technical limitation
and thereby characterize the aggregation species with a reliable ex vivo tech-
nique.

Paper I

Optimization of ASO-PLA for ex vivo detection of a-syn oligomers and
associated pathological changes

To address the technical limitation of antibodies to accurately determine o-
syn conformation due to the morphological complexity of a-syn aggregation
species, we decided to make use of proximity ligation assay (PLA), together
with other available biochemical techniques in an ex vivo experimental setup.
We chose the (Thy-1) -h [A30P] a-syn tg (A30P-tg) mouse model, bred and
housed in our laboratory, since its pathological profile has been well charac-
terized. After undergoing several trouble-shooting and optimization steps us-
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ing the original a-syn oligomer detection PLA (ASO-PLA) protocol devel-
oped by Roberts et al. 2019°”7, we observed an age-dependent characteristic
shift of a-syn oligomers from a punctate to a patchy to a clustered appearance
(as seen in Fig.5) in brains from A30P-tg mice. Interestingly, in 2 months old
mice, the presence of abundant oligomers with a punctate morphological pat-
tern could be detected in the midbrain region. There have been no previous
reports indicating the presence of oligomers in such young mice'*®*’%*”°_ while
one report has suggested that oligomers cannot be observed until 4 months of
age™.
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Figure 5: Patterns of PLA signal. The characteristic morphological shift of a-syn
oligomers from punctate to patchy to clustered as detected by ASO-PLA in the mid-
brain of A30P-tg mice.

Comparison of morphological changes observed with ASO-PLA with
other biochemical techniques

Our ASO-PLA experiments thus revealed a previously undetected abundance
of a-syn oligomers in the midbrain of A30P-tg mice, as early as 2 months of
age and peaking already at 5 months of age. To assess and validate the ex vivo
presence of oligomers in midbrain and other regions in these mice, we ana-
lysed the sub-dissected midbrain and non-midbrain homogenates with an
ELISA specifically developed to detect a-syn oligomers in cell and tissue ly-
sate®!. To assess the compactness of the a-syn aggregation species, we em-
ployed western blot (WB) assay on PK treated brain homogenates, as de-
scribed previously'”. We showed that 2 months old mice had significantly
higher levels of TBS-T soluble (membrane-associated) oligomers, compared
to older 11 mo mice. In addition, higher levels of TBS-T soluble total and
oligomeric a-syn were observed in the brain homogenates of 2- and 5-months
old mice, compared to 8- and 11- months old mice. Furthermore, we found an
increasing trend in PK resistance in 8- and 11-months old mice compared to 2
months old mice (Fig. 6). We further validated these findings by performing
PK treatment prior to ASO-PLA staining. These experiments indicated that
higher PLA signals persist in 5-, 8- and 11-months old mice after PK treat-
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ment. Taken together, we interpreted the data that an increase in B-sheet con-
tent, morphological compactness, misfolding, hydrophobicity and TBS-T sol-
ubility of a-syn aggregates can be observed over time in this mouse model.

Figure 6: The western blot assay with PK treatment on midbrain homogenates.
The TBS-T midbrain fractions indicated a trend towards age-progressive enhance-
ment in PK resistant a-syn species across young vs. middle-aged A30P-tg mice.

Association of phosphorylation of a-syn with observed biochemical
changes

The next question was to assess the association of the observed biochemical
changes in these mice with the phosphorylation profile of a-syn at the serine
129 residue (pSyn®'?%), which is generally considered a marker for its aggre-
gation status ex vivo. We observed an age-progressive, linear trend displaying
an increased level of pSyn®'?’ species, as determined by both ELISA and im-
munohistochemical analyses. Taken together, these data suggest that pSyn®'*
might be a good ex vivo marker of a-syn aggregation in this mouse model.

Determining effects of biochemical changes in a-syn on midbrain
dopaminergic neurons

Lastly, we sought to identify the molecular mechanisms behind the impaired
motor and behavioural phenotype reported in these mice’®. We investigated
the potential link between a-syn-associated biochemical changes and the func-
tionality of midbrain dopaminergic neurons by analysing the levels of dopa-
mine and its metabolites by HPLC and TH immunoreactivity. However, we
did not find any differences in any of the analysed parameters, suggesting that
biochemical changes of a-syn or its aggregation did not appear to significantly
alter the functionality of dopaminergic neurons and that the reported motor
and behavioural changes therefore might occur due to reasons that are not re-
lated to dopamine.
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Paper 11

Optimization and development of PLA to target pSyn®!?® aggregation
species across different synucleinopathies

Here, using PLA, we systematically paired four different antibodies targeting
different regions of a-syn (ranging from its N- to C- terminal) with an antibody
detecting pS129- a-syn. We used this experimental setup to visualize patho-
morphological features of a-syn aggregates on post mortem brain tissue from
PD, DLB and PDD. Furthermore, we sought to visualize sub-regional differ-
ences in pSyn®'?’ aggregation species in A30P-tg mice with our experimental
setup, as this mouse model has been previously reported to contain subtle mor-
phological differences in the sub-regional distribution of pSyn®'*’ aggregation
species®™. Additionally, we paired two antibodies targeting the same pS129
residue site, to understand whether this combination enhances ex vivo sensi-
tivity and specificity of phosphorylated a-syn detection (discussed later in this
section).

We analysed the morphological staining patterns on the brain tissue sections
using PLA with different antibody combinations and compared it to regular
immunohistochemistry against the pS129 and four other a-syn epitopes (Fig.
7). We could observe that PLA staining with certain antibody combinations,
i.e., LB509 and Syn-1 (clone 42) with PS129 epitope selective antibody,
yielded an enhancement in the detection of early cytoplasmic aggregates, in
addition to Lewy pathology. However, when the 5G4 antibody was combined
with PS129 epitope selective antibody, an enhancement in pathological detec-
tion of a-syn could not be seen. These experiments suggest that certain
epitopes are more exposed than others in the a-syn aggregates, verifying ear-
lier similar findings from the laboratory using polyclonal antibodies raised
against synthetic peptides corresponding to short linear a-syn sequences®*.
Thus, an appropriate choice of antibody combination can enhance the ex vivo
detection of a-syn aggregation species. In A30P-tg mice, the morphological
pattern of PLA signal indicated an age-progressive, intracellular shift of
pSyn®'?’ aggregation species from the periphery towards somal compartment
in the prefrontal cortex.
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Figure 7: Antibody pairings in PLA and their morphological staining pattern.
Principal component analysis (PCA) displays the scores of the two-first principal
components (t[1] and t[2]) for individual type of staining method used. The control
cases (green dots) were mainly positioned to the left side of score plot and thus were

separated from synucleinopathy cases (blue, red and yellow dots) seen on the right
side of the score plot.

Paper III

Singleplex PLA protocol targeting pS129 epitope reveals novel
pathological features in the PD brain

After a series of experiments involving protocol optimization as mentioned in
sections above, we observed that by combining two antibodies targeting the
same PS129 epitope in a PLA setup, we could improve the detection specific-
ity and sensitivity of a-syn aggregates. The singleplex pSyn®'*’ PLA detected
novel pathological structures, such as apparent thick intercellular tunnelling
nanotubes and pre-Lewy body intracytoplasmic aggregates (Fig. 8), whereas
pSyn®'? THC was limited to the detection of mature Lewy pathology. We per-
formed a series of control experiments to determine the PK resistance of the
detected aggregates and their unique morphological features. The detected in-
tracytoplasmic pS129 a-syn aggregates were highly resistant to PK, whereas
the pS129 positive staining of apparent tunnelling nanotubes and neurites were
PK-labile (Fig. 7). This indicates that our singleplex pSyn®'* PLA can detect
novel PK-resistant a-syn oligomers, which are not the same as the PK-labile
oligomers observed by other groups using the homotypic 211-antibody based
PLA approach'®*'84,
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Figure 8: Novel structures detected by singleplex pSyn®'?® PLA. The singleplex
pSyn®'?° PLA on PD substantia nigra sections revealed novel structures such as, early
cytoplasmic aggregates and tunnelling nanotubes. The apparent thick tunnelling nano-
tubes disappeared after 60 s of PK treatment, but cytoplasmic signal persisted. Scale
bar: 10 um.

Optimization and development of the PLA protocol to target site

specific phosphorylation at S202/T205 and T231 residues

Recently, a paper employing a homotypic tau-5 antibody PLA (i.e., specifi-
cally detecting tau oligomers) described that this approach was highly suc-
cessful in enhancing detection sensitivity of early pathological changes in AD
brains®®. Furthermore, the authors described a sequential pattern of molecular
changes in tau pathology that can be detected as follows: tau multimerization
(by homotypic tau-5 PLA), followed by IHC against AT180 (pTau™')
epitope and lastly ITHC against AT8 (pTau’*"*™%) epitope?®. However, they
did not investigate the homotypic interaction between phosphorylation at
S202/T205 and T231 sites of tau by PLA. Therefore, we developed a PLA that
could specifically detect homotypic and heterotypic interactions between
pTau®?> 7% and pTau™' in AD brains. Our results indicate that multiplex
pTau’> "% pTau"™" and singleplex pTau™?' could enhance detection of tau
pathology compared to regular immunohistochemistry (IHC), using either of
the pTau®**> 2%, pTau'' antibodies on adjacent brain sections.
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Phosphorylation at S202/T205 and T231 residues indicate differences
with respect to their aggregation state

Next, we sought to address the discrepancies in the signals visualized by sin-
gleplex pTau®® ™% versus singleplex pTau™' PLA, when IHC against
pTau®?% 7% or pTau'! does not indicate significant differences in their im-
munoreactivity profile. Therefore, we decided to address this phenomenon by
analysing the effect of PK treatment on adjacent sections. We observed, upon
PK treatment, that most of the singleplex pTau™*' and multiplex PLA pTau®***
T205_pTau™! signal disappears, whereas singleplex pTau®*> ™% PLA re-
mained unaffected or even showed higher signals. Thereby, we interpret that
these discrepancies represent differences in the aggregation status of a-syn.
We hypothesize that PK-labile homotypic pTau'! interactions represent non-
compact and/or non-fibrillar and diffuse aggregates, while the homotypic

pTau®?*>T2% interactions represent a compact, fibrillar and denser type of ag-
gregates.

Proof of concept: detection of pTau-pSyn hybrid oligomers

Lastly, we could demonstrate that our novel multiplex PLA approach also can
be applied to detect co-aggregates of pSyn®'?’-pTau ex vivo. Thus, we propose
that PLA constitutes a favourable alternative to IHC when analysing co-pa-
thology in different neurodegenerative disorders. Furthermore, considering its
multiplexing potential, it could provide valuable insights into the role of po-
tential cross-seeding mechanisms in the pathogenesis of different NDDs

Paper IV

Temporal evolution of glial and peripheral inflammation prior to

pSyn®'? inclusion formation

In paper IV, we performed intracerebral inoculations with ms PFFs in wt mice
(n=30) to study early pathological and inflammatory events that take place
from day 1 to 30 days post-injections (dpi) at regular time intervals. Our study
aimed to elucidate the temporal relationship regarding inflammation and for-
mation of pSynS129 inclusions. The paraffin-fixed brain sections were stained
against pSyn®'?’ species with in-house developed PLAs described in paper II
and III. Furthermore, by using different glial and inflammatory markers we
revealed temporal information regarding their cellular morphology changes
that occur prior to inclusion formation. Furthermore, signs of peripheral in-
flammation were determined by analysing the levels of pro-inflammatory cy-
tokines in the blood measured by MSD multiplex ELISA. Already after 1 dpi

of PFFs, we observed a strong pSyn®'* immunoreactivity close to the striatal
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injection site. Intriguingly, this type of staining disappeared with the concur-
rent formation of peri-nuclear pSyn®'?* inclusions in motor and piriform cor-
tex, amygdala and periventricular hypothalamus after 14 dpi. Concomitantly,
we observed astrocytic activation as an early event happening prior to intra-
cellular formation and propagation pSyn®'?’ inclusions in the brain and pe-
ripheral organs. Our results indicate that a single PFF injection was enough to
induce astrocytic activation (Fig. 9) and neuro-inflammatory response medi-
ated by reactive astrocytes occurring prior to intra-neuronal accumulation and
seeding of misfolded a-syn. Although the cytokine profile between in whole
did not significantly differ between PFF- and monomer-injected mice,
changes in the levels of IL-6, KC/GRO and IL-10 could be observed at differ-

ent time-points post injection within the PFF-injected mice.

Group 1: 5 pg ms a-syn
pff
Ctx
Group2: 5 pg a-syn
MONOMers
2.6
mm

+ 20 mm Bregma

I

Figure 9: Temporal evolution of astrocytic response. After a single unilateral in-
jection PFFs into the right dorsal striatum, ipsilateral GFAP+ astrocytes showed dif-
ferences in their morphology at 1-, 14- and 30-days post-injection (dpi).
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Reflections and future perspectives

We developed several novel types of PLAs as an alternative approach for spa-
tial visualization and detection of different a-syn and tau aggregation species
and / or their phosphorylated proteoforms ex vivo. We validated that this ap-
proach was both useful and successful to detect pathological species in AD
and PD brains, in addition to animal models. We conclude that PLA is a tech-
nique with higher power in terms of ex vivo target specificity and sensitivity
compared to regular IHC. However, with greater detection power comes
greater scientific responsibility. Firstly, since PLA is a technique that relies on
individual antibody epitope-selectivity, if used in an improper way the method
might lead to a risk of amplifying cross-reactivity of antibodies several fold
and thereby inducing false positive signal. Secondly, as PLA indicates in situ
spatial proximity of two epitopes of respective proteins, it might not neces-
sarily indicate a direct interaction between two proteins. Thirdly, PLA is a
semi-quantitative technique and, if targets are present in abundance, it might
lead to a ‘ceiling effect’ if the PLA protocol is not optimized in proper way.

While keeping above-mentioned risks in mind, our results have opened up
several exciting opportunities to study fundamental scientific questions re-
garding the pathogenesis of AD and PD:

1) In what sub-cellular compartment does the S129 phosphorylation of
a-syn occur, and at which aggregation stage is a-syn phosphorylated?

2) What molecular machinery do the apparent TNTs utilize in order to
propagate pSyn®'?’ species?

3) Can PLA against pSyn®'? differentiate between inclusions observed
in different anatomical locations in synucleinopathy patients, such as
skin, duodenum, brainstem, cingulate cortex? Can it be employed as
a peripheral biomarker in prodromal synucleinopathy patients?

4) Is tau hyper-phosphorylation a site—specific sequential phenomenon?
What sites govern tau phosphorylation in PHF formation in the AD
brain?

5) Can we analyse effects of different post-translational modification in
the cross seeding of different pathological proteins?
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Popularvetenskaplig sammanfattning

Demens ér ett mycket allvarligt problem for den person som drabbas, men
dven for anhoriga och samhéllet i stort. Det uppskattas av vérldshilsoorgani-
sationen (WHO) att omkring 50 miljoner ménniskor vérlden 6ver for nérva-
rande lider av ndgon typ av demenssjukdom. Det finns for ndrvarande ingen
typ av botande behandling, utan idag kan bara symtomlindring erbjudas. Dér-
for finns ett akut behov av att utarbeta nya strategier for ta fram behandlingar
som kan stoppa sjdlva sjukdomsprocessen.

De vanligaste demenssjukdomarna som orsakar nedbrytning av olika celltyper
i specifika omraden i hjdrnan ar Alzheimers sjukdom och Parkinsons sjukdom.
Dessa sjukdomar drabbar framst dldre personer och antalet dodsfall de orsakar
ar det sjunde hogsta riknat bland alla typer av sjukdomar. Om vi dérfor for-
battrar mojligheten till en tidig diagnostik, och utvecklar mer effektiva be-
handlingsmetoder kommer det leda till en oerhord nytta for drabbade patien-
ter, anhoriga och samhéllet i stort.

Det finns flera likheter mellan Alzheimers sjukdom och Parkinsons sjukdom.
Vid béda sjukdomarna kan felveckade proteiner ansamlas i olika typer av cel-
ler och pé sa vis bryta ner olika delar av hjdrnan. Proteinansamlingarna vid
Alzheimers sjukdom bestar huvudsakligen av proteinerna amyloid-beta och
tau, medan vid Parkinsons sjukdom utgors ansamlingarna av proteinet alfa-
synuklein. Gemensamt for bade tau och alfa-synuklein é&r att de av olika fors-
kare beskrivs som "infektidsa proteiner". Orsaken till detta &r att de felveckade
formerna av tau och alfa-synuklein kan paverka de normala (friska) formerna
av proteinerna att ocksa felveckas och bilda skadliga ansamlingar. Bade form-
forandringen och den resulterande ansamlingen av felveckade proteiner i hjar-
nan borjar ungefar 20 ar innan symtomen uppstar.

For narvarande pagér forskning over hela varlden for att forbéttra teknikerna
for hjarnavbildning (PET) och att méta proteinférdndringar i ryggmargsvitska
for att 6ka mojligheten till att stélla en tidigare och sékrare diagnos. Men mer
forskning behdvs for att forsta de underliggande sjukdomsmekanismerna for
Alzheimers sjukdom och Parkinsons sjukdom. Den hér avhandlingen har fo-
kuserat pa att identifiera de molekyléra fordndringarna i tau och alfa synuklein
som sker vid demenssjukdomars. Tidigare studier har visat att felveckat tau
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och alfa-synukleins férmaga att bilda skadliga ansamlingar kan paverkas ge-
nom att de kemiskt modifieras sé att en fosfatgrupp binder till specifika delar
av proteinerna. Syftet med det hér arbetet har varit att i forsta hand undersoka
forekomsten i hjarnan av ansamlingar av tau och alfa-synuklein som &r modi-
fierade med dessa fosfatgrupper. I var forskargrupp har vi utvecklat en mycket
kénslig teknik som gor att vi snabbt och exakt kan méta dessa molekylédra for-
andringar som sker i hjdrnan vid sjukdomarna.

Den fraga som jag tycker dr mest intressant dr hur ldnge vi kommer behdver
vénta pd att nya metoder for forbattrad diagnostik av sjukdomarna ska komma
allménheten till godo? Jag hoppas att var forskning kommer att leda till ut-
veckling av tester som kan bidra till att diagnostisera proteinférdndringarna
flera ar i forvag och pa sa sett 6ppna majligheterna till en tidigare behandling
av vara vanligaste neurodegenerativa sjukdomar.
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IRIX | (sammanfattning pa Marathi)

TR & U SifaRrg TR TeeuTe Jafades uor asiel SrHTioTe ST
35, SHTHRTA JAR Y DI b &1 T ATNYS T 3T M
SMfa® 3R Yoe—=l (WHO) ®g- adiquard ofdd 3], ma”
TR BIOTTET SR ST ATE!. T ST YOI S Ui Al
HRUGTST ﬁﬁ'ﬁr SCaRC Ao SRIvarT JHTfads TR e, &
TCTYRITE ST HgeaT IS d BT YRR &I SR feelt ST
Ofgd HRUT IO SeTIERDT [ABR SO GIR HRUT TgUR! Ui~
AR, 3 A= PR Tag A GHadd. & §F RPRIYS SR
T SATHRTA a3 BI0T=a1 G Ja-d 1o shHibIaR 3ied. e &l
JAIgs AHHY SR U0 IR FEM 9 SUIR HRugrE Ul f[abiid
HE SAA MU R Haled & b, i ATdarsdiT ST
qHTSTTE A7 Braa] giad.

o 39 Wiy fAeRme aruwf siewd. ufea Iruwf wours Hg=
RITAE TR B0 HfITger oo, GER Wi Uil Hg Hefid axiidd
OefieT SryaT ASIIdddT S)Ia® $HHM BIUIRT B § 8. IR Hel
TG URAged wm?ﬁ e 3fidise el 3l erss &
U Tt SIS Bidl. oR OTfch-a A 3feth! Rigaei g1 Ui—d=g
3Tead Adl. T3 AT 3T Rigfdad &1 aial Ui Ieoa fafay
ATFE THTH TR SR BT, TR T HRUT U & et
URM T 3N U 3R A9fife fRUdmed SHaum=ar e, Sfn
3! Rgfae ulRFHe v Faftr Hed dik! a8 sauaN uaqd
HRATd. &1 Cleie! URATHe) BI0IRT S SMfd anges Hed SOyl
T Fl1-81 o BIvaTydl R0 ay 3f1eft dTe Teiel 31Td Ul gaar Felt

BTl &0 ShaTd ey SrTdrd.

g1 g1 aF fddbRi @Rd FeM SRugIBRAr Hgal PET scan 3Ydl
AU AwTgIed qurguitear Gaor A Rid Hruard IRNYE SHTHR gid
3{Tg. UUT BT TN STkl SRd RAT 3{gch e Qoo T ARG 3Tl
gafauaTaTat 3Hferes TRNeH TRoM 3T, AT YT faRY R o1
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31T 3rewhT fRagae= wed gIom=an XUy deaiar snetia Mg, & gF
R VR faurs SiftT Mg S0 i Taa- gl SiacsdT Jay
M gomT fafdy TeRT By YT WRAaR SR
3T e et e offe. A BT & TS prs: e giom=an
&1 09y Sedidar Uy &0l § 3Hlg. J1sal S=ieAEe o 53 Sffa=r
FagRiTa o=f daAvuel fawRia et 3ig, SN TuedTal fddhRge
Tg g g1 {0y Sedid Y0l ddad 9 3AH a0l ey dd.

31T Ty el 3T &1 I Plg! duid, AT GRNEH 01 SR
JATIUT TN BRI R JauHTaIdd UigauaraTa! Siedral favdt
gTc UTd AN 2 GO HY 3=} 7RI Bl o HIl SN 3R 3=
ward) Tl ieRa g5 & s A &n iR uRE sea fem
ST fhde IY SMTEf T BI3, b SO AN eI 1 HHATT
gieTe® SUIATSHT 60 U Blad. SR ST W< T4RT IR a1,
T S ATy ST FHSTY df HIST e a3,
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