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ABSTRACT

Parkinson’s disecase (PD) and atypical parkinsonisms are neurodegenerative
disorders marked by overlapping motor symptoms such as stiffness, slow
movements, and tremor, collectively termed parkinsonism. In PD, progressive
degeneration of dopaminergic neurons in the substantia nigra pars compacta (SNc)
leads to striatal dopamine depletion, driving the classical motor phenotype. Non-
motor symptoms, including cognitive decline, mood and sleep disturbances, and
autonomic dysfunction, further impair quality of life. Atypical parkinsonisms,
including multiple system atrophy (MSA), and progressive supranuclear palsy
(PSP), share core motor features with PD but are distinguished by faster progression,
poor levodopa response, and a broader neuropathology, together with severe nigral
degeneration.

This thesis investigated neuroinflammation and neural density in the SNc by
comparing PD with MSA and PSP. Immunohistochemial analyses, clinical features,
medication, and computed tomography (CT) imaging evaluation were assessed.
Brain tissue and corresponding clinical records from the University Hospital Turku
(between 2002 and 2021) were examined. Tyrosine hydroxylase (TH) positive
neurons were manually quantified, while neuroinflammatory cells were assessed via
automated analysis.

Results revealed pronounced T cell infiltration in PSP, with elevated CD3+,
CD4+, and CD8+ T cell counts relative to PD, MSA, and controls, whereas
microglial activity was most pronounced in PD. Levodopa was not associated with
neurotoxicity or inflammation. Moreover, depressed PD patients exhibited more
severe cortical atrophy than non-depressed counterparts.

These findings support existing evidence of distinct inflammatory and neuronal
signatures across the disorders, suggesting potential disease-specific mechanisms
and therapeutic targets. Moreover, depression, a common non-motor symptom in
PD, appears to be associated with cortical atrophy, while levodopa, the golden
standard medical treatment for parkinsonian syndromes, does not affect nigral
neuronal survival or neuroinflammatory activity in PD, PSP, or MSA.

KEYWORDS: Parkinson’s disease, progressive supranuclear palsy, multiple system
atrophy, substantia nigra, neuroinflammation, neuropathology, dopamine, levodopa,
depression, CT-imaging
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TIVISTELMA

Parkinsonin tauti ja epétyypilliset parkinsonismit, kuten monisysteemiatrofia (MSA)
ja etenevé supranukleaarinen halvaus (PSP), ovat neurodegeneratiivisia sairauksia,
joihin liittyy motorisia oireita, kuten jaykkyyttd, liikkkeiden hitautta ja lepovapinaa,
joita kutsutaan yhteisnimelld parkinsonismi. Parkinsonin taudissa dopaminergisten
hermosolujen eteneva rappeutuminen mustatumakkeessa johtaa dopamiinin vihene-
miseen aivojen tyvitumakkeissa ja klassisten motoristen oireiden kehittymiseen.
Motoristen hdirididen liséksi potilailla esiintyy tiedonkésittelyn heikentymistd, mie-
lialahdiri6itd, unihdiriditéd ja autonomisen hermoston toimintahéiridité, jotka heiken-
tdvat merkittdvasti eliménlaatua. Epdtyypillisissd parkinsonismeissa motoriset 0i-
reet ovat samankaltaisia kuin Parkinsonin taudissa, mutta sairaudet etenevit nope-
ammin, reagoivat heikosti levodopahoitoon ja sairauksiin liittyy laajempia neuropa-
tologisia muutoksia, joissa mustatumakkeen rappeutuminen on voimakasta.

Tassd viitoskirjatutkimuksessa tutkittiin mustatumakkeen neuroinflammaatiota
ja hermosolutiheyttd vertaamalla Parkinsonin tautia epétyypillisiin parkinsonismei-
hin. Menetelminé kéytettiin immunohistokemiallisia analyyseja, kliinisten piirteiden
ja ladkevasteen arviointia sekd tietokonetomografia (TT) kuvantamista. Aineisto
koostui Turun yliopistollisen keskussairaalan neuropatologian arkistoista vélilla
2002 ja 2021 keratyista aivoleikkeistd ja niihin liittyvistéd kliinisistd potilastiedoista.
Tyrosiini-hydroksylaasipositiiviset hermosolut laskettiin manuaalisesti, kun taas
neuroinflammatoriset solut arvioitiin automatisoiduilla analyyseilla.

Tulokset osoittivat, ettd PSP:ssd T solujen (CD3+, CD4+, CD8+) maérd musta-
tumakkeessa oli kohonnut verrattuna Parkinsonin tautiin, MSA:han ja terveisiin ver-
rokkeihin. Mikroglia-solujen aktiivisuus puolestaan oli korostuneinta Parkinsonin
taudissa. Levodopalla ei havaittu olevan neurotoksista tai neuroinflammaatioon koh-
distuvaa vaikutusta. Lisdksi masentuneilla Parkinson potilailla todettiin vahvempi
kortikaalinen atrofia kuin ei-masentuneilla.

Néama havainnot korostavat sairauksien vilisid eroja aivojen tulehdusreaktioissa
ja hermoston rappeutumisessa, ja voivat tarjota potentiaalisia hoitokohteita. Liséksi
masennus vaikuttaa olevan yhteydessd aivokuoren surkastumiseen. Sen sijaan levo-
dopan kaytolla ei ole vaikutusta mustatumakkeen hermosolukatoon tai neuroinflam-
matoriseen aktiivisuuteen Parkinsonin taudissa, PSP:ssa tai MSA:ssa.

AVAINSANAT: Parkinsonin tauti, PSP, MSA, mustatumake, neuroinflammaatio,
neuropatologia, dopamiini, levodopa, masennus, TT-kuvantaminen
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1 Introduction

Parkinson’s disease (PD) is one of the most prevalent neurodegenerative disorders,
first described by Dr. James Parkinson in 1817 in his seminal essay An Essay on the
Shaking Palsy (Parkinson, 1817). In this essay, he detailed six individuals who
exhibited the characteristic clinical features of the disease. After 60 years, the
condition was officially named "Parkinson’s disease," a term recommended by the
French neurologist Jean-Martin Charcot (Charcot, 1877). Charcot and his students
further expanded the clinical understanding of PD. He distinguished PD from other
neurological disorders, such as multiple sclerosis (MS), and introduced terms like
"bradykinesia."

The core pathology of PD is the degeneration of dopaminergic neurons in the
substantia nigra pars compacta (SNc¢), a key midbrain structure. The first case linking
PD to the substantia nigra (SN) was published in 1893 by Blocq and Marinesco
(Blocq & Marinesco, 1893). In 1912, Frederic Lewy identified abnormal protein
aggregates in the brains of PD patients, now known as Lewy bodies (LBs) (Lewy,
1912). In 1919, Tretiakoff further reinforced this connection by identifying SN
degeneration as a defining feature of the disease (Tretiakoff, 1919). Later, in the
1950s and 1960s, Swedish scientist Arvid Carlsson discovered the role of dopamine
in movement control, leading to the development of levodopa, the first effective
treatment for PD (Carlsson, 1959; Carlsson et al., 1957). Oleh Hornykiewicz was the
first to suggest using levodopa to treat PD, and in 1961, the first successful clinical
trial demonstrated levodopa's remarkable efficactiveness in relieving PD symptoms
(Birkmayer & Hornykiewicz, 1961). George Cotzias further refined its use for
patients (Cotzias et al., 1967).

In the late 20th and early 21st centuries, treatments advanced with deep brain
stimulation (DBS), pioneered by Alim-Louis Benabid in the 1980s, significantly
improving motor symptoms (Benabid et al., 1987). DBS, together with multiple
possible infusion-therapies, remains a critical intervention for patients with advanced
PD. Research into genetics, environmental factors, and neuroprotective therapies
continues, but a cure has yet to be invented. Figure 1 presents a timeline highlighting
the most significant historical milestones in PD.

12



Introduction

While PD is the most common form of parkinsonism, a group of disorders known
as atypical parkinsonisms present with overlapping motor symptoms. They are,
however, distinguished by unique clinical features, pathological findings, and often
more rapid progression. Atypical parkinsonisms include multiple system atrophy
(MSA) and progressive supranuclear palsy (PSP). These conditions lack the classic
response to dopaminergic therapy observed in PD and are associated with distinct
patterns of neuronal degeneration and pathology (Levin et al., 2016). For instance,
PSP is marked by tau protein accumulation, while MSA features glial cytoplasmic
inclusions (GCIs) composed of a-synuclein. The distinction between PD and
atypical parkinsonisms remains a significant clinical challenge, especially in early
stages of the disease due to their overlapping symptoms. Advanced imaging
techniques and histopathological studies of brain structures like the SN are
invaluable tools for improving diagnostic accuracy and understanding disease
mechanisms.

Neuroinflammation is increasingly recognized as a contributing factor in these
diseases, especially in the pathogenesis of PD (Pajares et al., 2020). For example,
studies of the brains of PD patients have revealed heightened microglial activation
in the SNc and other regions (Imamura et al., 2003). Positron emission tomography
(PET) studies have further supported these findings (Gerhard, Pavese, et al., 2006).
Although research on MSA and PSP is more limited, similar results have been
observed in these conditions (Gerhard et al., 2003; Gerhard, Trender-Gerhard, et al.,
2006; Refolo & Stefanova, 2019).

This thesis focused on nigral neuroinflammation and neuron density in the SNc,
comparing PD with MSA and PSP through immunohistochemial analysis, clinical
features and medication assessments, and CT-imaging evaluation. By exploring the
interplay between neuroinflammation, neuronal loss, and clinical presentation, this
work aims to contribute to the growing body of knowledge that seeks to improve the
diagnosis and treatment of these disorders.

1817 1893 1919
An Essay on first case SN 1961
the Shaking linkingPDto  degeneration Levodopa to 1980s
Palsy Joar-Matti SN in PD treat PD DBS
| Charcot | Friedrich Lewy | Arvid Carlsson | George Cozias |
Jarpes I Blgq & | Kon;tantin I Olgh ) I Alim-Lo‘uis .
Parkinson 1 877 Marinesco 1 91 2 Tretiakoff 19508 Hornykiewicz 1 967 Benabid
”Parkinsons Lewy Bodies Dopamine Levodopa’s
Disease” and use in
levodopa patients

Figure 1. Historical timeline illustrating major scientific and medical advances in the understanding
of PD.
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2 Review of the Literature

2.1 The basal ganglia

The basal ganglia (BG) are a group of interconnected nuclei located at the base of
the forebrain and the top of the midbrain. These structures are critical for regulating
voluntary movements, facilitating motor control, and influencing conditional
learning (Albin et al., 1989; Stocco et al., 2010). The BG consist of the dorsal
striatum: caudate nucleus (CN) and putamen (Put), the ventral striatum: nucleus
accumbens and olfactory tubercle, the globus pallidus (GP), the ventral pallidum,
the subthalamic nucleus (STN), and the substantia nigra (SN). Figure 2 presents
the anatomy in a sagittal section, and Figure 3 presents the anatomy in a coronal
section.

Caudate nucleus Striatal terminals

Thalamus

Nucleus accumbens

Putamen
Subthalamic nucleus

Globus pallidus Substantia nigra

Amygdaloid body

Figure 2. Anatomy of the Basal ganglia in sagittal brain section. Created in https://BioRender.com.
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Cingulate gyrus

k7 .
6 ¢ 5@‘\ %52— s

Caudate nucleus

Putamen

Claustrum <
(@

Globus pallidus externus

Globus pallidus internus
Uncus

Amygdala Hypothalamus

Figure 3. Basal ganglia anatomy in coronal section, illustrated in shades of green. Created in
https://BioRender.com.

The BG nuclei are functionally divided into input, output, and intrinsic nuclei.
The input nuclei include the CN, Put, and nucleus accumbens. They receive signals
from the cerebral cortex, thalamus, and nigral nuclei. The output nuclei include the
internal segment of the globus pallidus (GPi) and the substantia nigra pars reticulata
(SNr). They regulate the thalamus, which then projects back to the cortex,
completing the cortico-basal ganglia-thalamo-cortical loop. The intrinsic nuclei,
positioned between the input and output regions, include the external segment of the
globus pallidus (GPe), the STN, and the substantia nigra pars compacta (SNc¢)
(Lanciego et al., 2012). The physiological function of the basal ganglia revolves
around two primary pathways. The direct pathway facilitates movement by reducing
inhibition of the thalamus, which in turn enhances motor cortex activity, and the
indirect pathway suppresses unwanted or excessive movements by increasing
inhibition of the thalamus. Figure 4 presents the pathways.

By coordinating these pathways, the basal ganglia maintain motor precision and
contribute to learning, and habit formation. Disruptions to these systems can result
in a variety of movement disorders, including PD, Huntington's disease, and
dystonia.

15
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= Glutamate

m— GABA

s DOpamine

globus pallidus

caudate &
putamen

thalamus

subthalamic nucleus

p.r.
substantia nigra

p.c.

Figure 4. Main signal pathways within the basal ganglia with corresponding primary
neurotransmitters. GABA = inhibitatory, Glutamate = exitatory.

211 Substantia Nigra

The SN is a vital structure located in the midbrain that plays an essential role in
modulating movements and reward functions as part of the BG circuitry. The SN is
divided into two main parts: the SNc and the SNr. The SNc is primarily known for
its production of dopamine, which is a neurotransmitter critical for motor function
and reward signaling. In gross anatomical dissections, the SNc appears dark due to
its the high neuromelanin content, which is a byproduct of dopamine synthesis from
its precursor, levodopa (Fabbri et al., 2017). The dopaminergic neurons in this region
project to the striatum, forming the nigrostriatal pathway. The nigrostriatal pathway
is essential in balancing the direct and indirect pathways that regulate voluntary
movement. The loss of dopaminergic neurons in the SNc is a hallmark of PD, leading
to motor deficits such as bradykinesia, rigidity, and tremor. Also, in atypical
parkinsonisms, like MSA and PSP, degeneration of the SNc¢ has been observed.
Figure 5 shows the SNc¢ anatomy of a PSP patient and a patient without a
neurodegenerative disease at death.
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pars compacta
pars reticulata

Figure 5. Midbrain section at the level of the third cranial nerve of a PSP patient (A) and a patient
without a neurodegenerative disease (B) at death. Note the loss of the dopaminergic
neurons in the SN region. Brown tyrosine hydroxylase staining highlights neuromelanin-
laden dopaminergic neurons in the substantia nigra pars compacta.

The SNr, in contrast, contains primarily y-aminobutyric acid- (GABA)ergic
neurons and serves as an output nucleus of the BG (Chevalier & Deniau, 1990). It
sends inhibitory signals to the thalamus and brainstem motor nuclei, thereby
influencing motor control and coordination. The SNr also receives input from other
BG components, including the striatum and STN, integrating information to regulate
motor activity (Obeso et al., 2008; Redgrave et al., 2010). The SNr plays a crucial
role in suppressing involuntary movements and maintaining the precision of motor
commands.

The SN is richly vascularized and relies on a steady supply of oxygen and
nutrients to support its high metabolic activity. The integrity of its dopaminergic
neurons is critical for maintaining normal motor and cognitive function. Dopamine
is synthetized from dietary amino acid phenylalanine via enzyme-driven pathway.
Dopamine also oxidizes spontaneously, forming free radicals and dopamine
quinone, which may lead to neuromelanin production — the pigment responsible
for the coloration of the SNc. The pathways of dopamine biosynthesis and
dopamine degradation are presented in Figure 6. While neuromelanin’s exact role
is unclear, it may contribute to the vulnerability of dopaminergic neurons (Franco
et al., 2021).
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Dopamine biosynthesis Dopamine degradation
o

i HO (0}
OH L-phenylalanine 0O, and free radicals D/v DOPAL
. HO

- \ -

MAO
Ho oH DOPAC
HO NH2 m
oH L-tyrosine HO
NH, HO dopamine

‘ COMT

HO.
DA BH
N 4 m homovanillic acid
~o OH

OH OH

levodopa H
NH HO. N i
HO 2 D/‘\/ ~. adrenaline
HO

Figure 6. Main metabolic pathway of dopamine synthesis and clearance. PH=phenylalanine
hydroxylase, TH=tyrosine hydroxylase, AADD=aromatic L-amino acid decarboxylase,
DOPAL=3,4-dihydroxyphenylacetaldehyde, DOPAC=3,4-dihydroxyphenylacetic acid,
ALDH=aldehyde dehydrogenase, DA BH=DA B-hydroxylase, MAO=monoamine
oxidase, COMT=catechol-O-methyltransferase.

HO

Dopamine is released by the SN¢, and binds to specific receptors in the striatum,
modulating the activity of the direct and indirect pathways. In the direct pathway,
dopamine stimulates D1 receptors, enhancing excitatory signals that promote
movement. Neurons in the direct pathway project from Put to GPi/SNr. In the
indirect pathway, dopamine inhibits D2 receptors, reducing inhibitory signals and
facilitating motor activity. Neurons in the indirect pathway project to the GPe which
influence the GPi/SNr. This dual action ensures a balance between movement
initiation and suppression (Obeso et al., 2008).

Disorders of the SN are associated with a range of neurological and
neuropsychiatric conditions. PD is characterized by the progressive degeneration of
dopaminergic neurons in the SNc, resulting in motor impairments. Also, non-motor
symptoms such as depression have been associated with degeneration of the SN¢ in
PD (Saari et al., 2021). Additionally, the SN has been implicated in Huntington’s
disease and conditions involving reward-processing abnormalities (Schultz, 1997;
Waldvogel et al., 2015). Furthermore, dysfunction of dopaminergic pathways is
central to the pathogenesis of psychotic disorders, particularly through dysregulation
of dopaminergic signaling in limbic and cortical circuits (Rawani et al., 2024). In
PD, psychotic symptoms such as visual hallucinations and delusions are common,
especially in later stages of the disease and in association with dopaminergic
treatment and widespread neurodegeneration, indicating that altered dopamine and
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other neurotransmitter systems contribute to psychosis across different clinical
contexts (Gonzalez-Usigli et al., 2023; Samudra et al., 2016).

21.2 Neuropathology of substantia nigra

Histologically, SN is composed of neurons and glial cells. It is divided into 2 regions;
SNc contains dopaminergic neurons, whereas SNr contains inhibitory GABAergic
neurons (Figure 5). Neurons transmit and relay signals through the nervous system
and consist of a cell body, axon, dendrites and a myelin sheath. Glial cells serve
various functions, including protecting the nervous system from infections and
producing the myelin sheath that insulates neuronal axons.

Degenerative parkinsonian disorders are typically characterized by selective loss
of dopaminergic neurons in the SN that project to the BG. The most vulnerable are
the ventrolateral cell groups (A9 or nigrostriatal pathway) (Fearnley & Lees, 1991),
while the dorsal and medial cell groups (A10 or mesolimbic pathway) are more
resistant (Dickson et al., 2009).
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Figure 7. Braak staging together with Hoehn and Yahr (H&Y) scale, and clinical diagnostic criteria.
Modified from Bamford et al 2021. MCl=mild cognitive impairment, FOG=freezing of
gate. Braak stages neuroanatomically: 1=olfactory bulb, dorsal motor nucleus of the
vagus (medulla), 2=locus coreruleus (pons), 3=substantia nigra (midbrain), 4=entorhinal
cortex, amygdala (limbic lobe), 5=association cortex (neocortex), 6=primary sensory
and motor cortices.

PD and MSA are characterized by a-synuclein pathology, whereas PSP is
associated with tau pathology, with globose neurofibrillary tangles rather than LBs

19


https://pubmed.ncbi.nlm.nih.gov/?term=Gonz%C3%A1lez-Usigli+HA&cauthor_id=36979318

Emmilotta Backman

in affected nigral neurons. Neuropathologically, PSP is classified within the
frontotemporal lobar degeneration (FTLD) spectrum (Burrell et al., 2014), in
contrast to PD and MSA. In MSA, the primary pathology occurs in oligodendroglia
rather than neurons, with inclusions that differ in appearance and distribution from
the LBs seen in PD (Cykowski et al., 2015). In PD, LB pathology extends beyond
the SN. According to Braak staging (Braak et al., 2004), the earliest pathology
appears in the dorsal motor nucleus of the vagus in the medulla and the anterior
olfactory nucleus in the olfactory bulb. It then progresses to the locus ceruleus
neurons in the pons and the dopaminergic neurons in the SN. In later stages,
pathology spreads to the basal forebrain, amygdala and the medial temporal lobe
structures. PD progression is divided into six neuropathological Braak stages. Figure
7 illustrates the Braak staging together with H&Y scale, and clinical diagnostic
criteria.

2.2 Parkinsonism

Parkinsonism is a clinical syndrome characterized by a combination of motor
symptoms, including bradykinesia, rigidity, resting tremor, and postural instability.
It is a broad term encompassing a range of conditions that manifest these
characteristic motor dysfunctions. Idiopathic PD is the most common cause of
parkinsonism, accounting for approximately 75% of cases. However, several other
conditions and factors can also lead to parkinsonism, collectively referred to as
atypical or secondary parkinsonism. The underlying causes of parkinsonism can be
categorized into neurodegenerative, vascular, toxic, and drug-induced origins.
Parkinsonism can also be observed in other neurodegenerative disorders, including
frontotemporal dementia (FTD) and, in some cases, amyotrophic lateral sclerosis
(ALS).

PD is a progressive neurodegenerative disorder primarily associated with the loss
of dopamine-producing neurons in the SNc. Atypical parkinsonisms, also known as
Parkinson-plus syndromes, include a group of neurodegenerative disorders that share
some features with PD but exhibit distinct clinical and pathological characteristics.
These conditions include MSA, PSP, corticobasal degeneration (CBD) and dementia
with Lewy bodies (DLB). Secondary parkinsonism can result from other causes, such
as vascular insults (e.g., stroke), exposure to neurotoxic agents (e.g., MPTP), or the
use of certain medications, particularly antipsychotic drugs that block dopamine
receptors. Studies suggest that PD and DLB are not distinct diseases, but rather
different clinical expressions of single underlying condition known as Lewy Body
disease. While traditionally differentiated by the timing of cognitive and motor
symptoms, studies indicate that PD dementia (PDD) and DLB share similar symptoms,
imaging findings, and neuropathological features (Borghammer et al., 2024).
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2.2.1 Parkinson’s disease

2211 Epidemiology and risk factors

PD is the leading neurodegenerative cause of parkinsonism, affecting millions
worldwide. It is the second most prevalent neurodegenerative disorder after
Alzheimer’s disease (AD) (Alzheimer’s Association, 2015).

In 2021, an estimated 11.77 million people worldwide were living with PD, with
age-standardized prevalence rates increasing substantially over the past three
decades. Globally, age-standardized incidence rates were approximately 15.6-16.9
per 100 000 in 2021, with incidence and prevalence rising consistently since 1990
(Yang et al., 2026). Age remains the strongest risk factor for PD, with both incidence
and prevalence increasing sharply with age, particularly after the age of 60 (de Lau
& Breteler, 2006). However, early-onset PD can manifest in rare cases, often due to
genetic mutations. The number of individuals diagnosed with PD has risen
significantly and is projected to continue increasing (Dorsey et al., 2018). The
increasing prevalence is thought to result from several converging factors, which
include ageing and increased life expectancy, which have led to a larger proportion
of individuals reaching the age at which PD most commonly develops. In addition,
improvements in clinical awareness and diagnostic methods have contributed to
more frequent and earlier detection. Current projections suggest that the global
number of people living with PD will more than douple by 2050, reaching an
estimated 25.2 million cases (Yang et al., 2026).

The etiology of PD remains unclear, though it is widely accepted that multiple
factors contribute to disease risk. In addition to increasing age and sex, ethnicity has
been implicated as a potential risk factor. In the United States, the highest incidence
of PD is observed among individuals of Hispanic descent, followed by non-Hispanic
Whites, Asians, and Blacks (Van Den Eeden et al., 2003). Notably, smoking has
been associated with a reduced risk of developing PD, although the underlying
mechanisms remain controversial (Ritz et al.,, 2007). Several environmental and
lifestyle factors have also been linked to PD risk. Factors associated with increased
risk, in descending order of strength of association, include pesticide exposure, prior
head injury, rural living, B-blocker use, agricultural occupations, and consumption
of well water. Conversely, factors associated with a decreased risk include tobacco
smoking, coffee consumption, use of non-steroidal anti-inflammatory drugs
(NSAID), calcium channel blockers, and alcohol intake (Noyce et al., 2012).

Genetic contributions to PD have become increasingly recognized, with
monogenic causes estimated to account for 5-10% of cases (Lill, 2016). While
historically considered rare, genetic mutations such as those in the leucine-rich
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repeat kinase 2 (LRRK?2) gene have since been identified as significant contributors
to familial PD (Gilks et al., 2005).

2212 Pathogenesis

The pathophysiology of PD is complex and multifaceted, involving dopaminergic
neurodegeneration, a-synuclein aggregation, neuroinflammation, and genetic
factors. The hallmark feature of PD is the selective loss of dopaminergic neurons in
the SNc, leading to a significant reduction in dopamine levels within the striatum.
This neurodegeneration disrupts the normal functioning of the BG circuitry, leading
to the characteristic motor symptoms, including bradykinesia, rigidity, tremor, and
postural instability.

A key pathological hallmark of PD is the accumulation of misfolded alpha-
synuclein protein, forming the LBs (Spillantini et al., 1997). LBs are central to the
disease and accumulate in various brain regions. However, Lewy pathology is also
commonly observed in individuals who appear otherwise healthy (Parkkinen et al.,
2005). Mutations in a-synuclein accelerate aggregation, indicating its role in both
familial and likely sporadic PD. Pathological a-synuclein aggregates at synapses
may trigger early synaptic dysfunction (Calo et al., 2016; Tozzi et al., 2021). Cryo-
electron microscopy shows that a-synuclein filament structures are similar in PD,
PDD, and DLB but differ in MSA (Schweighauser et al., 2020; Yang, 2022). The
Braak hypothesis suggests that PD pathology begins in peripheral systems and
spreads to the brain, but variations in disease progression and LB distribution exist
(Braak et al., 2003; Dickson et al., 2009). Evidence supports a-synuclein spread from
the gut and brain to other organs, contributing to early symptoms like constipation
and rapid eye movement (REM) sleep behaviour disorder (Arotcarena et al., 2020;
Bohnen & Hu, 2019; Luk et al., 2012; Ruffmann & Parkkinen, 2016; Schrag et al.,
2015). The “gut-first” and “brain-first” hypothesis in PD suggests two distinct
pathways for disease onset. In the gut-first subtypes, pathological a-synuclein
aggregates originate in the enteric nervous system and ascend the brain via the vagus
nerve. This form is typically associated with early autonomic symptoms. The brain-
first subtype begins with a-synuclein pathology in the central nervous system,
particularly in the SN, leading to motor symptoms before autonomic involvement
(Borghammer & Van Den Berge, 2019; Borghammer et al., 2021). Research
suggests that prion-like mechanisms contribute to the propagation of a-synyclein
pathology (Hansen et al., 2011; Li et al., 2008).

Mitochondrial dysfunction is a critical contributor to PD pathology, regulating
cellular energy and survival. Early synaptic damage and mitochondrial dysfunction
lead to increased reactive oxygen species (ROS), abnormal calcium levels, and
reduced adenosine triphosphate (ATP) production (Nicoletti et al., 2021). Genetic
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and environmental factors, including pesticide exposure and MPTP toxicity,
contribute to mitochondrial complex I inhibition, linking mitochondrial dysfunction
to PD (Langston, 2017). Mutations in genes like SNCA, PINK 1, and LRRK?2 disrupt
mitochondrial energy production and quality control (Li et al., 2021). Mitophagy
helps to remove damaged mitochondria, but mutations, such as LRRK? and
Gly2019Ser, might impair this process (Singh & Ganley, 2021). Aggregated o-
synuclein disrupts mitochondrial membranes and the electron transport chain,
increasing oxidative stress and neuronal apoptosis (Haque et al., 2022).
Mitochondrial dysfunction and ROS promote o-synuclein aggregation, further
driving neurodegeneration in PD (Picca et al., 2021).

Inflammation was linked to PD in the 1980s when studies found microglial
activation and elevated inflammatory cytokines in post-mortem patient brains
(McGeer, Itagaki, Boyes, et al., 1988; Mogi, Harada, Kondo, et al., 1994).
Inflammation occurs in both the central nervous system (CNS) and blood, with
elevated cytokines linked to faster disease progression (Qin et al., 2016; Williams-
Gray et al., 2016). Monocytes shift to a pro-inflammatory state (Konstantin Nissen
et al., 2022), the neutrophil-to-lymphocyte ratio increases (Mufioz-Delgado et al.,
2021), and changes in T cells include bias towards pro-inflammatory Th1 and Th17
subsets (Contaldi et al., 2022). Infiltrating immune cells and activated microglia
contribute to chronic neuroinflammation, though early immune activation may aid
protein clearance. Genetic and epidemiological studies support a primary immune
role, with human leukocyte antigen (HLA) variation and immune-related genes like
LRRK?2 implicated (Magistrelli et al., 2022; Nalls et al., 2019). Environmental
factors, including gut microbiome changes and infections, may trigger inflammation
(Matheoud et al.,, 2019). Mitochondrial dysfunction further promotes immune
activation (Mishra et al., 2025). Immune alterations appear early, but their long-term
evolution remains unclear, highlighting the need for further research.

Although most cases of PD are sporadic, genetic mutations have been linked to
familial forms of the disease. Twin studies and statistical genetic methods estimate
the heritability of PD to be between 22% and 40% (Ben-Shlomo et al., 2024). Three
autosomal dominant genes (SNCA, LRRK2, and VPS35) and three autosomal
recessive genes (PRKN, PINK1, and DJI) are known to cause PD, along with several
other genes implicated in a limited number of cases or families. Numerically, LRRK2
is the most important mendelian cause of PD. Common single variants in the GBA 1
gene are associated with PD but typically do not segregate in autosomal dominant
families (Gegg et al., 2022). LRRK? is also involved in the development of Crohn's
disease, leprosy, and mycobacterial infections, suggesting potential pleiotropic
effects at the LRRK?2 locus that influence susceptibility and resistance to infectious
and inflammatory diseases as well as neurodegeneration (Kluss et al., 2019). SNCA
mutations are a rare cause of autosomal dominant PD. The discovery of pathogenic
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SNCA gene multiplications demonstrated that increased SNCA mRNA expression
and elevated a-synuclein levels can be sufficient to cause the disease (Singleton &
Hardy, 2011). A total of 90 independent variants across 74 genomic loci have been
associated with PD, each conferring a modest increase in risk (Blauwendraat et al.,
2020). The strongest genome-wide associations with PD in European populations
are found at the SNCA and MAPT loci. MAPT encodes the microtubule-associated
protein tau, though the specific causal genes at this locus in PD remain unclear.
However, evidence suggests that KANSLI, a gene involved in mitochondrial
regulation at the MAPT locus, may play a role (Soutar et al., 2022). Recent evidence
indicates that the MAPT H1 is associated with enhanced a-synuclein deposition in
synucleinopathies, suggesting a genetic and pathological interplay between tau and
a-synuclein aggregation (Colom-Cadena et al., 2013; Leveille et al., 2021).

2213 Symptoms

Clinically, PD is characterized by progressive slowness of movement (bradykinesia),
muscular rigidity, rest tremor and postural and gait impairment (Bloem et al., 2021;
Gibb & Lees, 1988; Kalia & Lang, 2015). The symptoms emerge due to the
progressive loss of dopaminergic neurons and the formation of a-synuclein-
containing proteinaceous aggregates in neurons of the SNc¢ (Gibb & Lees, 1988;
Lewy, 1912). The diagnosis is clinical and is made based on a detailed medical
interview and clinical examination. The symptoms of PD sometimes overlap with
other diseases, such as atypical parkinsonisms, and there are no reliable biomarkers
to distinguish the diseases.

The Queen Square Brain Bank clinical diagnostic criteria defined PD primarily
based on the levodopa-responsive motor phenotype, which is linked to cell loss in
the SNc and dopaminergic denervation in the SNc¢ and Put (Gibb & Lees, 1988).
Today, Movement Disorder Society (MDS) clinical diagnostic criteria serve as the
standard for guiding clinical diagnosis (Postuma et al., 2015). Motor symptoms are
the hallmark of PD and mostly result from dopamine depletion affecting motor
control circuits. Bradykinesia manifests as slowness and reduced amplitude of
movement due to impaired striatal dopamine signaling. Resting tremor, typically
starting unilaterally in the hand at 46 Hz, is associated with abnormal oscillatory
activity in basal ganglia-thalamocortical circuits. Rigidity is caused by increased
muscle tone, and results from abnormal recruitment of motor units, leading to
resistance to passive movement. Postural instability arises due to impaired
integration of sensory and motor signals, increasing fall risk. These motor deficits
typically begin asymmetrically and progress bilaterally over time. Disease severity
is often assessed using the HY scale, which stages PD based on motor disability and
balance impairment (Hoehn & Yahr, 1967). Figure 8 presents the HY scale.
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Unilateral involvement only S
Stage | Usually with minimal or no functional

disability

Bilateral symptoms [
Stage Il No impairment of balance

Bilateral disease ]
Stage Il Mild to moderate disease

Physically independent

Severe disability
Stage IV Still able to walk or stand assisted

Wheelchair-bound or bedridden [ ]
Stage V unless assisted /-2‘_

Figure 8. HY scale from | to V based on Hoehn & Yahr 1967.

James Parkinson described the motor problems of the PD patients accurately,
while also recognizing the presence of several non-motor features (Parkinson, 1817).
Non-motor symptoms may appear years before motor onset. They are linked to
widespread neurodegeneration beyond the dopaminergic system, including
involvement of the noradrenergic, serotonergic, and cholinergic pathways. Non-
motor symptoms include cognitive impairment that in PD range from mild executive
dysfunction to dementia, psychiatric symptoms such as depression and anxiety,
autonomic dysfunction, including orthostatic hypotension, constipation, and urinary
disturbances, sleep disorders such as REM sleep behavior disorder, and sensory
deficits, particularly olfactory dysfunction (Chaudhuri et al., 2006). PD reduces
patients’ quality of life and places a substantial economic burden on society. While
the cardinal motor symptoms define PD, non-motor manifestations significantly
contribute to disecase burden. Inadequate recognition of non-motor symptoms
increases the overall cost of care for patients with the disease within society.

2214 Neuropathological criteria of Parkinson’s disease

A neuropathological diagnosis of PD requires the presence of neuronal loss in the
SN and at least one LB in either the SN or the locus coeruleus (LC) (Daniel & Lees,
1993; Gelb et al., 1999). Neurodegeneration is most pronounced in the ventral part
of'the SN (Fearnley & Lees, 1991). Evidence of other parkinsonism causing diseases,
such as PSP or MSA, are regarded as exclusion criteria (Gelb et al., 1999).
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The neuropathological diagnosis of PD is based on immunohistochemical
assessment and McKeith staging of a-synuclein—positive LBs and Lewy neurites
(LN) (McKeith et al., 2017). While this approach seems straightforward, it can be
complex in practice, as some patients may exhibit typical symptoms and SN neuron
loss without the presence of LBs (Forno, 1996). Additionally, incidental LBs can
occur with normal aging in 5-55% of the elderly population (Jellinger, 2019).
Standardized methods for assessing neuronal loss in the SN¢ use a semiquantitative
grading system, typically involving a transverse midbrain slice at the level of the
third cranial nerve. This section allows the evaluation of relevant nuclear groups,
with neuronal loss assessed through hematoxylin and eosin or similar stains,
comparing neuronal density to schematic examples of varying severity.

222 Multiple system atrophy (MSA)

The origins of MSA trace back to the early 20th century. In 1900, J. Dejerine and A.
Thomas described patients with sporadic ataxia who later developed extrapyramidal
and autonomic symptoms, with neuropathology revealing olivopontocerebellar
atrophy (Quinn, 1989). In 1925, S. Bradbury and C. Egglestone described
neurogenic orthostatic hypotension, a clinical entity later recognized as part of the
spectrum of MSA (Bradbury, 1925). In 1960, G.M. Shy and G.A. Drager described
a syndrome of autonomic failure, parkinsonism, and ataxia, later linked to
striatonigral and cerebellar degeneration (Adams et al., 1961; Shy & Drager, 1960).
Recognizing a common pathological basis, J.G. Graham and D.R. Oppenheimer
introduced the term "multiple system atrophy" in 1969 (Graham & Oppenheimer,
1969).

Glial cytoplasmic inclusions and their identification as a-synuclein deposits in
MSA were discovered in 1989 (Papp et al., 1989; Spillantini et al., 1998). Recent
research has highlighted early disease markers, such as isolated autonomic failure
and REM sleep behavior disorder, years before full MSA onset (Giannini et al.,
2018; Iranzo et al., 2006; Kaufmann et al., 2017; Singer et al., 2017).

2221 Epidemiology and risk factors

MSA is classified as an orphan disease. Its estimated mean incidence is 0.6 to 3 cases
per 100,000 person-years (Poewe et al., 2022). In individuals over 50 years of age,
the incidence rate is higher. The estimated point prevalence ranges from 1.9 to 4.9
cases per 100,000 people, increasing to 7.8 per 100,000 in individuals over 40 years
of age (Fanciulli & Wenning, 2015; Poewe et al., 2022; Schrag et al., 1999). The
parkinsonian subtype (MSA-P) is more common than the cerebellar subtype (MSA-C)
in most countries (Gilman et al., 2005; Kim et al., 2011; Ko6llensperger et al., 2010).
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However, in Japan, the cerebellar subtype is more prevalent, possibly due to genetic
or epigenetic influences (Watanabe et al., 2002). The disease typically manifests in
the sixth decade of life and affects both sexes equally (Ben-Shlomo et al., 1997).
Average survival from symptom onset is 6 to 10 years (Klockgether et al., 1998;
Wenning et al., 2013), with only a few patients living beyond 15 years (Petrovic et
al., 2012).

MSA is generally considered a sporadic disorder, but rare familial cases suggest
the existence of monogenic MSA with autosomal dominant or recessive inheritance
(Hara et al., 2007; Tseng et al., 2023; Wiillner et al., 2004). For example, functionally
impaired variants in the coenzyme Q2 (CoQ2) gene, essential for coenzyme Q10
(CoQ10) biosynthesis, have been identified (Multiple System Atrophy Research
Collaboration, 2013), and independent studies have suggested an association
between single-nucleotide polymorphisms in SNCA and an increased risk of MSA
(Al-Chalabi et al., 2009; Scholz et al., 2009). No environmental factors are known
to influence the risk of MSA.

2222 Pathogenesis

The mechanisms underlying MSA pathogenesis remain incompletely understood.
Evidence from preclinical and postmortem studies suggests that both neuronal and
glial dysfunction contribute to the disease, recently classified as an
oligodendroglioneural a-synucleinopathy (Jellinger, 2018).

a-Synuclein is a small protein involved in synaptic vesicle transport, and is not
typically expressed in adult oligodendrocytes, including those in MSA (Miller et al.,
2005; Monzio Compagnoni & Di Fonzo, 2019). Early pathogenic events in MSA
include the mislocalization of p25a, a myelin stabilizer, leading to oligodendrocyte
swelling (Song et al., 2007). This is followed by increased a-synuclein accumulation,
which neighboring neurons cannot degrade (Bukhatwa et al., 2010; Reyes et al.,
2014). Interaction between p25a and a-synuclein promotes its aggregation into
insoluble oligomers and glial cytoplasmic inclusions. These inclusions activate
microglia, triggering inflammation and oxidative stress (Fellner et al., 2013;
Stefanova et al.,, 2012). Dysfunctional oligodendrocytes release misfolded o-
synuclein into the extracellular space, forming fibril-shaped aggregates that induce
neuronal cytoplasmic inclusions (Peng et al., 2018). Neuroinflammation, loss of
glial-derived neurotrophic support, and mitochondrial dysfunction further drive
neuronal degeneration (Monzio Compagnoni & Di Fonzo, 2019; Ubhi et al., 2009).
In a prion-like manner, toxic a-synuclein species propagate to functionally
connected brain regions (Watts et al., 2013). This cascade of events leads to the
characteristic degeneration of the basal ganglia, cerebellum, and autonomic nervous
system, resulting in the motor and autonomic symptoms of MSA.

27



Emmilotta Backman

2223 Symptoms

MSA is classified into MSA-P and MSA-C subtypes, with overlapping clinical
features (Wenning et al., 2022; Krismer & Wenning, 2017). MSA-P is characterized
by rapidly progressive parkinsonism with poor or transient levodopa response
(Krismer & Wenning, 2017). The motor findings are usually symmetrical but, in
some patients, asymmetrical. Unlike in —PD, classical “pill-rolling” rest tremor is
rare, whereas irregular postural and action tremors with jerky movements are seen
in up to 50% of cases (Kollensperger et al., 2010). Drug-induced dyskinesias,
including dystonia, may develop in some cases (Boesch et al., 2002). MSA-C
primarily presents with cerebellar ataxia (Bensimon et al., 2009; Koéllensperger et
al., 2010), leading to a wide-based gait, limb incoordination, action tremor, and
nystagmus (Wenning et al., 2022). Hyperreflexia and a Babinski sign are seen in 30—
50% of patients (Kollensperger et al., 2010). Abnormal postures, including
antecollis, bent spine, and limb dystonia, are common (K&llensperger et al., 2008).
As the disease progresses, patients develop dysarthria, dysphagia, and frequent falls.

MSA patients have a prodromal phase in 20—75% of cases, with symptoms such
as sexual dysfunction, urinary incontinence or retention, orthostatic hypotension,
inspiratory stridor, and REM sleep behavior disorder appearing months to years
before motor symptoms emerge (Jecmenica-Lukic et al., 2012).

Autonomic failure is a hallmark of MSA and can be present early in the disease
course. Urogenital dysfunction is common, including erectile dysfunction in men
and genital hyposensitivity in women, as well as urinary urgency, incontinence,
nocturia, and incomplete bladder emptying. Severe orthostatic hypotension is the
main feature of cardiovascular autonomic failure and may be asymptomatic or cause
syncope, dizziness, weakness, and nausea (Wenning et al., 2022). Respiratory
complications, including inspiratory stridor and sleep apnea, affect a substantial
portion of patients, often in later disease stages (Ko6llensperger et al., 2008; Fanciulli
& Wenning, 2015; Wenning et al., 2022). Other autonomic disturbances include
constipation, impaired thermoregulation, and reduced sweating (Fanculli &
Wenning, 2015; Lipp et al., 2009; Sakakibara et al., 2004).

Cognitive impairment is uncommon, but frontal-lobe dysfunction with attention
deficits, depression, anxiety, and panic attacks can occur (Kollensperger et al., 2008;
Stankovic et al.,, 2014). Dementia or visual hallucinations should prompt
consideration of DLB rather than MSA (Gilman et al., 2008; Wenning et al., 2022).

MSA is characterized by a steadily worsening disease course, with a median
survival of 610 years (Wenning et al., 2013). Within three years, half of patients
require walking aids (Watanabe et al., 2002), and by five years, 60% need a
wheelchair (Klockgether et al., 1998). The median time before the patient is
bedridden is 6 to 8 years (Watanabe et al., 2002). Death often results from
bronchopneumonia, urosepsis, or sudden respiratory failure due to brainstem
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dysfunction. Factors predicting rapid progression include older age, a parkinsonian
phenotype, and early autonomic failure, whereas a cerebellar subtype predicts slower
progression (Wenning et al., 2013).

2.2.24  Neuropathological criteria of MSA

The definitive diagnosis of MSA relies on neuropathological examination. The
Movement Disorder Society (MDS) neuropathological criteria require widespread
a-synuclein—positive glial cytoplasmic inclusions alongside neurodegeneration in
striatonigral and olivopontocerebellar systems for a definitive diagnosis (Wenning
et al., 2022). Neuropathological changes vary by subtype: MSA-P shows
degeneration in the SN and Put, while MSA-C primarily affects pontocerebellar
structures. Though clinical criteria have improved, neuropathological confirmation
remains essential to distinguish MSA from other neurodegenerative disorders like
PD.

223 Progressive supranuclear palsy (PSP)

PSP was first described in 1964 by Steele, Richardson, and Olszewski as a distinct
neurodegenerative disorder characterized by postural instability, vertical gaze palsy,
and cognitive impairment (Steele et al., 1964). At that time, PSP was often
misdiagnosed as PD or other movement disorders due to overlapping symptoms.
Over time, research has expanded the understanding of PSP, revealing multiple
clinical subtypes with varying presentations. Despite advances in diagnostic tools
such as imaging and biomarkers, PSP remains a challenging disease to diagnose
early. No disease-modifying treatments exist, making symptom management the
primary focus of care (Lamb et al., 2016).

2.2.31 Epidemiology and risk factors

The epidemiology of PSP has been primarily studied in cases of PSP-Richardson
syndrome (PSP-RS). The prevalence of PSP is generally estimated at around 5-6.4
per 100 000, with incidence rates ranging from approximately 0.16 to 2.6 per
100 000 person-years depending on the diagnostic criteria and population studied
(Kukkle et al., 2025; Lyons et al., 2023). The median survival time is about 7 years
(Golbe & Ohman-Strickland, 2007).

The discovery of multiple PSP subtypes suggests the disease is more common
than previously believed. An autopsy study of 100 PSP cases found that nearly half
did not present with PSP-RS (Respondek et al., 2014). A broader epidemiological
study reported a PSP prevalence of 17.9 per 100,000, with PSP-RS accounting for
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14.3 per 100,000 (Takigawa et al., 2016). Additionally, forensic and community
autopsy series reveal PSP pathology in 3-6.7% of cases, raising questions about its
true frequency, particularly when occurring alongside other neurodegenerative
diseases (Dugger, Hentz, et al., 2014; Kovacs et al., 2013; Yoshida et al., 2017).

PSP is a sporadic neurodegenerative disorder of unknown etiology (Boxer et al.,
2017). Environmental factors have been hypothesized to contribute to its
development, with early suspicions arising from a PSP-like syndrome in Guadeloupe
linked to the consumption of Annona Muricata, a fruit containing neurotoxic
alkaloids (Champy et al., 2004; Champy et al., 2005; Lannuzel et al., 2003).
However, case-control studies have yielded inconsistent results regarding pesticide
exposure as a risk factor, while drinking well water has been implicated in one large
study (Litvan et al., 2016). Due to the rarity of PSP, identifying environmental risks
remains challenging.

Although familial cases are rare, mutations in the MAPT gene can cause PSP
pathology (Hoglinger et al., 2017; Im et al., 2015). The strongest genetic risk factor
is the MAPT H1 haplotype, particularly its H1c sub-haplotype, which is significantly
more common in PSP patients (Baker et al., 1999; Pittman et al., 2005). Genome-
wide association studies (GWAS) have corroborated the MAPT gene’s importance
and identified additional risk loci, including STX6, MOBP, and EIF2AK3 (Hoglinger
et al., 2011). Other genetic variants in CXCR4, EGFR, and GLDC may also
contribute. Furthermore, genetic factors appear to influence PSP phenotypes and
disease onset (Jabbari et al., 2019).

2232 Pathogenesis

PSP is classified as a primary tauopathy, both genetically and neuropathologically
(Hoglinger et al., 2011), characterized by the accumulation of hyperphosphorylated
tau in neurons and glial cells, particularly in the basal ganglia, brainstem, and frontal
cortex (Kovacs, 2015). This tau pathology disrupts cellular function, and leads to
neuronal loss, gliosis, and widespread brain atrophy.

The molecular mechanisms underlying tau aggregation in PSP involve
dysfunction in tau phosphorylation, clearance, and interactions with microtubules.
Additionally, oxidative stress, mitochondrial dysfunction, and neuroinflammation
contribute to disease progression by exacerbating tau pathology and neuronal
damage (Haque et al., 2019; Nilson et al., 2017).

Unlike in AD, where tau pathology primarily affects the temporal lobes, PSP
predominantly targets frontal regions and brainstem (Heikkinen et al., 2022; Kovacs
et al., 2020). Despite advances in understanding PSP’s pathogenesis, no disease-
modifying therapies exist.
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2.2.3.3 Symptoms

Like PD and MSA, neurodegenerative diseases often begin with a presymptomatic
phase where pathology accumulates without clinical symptoms. Evidence suggests
a similar process in PSP, as mild PSP pathology has been found in some
asymptomatic elderly individuals, indicating that many cases may not progress to
overt disease (Dugger, Hentz, et al., 2014; Nogami et al., 2015; Yoshida et al., 2017).

Presymptomatic PSP occurs in individuals who are asymptomatic but at risk of
developing PSP symptoms. The MDS PSP criteria (Hoglinger et al., 2017), which
focus on clinical diagnosis, do not account for the presymptomatic phase, though
they align with this concept. Autopsy studies support the existence of
presymptomatic PSP. For example, one community-based study using brain
autopsies detected PSP pathology in 2.1% of 233 individuals (Kovacs et al., 2013).
Two similar autopsy studies found PSP pathology in 4.2% of 119 clinically healthy
elderly individuals (Dugger, Hentz, et al., 2014) and in 4.6% of 626 people over 60
years (Yoshida et al., 2017). These findings contrast with the low estimated
prevalence of clinically diagnosed PSP-RS (Coyle-Gilchrist et al., 2016), suggesting
that many individuals with PSP pathology may never develop symptoms. At early
symptomatic phase individuals show mild clinical signs of PSP but do not meet full
diagnostic criteria. Symptoms may include isolated saccadic slowing or unexplained
postural instability (Respondek et al., 2014).

PSP presents with distinct clinical phenotypes, the most common being PSP-RS.
PSP-RS is the classic and most recognized form, originally defined in the 1996
National Institute for Neurological Disorders and Society for PSP research criteria
(Litvan, Agid, et al., 1996). It typically begins with unexplained falls, unsteady gait,
and bradykinesia. Subtle personality changes, including apathy and disinhibition,
often accompany early cognitive slowing and executive dysfunction, making daily
tasks increasingly challenging. Speech becomes slow, ataxic, spastic, and
hypophonic, and dysphagia progressively impairs swallowing (Williams & Lees,
2009). Ocular motor dysfunction is a hallmark of PSP-RS. Early signs include
slowing of vertical saccades, difficulty reading, and apraxia of eyelid opening. The
defining feature, vertical supranuclear gaze palsy, emerges later, typically 3—4 years
after onset.

The parkinsonism variant of PSP (PSP-P), associated with a less severe course
of the disease, is the second most common and is diagnosed in 14-35% cases of PSP
(Caso et al., 2018). PSP-P mimics PD with asymmetric tremor, bradykinesia, and
initial levodopa responsiveness. However, it progresses faster than PD, with fewer
levodopa-induced dyskinesias and less autonomic dysfunction (Ling, 2016). Most
PSP-P cases eventually develop PSP-RS features.

PSP with progressive gait freezing (PSP-PGF) presents as isolated gait freezing
and start hesitation, often preceding other PSP symptoms by years (Owens et al.,
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2016). Unlike PD, PSP-PGF lacks early tremor or rigidity, but it is strongly
predictive of PSP pathology (Williams & Lees, 2009). Over time, additional PSP
features emerge, confirming the diagnosis.

PSP-Corticobasal Syndrome (PSP-CBS) shares clinical features with CBD,
including progressive limb rigidity, apraxia, cortical sensory loss, and alien limb
phenomena. Due to substantial overlap with CBD, distinguishing PSP-CBS from
CBD before autopsy remains difficult (Ling et al., 2010).

PSP-Speech and Language (PSP-SL) manifests initially as nonfluent speech and
language impairments, including agrammatism and apraxia of speech (Gorno-
Tempini et al., 2011). These deficits progressively worsen before motor symptoms
of PSP-RS emerge (Josephs et al., 2014; Santos-Santos et al., 2016). Most cases
exhibit tau pathology post-mortem, supporting their classification as a PSP variant
(Spinelli et al., 2017).

PSP-Frontal Presentation (PSP-F) is a rare phenotype. PSP-F mimics behavioral
variant frontotemporal dementia (bvFTD), presenting with personality, behavioral,
and cognitive changes (Rascovsky et al., 2011). Early symptoms include apathy,
disinhibition, compulsivity, and social inappropriateness. As the disease progresses,
motor dysfunction consistent with PSP-RS becomes apparent, confirming the
diagnosis. In a Mayo Clinic study, only 4.5% of 66 autopsy-confirmed PSP cases
exhibited these symptoms (Hassan et al., 2012). However, a European study reported
a higher prevalence, with 12% of 100 autopsy-confirmed PSP cases presenting FTD-
like features at disease onset (Respondek et al., 2014).

PSP with predominant cerebellar ataxia (PSP-C) is a rare phenotype presenting
with cerebellar ataxia before developing PSP-RS features. A study identified only
five PSP-C cases among 1,085 autopsy-confirmed PSP patients, with four clinically
misdiagnosed as multiple system atrophy type C (Koga et al.,, 2016). Due to
diagnostic challenges, PSP-C is not included in the new MDS PSP criteria.

Some PSP patients have additional neuropathologies influencing their clinical
presentation, including AD or PD, TDP-43 deposition, and cerebrovascular disease.
In a study of 64 PSP cases, for example, 36% had Alzheimer’s pathology, 20% had
Parkinson’s, and 44% had argyrophilic grain disease (Dugger, Adler, et al., 2014).
Eventually, most PSP patients need a wheelchair and often die after an average of 8
years as a result of aspiration. PSP patients often show significant clinical and
diagnostic overlap with FTD syndromes, in addition to other parkinsonian disorders,
highlighting the need for more accurate and specific diagnostic criteria (Heikkinen
et al., 2025).
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2234 Neuropathological criteria of PSP

The 1996 National Institute of Neurological Disorders and Stroke criteria for PSP
require tau-based neurofibrillary tangles or neuropil threads in the basal ganglia and
brainstem (Litvan, Hauw, et al., 1996). PSP pathology includes neuronal loss,
gliosis, tufted astrocytes, and oligodendroglial coiled bodies (Dickson et al., 2010).
Recently, the PSP neuropathological criteria have been updated to stipulate detection
methods (phosphorylated tau immunohistochemistry) and glial tau pathology
(Roemer et al., 2022). The regional distribution of tau pathology contributes to
clinical heterogeneity, with more cortical involvement in PSP-CBS (Ling et al.,
2014), PSP-SL (Spinelli et al., 2017), and PSP-F, and brainstem-predominant
pathology in PSP-P and PSP-PGF. PSP-P and PSP-PGF, show less cortical tau
pathology but greater degeneration in the globus pallidus, subthalamic nucleus, and
substantia nigra than PSP-RS (Williams & Lees, 2009). Studies suggest different
PSP phenotypes arise from tau’s selective spread through functionally connected
brain networks (Gardner et al., 2013). Experiments with tau transgenic mice show
that PSP-associated tau strains can spread in a prion like manner (Clavaguera et al.,
2013; Sanders et al., 2014).

2.2.4 The treatment of parkinsonism

The treatment of Parkinsonism encompasses many strategies, including
pharmacological therapy, device-aided therapies, physical interventions, and
supportive care tailored to the specific disorder (Hayes, 2019; Levin et al., 2016;
Seppi et al., 2011). PD, MSA, and PSP each require an individualized approach to
management, though they share some common therapeutic principles.

At early stages, PD responds well to dopaminergic medications, particularly
levodopa combined with aromatic L-amino acid decarboxylase (AADC) inhibitors,
such as carbidopa or benserazide, which prevents peripheral breakdown of levodopa,
thereby enhancing its brain availability while reducing side effects like nausea.
Levodopa remains the most effective treatment for PD, and nearly all patients require
it at some stage. As a precursor to dopamine, it crosses the blood-brain barrier
(BBB), allowing surviving dopaminergic neurons to boost dopamine production and
alleviate symptoms. Other drugs, such as dopamine agonists and monoamine
oxidase-B (MAO-B) inhibitors, help manage motor symptoms by directly acting on
the dopamine receptor or making more dopamine available in the brain. Advanced
cases may benefit from DBS, and infusion therapies, such as continuous intrajejunal
delivery of levodopa-carbidopa intestinal gel (LCIG) infusion, levodopa-
entacapone-carbidopa intestinal gel (LECIG) infusion, and continuous subcutaneous
apomorphine infusion (CSAI) (van Laar et al., 2023). Foslevodopa/foscarbidopa is
a novel, water-soluble formulation of levodopa and carbidopa prodrugs,
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administered via a continuous 24-hour subcutaneous infusion using an infusion set
and a portable pump (Rosebraugh et al., 2021). Non-motor symptoms like depression
and cognitive impairment require additional therapies (Seppi et al., 2011).

MSA is less responsive to dopaminergic therapy. Approximately one-third of
patients with MSA-P experience an improvement in hypokinetic-rigid symptoms
with levodopa treatment (Constantinescu et al., 2007). Currently, no effective
treatment is available for ataxia. Treatment focuses on managing autonomic
dysfunction, and other vegetative symptoms, as these significantly impact patients’
quality of life (Schrag et al., 2006). Additionally, speech therapy, occupational
therapy, and physiotherapy are advised.

PSP also has limited response to medication, and its treatment remains purely
symptomatic (Stamelou et al., 2010). Key therapeutic targets include akinetic-rigid
symptoms, oculomotor impairments, neuropsychological deficits, as well as
occasional dystonia and sleep disturbances. Additionally, speech therapy and
physiotherapy are recommended to reduce the risk of aspiration and falls.

2241 Levodopa

Levodopa has been central to PD treatment for over half a century. Its therapeutic
journey began in the early 20th century when it was first isolated from seedlings
of'the Vicia faba plant between 1910 and 1913 (Guggenheim, 1913). The discovery
of levodopa decarboxylase in 1938 (Holtz et al., 1938), the enzyme responsible for
converting levodopa to dopamine, was pivotal in understanding its potential role
in neurochemistry. By 1957, dopamine was identified in the brain (Montagu, 1957;
Weil-Malherbe & Bone, 1957), and two years later, it was found to be concentrated
in the basal ganglia (Bertler & Rosengren, 1959), suggesting its involvement in
motor control. These findings led to the hypothesis that dopamine deficiency might
underlie PD symptoms (Carlsson, 1959). In 1960, postmortem analyses confirmed
a significant dopamine deficit in the striatum of PD patients (Ehringer &
Hornykiewicz, 1960), providing a rationale for dopamine replacement therapy
using levodopa. The first successful clinical trial in 1961 demonstrated levodopa's
remarkable efficacy in alleviating PD symptoms (Birkmayer & Hornykiewicz,
1961). Subsequent advancements included the introduction of chronic high-dose
oral levodopa regimens in 1967 (Cotzias et al., 1967) and the combination of
levodopa with dopa decarboxylase inhibitors, such as carbidopa, in the early 1970s
to enhance its effectiveness and reduce side effects (Birkmayer et al., 1974;
Markham et al., 1974; Papavasiliou et al., 1972; Yahr et al., 1971). Today,
levodopa remains the gold standard in PD treatment, offering significant
symptomatic relief despite ongoing challenges such as motor complications
associated with long-term use.
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Levodopa’s absorption is variable and oral bioavailability low, primarily due to
extensive presystemic metabolism. After oral administration, levodopa is absorbed
quickly primarily in the proximal small intestine via a saturable transport system that
also handles large neutral amino acids, making it susceptible to competition from
dietary proteins. Only 30% of the orally administered dose enters the systemic
circulation (Contin & Martinelli, 2010). Consequently, food intake, especially
protein-rich meals, can lead to inconsistent absorption and plasma concentration
fluctuations. Fasting significantly speeds up levodopa absorption, with peak plasma
levels (tmax) reached in 15-60 minutes (Baruzzi et al., 1987; Nutt et al., 1984). Taking
levodopa 30 minutes after a meal delays tmax by two- to threefold and lowers peak
plasma concentration by about 30% (Baruzzi et al., 1987). Consistently dosing at
least 30 minutes before meals help stabilize plasma levels and reduces variability in
bioavailability.

Levodopa is also subject to extensive peripheral metabolism. Once absorbed,
levodopa undergoes rapid peripheral metabolism by AADC and catechol-O-
methyltransferase (COMT), resulting in a short plasma half-time of approximately 50
minutes when administered alone. Therefore, levodopa is commonly administered in
combination with a peripheral AADC inhibitor, such as carbidopa, and in some
treatment regimens with COMT inhibitors like entacapone. However, levodopa’s half-
life is short even when administered with concomitant peripheral inhibitors, ranging
from 0.7 to 1.4 h in chronically treated patients (Contin et al., 1990). The short half-
life of levodopa results in pulsatile stimulation of dopamine receptors, which is thought
to contribute to the development of motor complications such as the wearing-off
phenomenon and dyskinesias in patients receiving long-term therapy, although the
mechanism remains unclear (Nutt, 1987, 1990). To address these issues, various
strategies have been developed. These include altering the timing of levodopa
administration in relation to meals, using controlled-release formulations, and
implementing continuous intestinal infusions in advanced cases to stabilize plasma
drug levels (Contin et al., 1996; Nyholm, 2006; Olanow et al., 2020).

Levodopa, as the precursor to dopamine, alleviates motor symptoms in PD by
replenishing dopamine levels in the brain. A significant and lasting response to
treatment strongly supports a PD diagnosis. While various therapeutic options exist
for early-stage PD, nearly all patients will ultimately require levodopa as the disease
progresses. However, not all PD symptoms respond equally to levodopa.
Bradykinesia and rigidity tend to show the most significant improvement with
dopaminergic therapy, whereas tremor exhibits a more variable response. In contrast,
symptoms such as postural instability, micrographia, and speech disturbances are
generally less responsive to dopaminergic treatment, suggesting they may result
from deficits in other neurotransmitter systems. As PD progresses, patients often
require more frequent and higher doses of levodopa. This change is not due to
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tolerance but reflects the disease’s impact on the brain's ability to store and utilize
dopamine (Chou et al., 2018). As the disease advances, patients lose the long-
duration response to dopaminergic medications, necessitating more frequent dosing.

However, long-term high-dose use of levodopa in PD, is associated with motor
complications, including dyskinesias (abnormal involuntary movements) and motor
”wearing-off” fluctuations. These complications affect 75% of patients after 6 years
of'levodopa therapy (Fahn, 1992). Multiple studies have identified the dosage (Fahn
et al., 2004; Poewe et al.,, 1986) of levodopa therapy as key risk factors for
developing motor complications. Studies also suggests that dopamine agonists are
significantly less likely to cause these issues (Montastruc et al., 1994; Przuntek et
al., 1996; Rinne et al., 1998). The exact mechanism behind levodopa-induced motor
complications remains unclear. One hypothesis suggests that levodopa’s higher
potency and shorter half-life, compared to dopamine agonists, contribute to these
effects. Since motor complications are dose-dependent (Fahn et al., 2004), using the
lowest effective levodopa dose is recommended. Pulsatile levodopa administration
may also play a role (Chase, 1998; Mouradian et al., 1990; Zappia et al., 2000),
supporting the use of extended-release formulations or COMT inhibitors to prolong
its half-life. However, clinical trials comparing regular and long-acting levodopa
preparations have shown no difference in motor fluctuation rates (Block et al., 1997,
Koller et al., 1999), and no studies have yet confirmed whether early COMT
inhibitor use delays these complications.

For MSA, one diagnostic criterion is “poorly levodopa-responsive
parkinsonism” (Litvan et al., 2003; Wenning et al., 2022). However, studies indicate
that 30—40% of MSA patients experience at least temporary benefit from levodopa
(Colosimo et al., 2005; Maal et al., 2016). MSA and PD patients differ in levodopa
tolerability. MSA patients are more prone to worsening orthostatic hypotension
(Burns & McFarland, 2020; Colosimo et al., 2005; Wenning et al., 2005) but less
likely to develop levodopa-induced psychiatric effects or motor fluctuations
(Wenning et al., 2000). When motor complications occur in MSA, they typically
appear within the first five years, often as facial dystonia rather than limb
dyskinesias. Notably, some MSA patients develop levodopa-induced involuntary
movements even without therapeutic benefit (Wenning et al., 2005).

Levodopa responsiveness in PSP is generally poor, and a marked or prolonged
benefit is considered an exclusion criterion for diagnosis (Hoglinger et al., 2017;
Litvan et al., 2003). Studies indicate that about one-third of PSP patients experience
some improvement with levodopa, though the response is typically minimal and
short-lived (Lang, 2005; Martin et al., 2021; Nieforth & Golbe, 1993). Levodopa-
induced dyskinesias and psychosis have been reported rare. A clinicopathological
study identified two PSP subtypes with differing levodopa responses; PSP-RS (54%
of cases) showed poor response, while PSP-P (32%) exhibited a moderate initial
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benefit, particularly in patients with asymmetric motor features and tremor (Williams
et al., 2005). Some PSP patients may experience levodopa-induced worsening of
motor symptoms, including exacerbation of parkinsonism, bulbar dysfunction, and
gaze palsy (Kompoliti et al., 1998).

One of the most debated issues in PD’s treatment has been whether levodopa has
neurotoxic effects. Although early in vitro studies suggested potential harm to
dopaminergic neurons (Fahn, 1996), clinical evidence is inconclusive. The
ELLDOPA study, a placebo-controlled trial, sought to clarify levodopa’s impact
(Fahn et al., 2004). After 42 weeks, patients on levodopa had better clinical outcomes
than those on placebo, suggesting it is not neurotoxic and may even be
neuroprotective. However, higher doses were linked to increased motor
complications, and imaging data again showed greater declines in dopamine
transporter markers with levodopa use, raising concerns about its long-term effects.
Nevertheless, more recent studies suggest that levodopa is a good and safe treatment
option (Gray et al., 2014; Frequin er al., 2024). Epidemiological and clinical studies,
including long-term follow-ups, have not shown that levodopa treatment worsens
disease trajectory compared with other dopaminergic therapies, and levodopa is
widely regarded as the most effective symptomatic treatment for motor symptoms in
all stages of PD (Riederer et al., 2025; Scheperjans, 2024). Improvements in
understanding levodopa response have also shown that delaying its initiation does
not confer long-term protective effects and may, in fact, delay optimal symptomatic
control. While levodopa is associated with motor complications such as dyskinesia
and fluctuations, these are pharmacodynamic consequences of long-term therapy
rather than evidence of underlying neurotoxicity.

2.24.2  Other symptom relieving medication

Pharmacologic treatments for PD primarily target dopamine pathways. Levodopa,
dopamine agonists, and MAO-B inhibitors are common initial therapies (Fox et al.,
2018). Anticholinergics may help young patients with tremor but require caution due
to cognitive risks (Fox et al., 2018).

Dopamine agonists (pramipexole, ropinirole, rotigotine) stimulate dopaminergic
receptors in the CNS, alleviating PD’s symptoms. While less potent than levodopa,
they are preferred for their lower risk of dyskinesias and longer half-life. Their
reduced D2 receptor stimulation may explain the decreased dyskinesia risk.
However, their broader receptor stimulation can increase the risk of hallucinations,
hypotension, somnolence (including sleep attacks), leg edema, and compulsive
behaviors like excessive gambling or sexual activity (Garcia-Ruiz et al., 2014),
especially in the elderly. It is advisable to consider carbidopa/levodopa in the elderly
to minimize complications.
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Peripheral COMT inhibitors (entacapone, opicapone, tolcapone) and central
MAO-B inhibitors (rasagiline, selegiline) prevent the breakdown of levodopa and
dopamine, extending the effects of carbidopa/levodopa (Fabbri et al., 2022; Tan et
al., 2022). However, they may increase levodopa side effects, including
hallucinations, dyskinesia, and nausea. MAO-B inhibitors can also interact with
certain drugs, raising the risk of serotonin syndrome.

In cases of severe "off" periods, therapies like subcutaneous apomorphine
injections (Pessoa et al., 2018) or inhaled/soluble levodopa (LeWitt et al., 2019) can
provide quicker responses. These medications can be administered multiple times a
day to address fluctuating symptoms. For managing dyskinesias, reducing
dopaminergic medication doses or adding amantadine may be effective (Fox et al.,
2018). Amantadine, particularly in its extended-release form, is FDA-approved for
treating dyskinesias in PD (Pahwa et al., 2017). However, the EMA has not granted
a centralised marketing extended-release authorisation for this indication in the EU.

While dopaminergic therapies address motor symptoms, nonmotor symptoms
require treatments targeting different neurotransmitter systems. For PD dementia,
rivastigmine is considered clinically useful (Seppi et al., 2019). Other cholinesterase
inhibitors, such as donepezil and galantamine, have more limited supporting
evidence. Memantine, commonly used for AD, lacks efficacy for PD dementia.
Antidepressants, including selective serotonin reuptake inhibitors (SSRI) and
tricyclic antidepressants, can help manage depression in PD, with pramipexole, also
providing benefits for some patients (Seppi et al., 2019).

For treating PD psychosis, the first step is to reduce medications that may
contribute to the symptoms, such as dopamine agonists, amantadine, or levodopa.
If psychosis persists, medications like pimavanserin, clozapine, or quetiapine may
be considered (Seppi et al., 2019). Pimavanserin is the only FDA-approved drug
for PD psychosis, though its long-term safety remains uncertain (Cummings et al.,
2014; Seppi et al., 2019). However, the drug is not available in Europe. Clozapine
has proven effective, but its use requires careful monitoring for severe side effects,
including neutropenia. Quetiapine, while commonly prescribed due to its
convenience, lacks robust evidence supporting its efficacy for PD psychosis.

Sleep disturbances, fatigue, and excessive daytime sleepiness are frequent and
disabling in PD. However, there are no pharmacological treatments with established
efficacy for these issues (Elbers et al., 2015; Seppi et al., 2019). Non-drug approaches,
including cognitive-behavioral therapy, may be useful. For REM sleep behavior
disorder, melatonin and clonazepam are first-line treatments, though evidence remains
limited (Howell & Schenck, 2015). Autonomic symptoms like orthostatic hypotension
and constipation are common in PD and especially in MSA. Fludrocortisone,
midodrine, and droxidopa may help manage orthostatic hypotension, while various
laxatives and prokinetic agents are used to address constipation (Seppi et al., 2019).
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There is limited evidence for treatments specific to PD-related urinary symptoms,
though sildenafil is helpful for sexual dysfunction. Botulinum toxin injections remain
the most effective therapy for sialorrhea (Seppi et al., 2019).

2243 Other treatment modalities

Different exercise modalities benefit various motor symptoms, improving
mobility, balance, and function. Physiotherapy, occupational therapy, and speech
therapy (for speech and swallowing difficulties) are also valuable in managing PD
and atypical parkinsonisms (Fox et al., 2018; Mak et al., 2017; Tomlinson et al.,
2013). Interdisciplinary therapy referrals are essential for comprehensive care.

Advanced treatment options such as DBS, magnetic resonance imaging- (MRI)
guided focused ultrasound, and levodopa-carbidopa enteral suspension therapy
require evaluation at specialty centres. These interventions are suitable for patients
with medication-responsive motor symptoms who experience complications like
dyskinesias or off periods despite medication adjustments. DBS and focused
ultrasound targeting the thalamus can help treat medication-refractory tremors. DBS
involves surgically implanting leads into the subthalamic nucleus or globus pallidus
interna, which are connected to a battery in the chest, similar to a pacemaker. After
recovery, patients undergo programming visits to optimize stimulation parameters
and medication regimens. DBS helps manage motor fluctuations, tremors, and
dyskinesias (Fox et al., 2018). For tremor-predominant PD, ventralis intermedius
nucleus (thalamic) DBS, MRI-guided focused ultrasound, or traditional
thalamotomy may be used (Bond et al., 2017). Focused ultrasound creates a lesion
in the thalamus to reduce tremors, improving on-medication tremor scores by 62%
(Bond et al., 2017). However, it is currently performed unilaterally due to potential
adverse effects on speech and balance. Factors associated with poorer DBS outcomes
include advanced age (>75 years), cognitive impairment, and levodopa-unresponsive
symptoms such as balance disturbances (Moro et al., 2016). Screening tools,
including questionnaires and online assessments, can help identify suitable
candidates (Okun et al., 2004).

2.3 The role of neuroinflammation in
neurodegenerative diseases

In 1975, immune-related proteins were first detected in senile plaques of AD patients
(Rogers et al., 1988). By the 1980s, microglial activation was recognized in several
neurodegenerative diseases, including AD, PD, and ALS (McGeer, Itagaki, Boyes,
et al.,, 1988; McGeer, Itagaki, & McGeer, 1988; McGeer et al., 1987), though
inflammation was seen as a secondary effect rather than a cause. In the 1990s, studies
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showed long-term NSAIDs use reduced AD risk by up to 50%, sparking interest in
neuroinflammation’s role (Kinney et al., 2018). Research on microglia’s origin,
function, and toxicity has deepened understanding of their link to neurodegeneration
(Banati et al., 1993; Dickson et al., 1993; Ling & Wong, 1993; McGeer et al., 1993).

2.3.1 Neuroinflammation

Inflammation is the body's natural response mechanism against infections, injuries,
and harmful stimuli. It involves immune cells, cytokines, and signaling pathways
that help eliminate threats and promote tissue repair. Acute inflammation is a short-
term response characterized by swelling, redness, heat, and pain, while chronic
inflammation can lead to persistent tissue damage and contribute to diseases such as
arthritis, cardiovascular disorders, cancer, and neurodegenerative diseases
(Fernandez et al., 2019; Karin, 2006).

Chronic inflammation is increasingly recognized as a key element in
neurodegenerative diseases (Hammond et al., 2019). Previously considered a
consequence of protein buildup, immune signaling is now believed to actively drive
protein aggregation early in neurodegenerative disease (Hong et al., 2016; Shi et al.,
2017; Sosna et al., 2018). While the immune system typically maintains homeostasis
and resolves inflammation after clearing threats (Bernier et al., 2020; Hanisch &
Kettenmann, 2007), persistent stimuli can lead to chronic inflammation and the release
of neurotoxic factors. These stimuli include internal factors like protein aggregates
(Hammond et al., 2019), environmental triggers such as infections, gut dysbiosis,
aging, and diet (Fairley et al., 2022; Mou et al., 2022; Park & Kim, 2021), and genetic
risks like PGRN and APOE4 mutations (Duro et al., 2022; Zheng et al., 2022).

The CNS is populated by neurons and neuroglial cells, which contribute to the
mechanisms of neuroinflammation. Neuroglial cells include astrocytes,
oligodendrocytes, microglia and ependymal cells. Microglia are the resident immune
cells of the CNS. In a resting state, they constantly survey the CNS for signals of
damage or infection (Colonna & Butovsky, 2017). When triggered by stimuli such
as neuronal injury, amyloid-B, or a-synuclein aggregates, they become activated and
shift into different phenotypes (Gao et al., 2023). The pro-inflammatory MI
phenotype releases cytokines tumor necrosis factor alpha (TNF-a), interleukin-1
beta (IL-1B), and IL-6, along with ROS contributing to neuronal damage (Lull &
Block, 2010). Conversely, the M2 phenotype supports tissue repair through anti-
inflammatory signals like IL-10 and transforming growth factor-beta (TGF-pB). The
balance between these states is vital, as sustained M1 activation is linked to
neurodegenerative diseases. Key regulators such as NF-kB drive pro-inflammatory
responses, while pathways like STAT6 promote repair.
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Astrocytes are the most abundant glial cells in the CNS. They are recognized as
active participants in the immune response. They become reactive in response to
injury or disease, adopting proinflammatory or anti-inflammatory phenotypes
(Giovannoni & Quintana, 2020). Activated astrocytes release pro-inflammatory
cytokines such as IL-1, IL6, and TNF- o influencing neurons and microglia.
Microglial signals—particularly IL-1a, TNF-a, and C1g—can drive astrocytes into
aneurotoxic "A1" state. These A1 astrocytes exacerbate inflammation and contribute
to neuronal death, shifting from supportive roles to drivers of neurodegeneration.

Although the CNS is traditionally considered immune-privileged, pathological
conditions can disrupt the BBB, allowing peripheral immune cells like T cells, B
cells, and macrophages to infiltrate and contribute to neuroinflammation (Zang et
al., 2022). In diseases such as MS, autoreactive Thl and Th17 cells cross the BBB,
promoting demyelination through cytokines like IFN-y and IL-17. Also, peripheral
macrophages, when recruited to CNS, can contribute by releasing pro-inflammatory
cytokines and phagocytosing neuronal debris (Goverman, 2009; Kamma et al.,
2022). In contrast, regulatory T cells (Treg) help control inflammation by
suppressing effector T cells and releasing IL-10 and TGF-p.

Neuroinflammation is driven by key molecular pathways that regulate immune
cell activation in the CNS. These include NF-kB, JAK-STAT, MAPK, and the
NLRP3 inflammasome, which respond to triggers like infections, misfolded
proteins, and cellular stress, and amplify inflammatory responses and exacerbate
neuronal damage (Zhang et al., 2023). Figure 9 presents the neuroinflammatory
mechanisms contributing to neurodegeneration.
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Figure 9. Neuroinflammatory mechanisms and factors contributing to neurodegeneration.
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2.3.2 T cells

T cells are a type of white blood cell known as lymphocytes and are essential to the
immune response. They constitute a central component of the adaptive immune
system, which is characterized by antigen specificity, immunological memory, and
tightly regulated cellular responses. Two main types of T cells are cytotoxic T cells
that kill infected or abnormal cells, and helper T cells which coordinate the immune
response by signaling other cells like B cells, macrophages, and cytotoxic T cells
(Zhu & Paul, 2008). T cells express the cell membrane marker cluster of
differentiation (CD)3. Among T cells, the subgroups cytotoxic and helper T cells can
be identified by the expression of CD8 and CD4, respectively. An essential role in
the immune system plays also Treg cells, which help prevent excessive immune
activity and protect the body from attacking its own healthy cells. Figure 10 presents
the T cells.
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Figure 10. CD3+ T cells (arrows) from the SNc of a PSP patient. CD3 immunohistochemical
staining.

T cell activation begins when an antigen-presenting cell (APC) detects a threat
and displays a fragment of it on a major histocompatibility complex (MHC)
molecule (Davis & Dustin, 2004; Grakoui et al., 1999). Cytotoxic T cells recognize
antigens on MHC-I via their CDS8 receptor, while helper T cells bind MHC-II via
CD4. This specific interaction activates the T cell, triggering its immune function.

T cells originate in the bone marrow and migrate to the thymus, where they
mature and undergo rigorous selection to ensure they respond only to threats and not
to healthy cells (Koch & Radtke, 2011). Once matured as either CD4+ or CD8+ T
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cells, they travel to lymphatic tissues like lymph nodes, spleen, and tonsils, or
circulate in the bloodstream, staying on alert for infection. Under normal conditions,
BBB restricts T cell entry into the brain (Abbott et al., 2010; Galea et al., 2007).
However, during inflammation, infection, or injury, the BBB can become more
permeable, allowing activated T cells to enter the brain and participate in immune
defense or, in some cases, contribute to neuroinflammation (Varatharaj & Galea,
2017).

In neurodegenerative diseases like AD and PD, antigen-specific T cells migrate
from the peripheral immune system into the CNS, where they engage with resident
immune glial cells, influencing neuroinflammation and impacting neuronal survival.
Additionally, multiple alleles and variants of HLA genes have been identified as risk
factors for both AD and PD (Hamza et al., 2010; Wang et al., 2020). GWAS have
uncovered a shared genetic pathway between PD and autoimmune disorders,
involving HLA-DR and various inflammatory genes (Pierce & Coetzee, 2017;
Witoelar et al., 2017). Multiple studies have also demonstrated the role of T cells in
PD, both in human patients and in mouse models (Brochard et al., 2009; Yan et al.,
2021). In MSA, evidence of T cell infiltration into the CNS has also been
demonstrated in a mouse model (Williams et al., 2020). Regarding PSP, research on
T cell infiltration in the brain is more limited.

2.3.3 Microglia

Microglia are the resident immune cells of the CNS and constitute the brain’s
principal component of the innate immune system, playing pivotal roles in
maintaining brain homeostasis, synaptic remodeling, and responding to injury or
disease (Nayak et al., 2014). Microglia make up approximately 10—15% of all glial
cells and are commonly known as the resident macrophages of the CNS. Microglia
originate from yolk sac progenitors during early embryonic development, and
lodge CNS via the circulatory system (Ginhoux et al., 2010). Resting microglia in
the adult brain have a small cell body and a highly ramified morphology that
differentiates them from macrophages and dendritic cells (Nayak et al., 2014).
Resting microglial cells can be activated by various pathological stimuli in the
CNS, such as infection, brain trauma, stroke, and neurodegeneration. Upon
activation, they transform from their ramified form into amoeboid, reactive cells.
Figure 11 represents the anatomy of a resting and an activated microglial cell.
Activated microglia proliferate rapidly and release of a broad range of cytokines,
chemokines, and other immune mediators in response to the injury or insult (Ajami
et al.,, 2007; Lawson et al., 1992; Perry, 2004). Figure 12 presents the microglial
cells in an immunohistochemical staining.
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Figure 11. Anatomy microglial cells: A) resting and B) activated. In the resting state, microglial cells
exhibit a branched morphology, whereas in the activated state they adopt an ameboid
shape that changes in response to injury or disease. Created in https://BioRender.com.
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Figure 12. Microglial cells (arrows) from the SNc. Iba1 immunohistochemical staining.

Postmortem analyses of PD patients have revealed significant microglial
activation in the SNc, evidenced by strong expression of the MHC class II
receptor, HLA-DR (McGeer, Itagaki, Boyes, et al., 1988). Activated microglia
produce various pro-inflammatory mediators, which contribute to the sustained
loss of dopaminergic neurons (Imamura et al., 2003; Mogi, Harada, Kondo, et al.,
1994; Mogi, Harada, Riederer, et al., 1994). PET imaging has confirmed
microglial activation and dopaminergic neuron death in living PD patients, not
only in the SNc¢ but also in regions like the pons and basal ganglia (Gerhard,
Pavese, et al.,, 2006; Ouchi et al., 2005). While it remains unclear whether
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microglial activation initiates neuronal death or responds to it, experimental
evidence indicates a causative role. Neurotoxins such as lipopolysaccharide (LPS)
(Gao et al., 2002) and aggregated a-synuclein (Zhang et al., 2005) have been
shown to drive dopaminergic neuron degeneration through microglia-dependent
mechanisms. In familial PD, misfolded a-synuclein aggregates can activate
microglia and undergo harmful post-translational modifications through
microglia-derived nitric oxide, further contributing to neurodegeneration
(Giasson et al., 2000; Zhang et al., 2005).

Research on microglia in atypical parkinsonisms remains low. PET studies
have found widespread microglial activation in the brains of MSA patients. Studies
have also suggested that microglia become activated in response to the
accumulation of misfolded a-synuclein proteins within neurons and glial cells,
supporting the role of microglia in the pathogenesis of MSA (Sanchez-Guajardo et
al., 2015). The role of microglial activation in PSP remains more unclear. The
microglial activation in PSP is suggested to be associated with the pathogenic
deposition of tau (Alster et al., 2020).

24 Imaging of neurodegeneration

The main imaging modalities in the diagnosis and differential diagnosis of PD and
atypical parkinsonisms include MRI, PET, single-photon emission computed
tomography (SPECT), and computed tomography (CT) (Politis 2014). MRI is a
noninvasive imaging technique that generates cross-sectional images of internal
structures using strong magnetic field and radio waves. Unlike CT, MRI does not
use ionizing radiation. CT and MRI have limited utility in detecting dopaminergic
deficits in the brains of patients with PD. However, MR1 is valuable for identifying
structural abnormalities associated with other forms of parkinsonism, such as those
resulting from vascular lesions or brain tumors (Mahlkneht et al., 2010). MRI is
also useful for evaluating the extent and distribution of brain atrophy. PET and
SPECT imaging use ionising radioactive ligands to assess presynaptic dopamine
transporter function and availability in the striatum. PET provides higher spatial
resolution, but SPECT imaging is more widely available and cost-effective
(Schillaci et al., 2007).

241 CT-imaging

Brain CT is a widely available and fast neuroimaging technique that uses X-rays to
create cross-sectional images. During CT scan, a narrow X-ray beam rotates around
the patients, capturing multiple angles. When multiple slides are combined, they
form a three-dimensional reconstruction of the scanned area.
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CT is an important imaging tool, particularly for ruling out secondary causes of
parkinsonism and alternative diagnoses, such as brain tumors, normal pressure
hydrocephalus, cerebrovascular diseases or subdural hematomas (Carroll et al.,
2017; Keong et al., 2016; Pantano et al., 2008; Perkins & Liu, 2016). Its use in the
diagnosis of PD and atypical parkinsonisms remains limited. In PD, CT scans
typically appear normal, as the structural changes in the early stages of the disease
are not easily detectable by this modality. Unlike functional imaging methods, like
PET and SEPCT, CT cannot visualize dopaminergic deficits or metabolic changes.
Although MRI offers superior soft tissue contrast and more detailed visualization of
brain structures, CT remains a valuable option in emergency settings due to its speed,
accessibility, and lower cost. CT remains also a commonly used method, particularly
when MRI is not available or contraindicated.

24.2 Machine-learning -based imaging analysis

Computer-aided image analysis and machine learning are playing an increasingly
important role in modern medicine. Recent advancements, particularly in deep
learning, have improved the ability to detect, measure, and classify complex
patterns in medical images (Shen et al., 2017). Convolutional neural networks
(CNNs) have emerged as the leading method for medical image analysis. CNNs
are designed to automatically learn and extract features from images using
convolutional operations.

Combinostics is a Finnish company specializing in artificial intelligence (Al)
solutions aimed at enhancing the early detection, diagnosis, and management of
neurological disorders. One of Combinostic’s key components is cMRI, a cloud-
based Al software that provides fully automated quantification of brain MRI scans.
They have also developed an automated method, using CNNs (Kaipainen et al.,
2021; Pitkédnen et al., 2020), to evaluate medial temporal lobe atrophy (MTA),
global cortical atrophy (GCA), and the severity of white matter lesions (WMLs)/
white matter hyperintensities (WMHs) from CT scans. WML is a broad
pathological term, whereas WMH refer specifically to MRI-visible white matter
changes appearing hyperintense on T2- and FLAIR-weighted sequences. This
automated approach to assess brain atrophy from CT scans has been shown to be
as precise as the technique used for evaluating brain atrophy from MRI scans
(Kaipainen et al., 2021).

2.5 Depression in parkinsonism

Depression is a mental health disorder characterized by low mood and energy,
hopelessness, and a diminished interest or pleasure in previously enjoyed activities.
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It is a significant and growing health issue. In 2015 depressive disorders were
estimated to be the third leading cause of disability worldwide (GBD 2015 Disease
and Injury Incidence and Prevalence Collaborators, 2016). Depressive disorders
have a high impact on suicide rates, and the incidence of suicide is associated with
depression more than 50% of the time (Henriksson et al., 1993). The global point
prevalence is estimated to be 5% and incidence 3% (Ferrari et al., 2013). Depression
diagnosis is based on the criteria of the International Classification of Diseases,
Tenth Revision (ICD-10), as described in Komulainen et al. (2012). According to
the criteria, the degree of the disease depends on the amount and quality of the typical

symptoms.

ICD-10 diagnostic criteria for depression.

Criteria

D (core
symptoms)

E (additional
key symptoms)

The depressive episode has lasted for at least two weeks.
The person has not previously had a hypomanic or manic episode.

The most common exclusion diagnoses: Symptoms are not due to substance
use or a physical mental disorder.

1 Depressed mood occurring most of the day and on most days of the episode,
which is unusual for the person. This mood is not dependent on external
factors and has lasted for at least two weeks.

2 Lost of interest or pleasure in things that a person used to be interested in or
that gave them pleasure.

3 Decreased energy levels or exceptional fatigue.

1 Decreased self-confidence of self-esteem.

2 Unfounded or unreasonable self-accusations.
3 Recurrent thoughts of death or suicide, or self-destructive behaviour.

4 Difficulty concentrating, which may manifest as indecision or rushing through
things.

5 Psychomotor changes (agitation or retardation).
6 Sleep disorders.

7 Increase or decrease in appetite accompanied by weight change.

For the diagnosis to be made, criteria A, B, C, D, and E must be fulfilled, and symptom severity is
classified as follows: Mild: At least 4 symptoms (2 core symptoms), Moderate: At least 6 symptoms
(2 core symptoms), Severe: At least 7 symptoms (3 core symptoms).
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The pathophysiology of depression is complex and not fully understood.
Traditionally, it has been linked to reduced activity of monoamine neurotransmitters
— serotonin, norepinephrine, and dopamine — with antidepressants aiming to restore
their balance. Current research highlights the broader role of neuroplasticity,
involving both structural and functional brain changes in response to environmental
and experimental factors (Krishnan & Nestler, 2008). The treatment focuses on
pharmacotherapy and psychotherapy, both of which are reasonable treatment options
for moderate depression. The most effective treatment for severe depression is
electroconvulsive therapy (van Diermen et al., 2018).

Depression is one of the most common and disabling non-motor symptoms
associated with PD and atypical parkinsonisms. It affects patients’ quality of life and
can precede the onset of motor symptoms by several years. For patients and their
families, these neuropsychiatric symptoms are often more challenging and
distressing than the physical motor impairments (Hely et al., 2005). In clinical
settings, depressive disturbances are underrecognized and, even when identified,
frequently undertreated (Ravina et al., 2007; Shulman et al., 2002; Weintraub et al.,
2003).

The global frequency of depressive disorders in PD is 30-38% (Aarsland et al.,
2011; Chendo et al., 2022). The mechanism underlying depression in PD is
multifactorial. While psychological stressors and major life events contribute,
depression in PD is not solely a reaction to disability or disease burden (Chaudhuri
et al., 2006). Depression often predates motor symptoms, suggesting that early
neurodegeneration — particularly affecting monoaminergic system — may play a
causal role. Degeneration occurs also in the serotonergic and noradrenergic neurons,
which regulate mood and reward pathways. Their dysfunction has been implicated
in PD-related depression (Mayberg & Solomon, 1995). Neuroimaging studies
support this showing reduced dopamine transporter activity and abnormal frontal-
limbic circuit function in depressed PD patients (Kosti¢ et al., 2010). Neuroimaging
studies have also shown structural brain changes in patients with PD and depression,
including grey matter reduction in the prefrontal, parietal, and temporal regions,
notably the cingulate gyrus, hippocampus, and thalamus (Hanganu et al., 2017; Pink
et al., 2017). Severe white matter loss in the orbitofrontal and cingulate areas has
been observed (Kosti¢ & Filippi, 2011). Disruptions in multiple brain network
connections further suggest that altered functional connectivity plays a role in the
neural basis of depression in PD (Huang et al., 2020; Wei et al., 2018). Treatment
for depression in PD is necessary when symptoms are persistent and impair
functioning or cause distress. There is still, however, insufficient evidence for
making recommendations for several treatments (Taylor et al., 2020). Studies have
demonstrated the effectiveness of both antidepressant medications and cognitive
behavioral therapy in treating depression in PD (Armento et al., 2012).
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Patients with MS A exhibit a higher prevalence of depressive disorders compared
to controls. The average prevalence in MSA ranges from 38% to 41% (Benrud-
Larson et al., 2005; Kollensperger et al., 2010). However, depression is even more
common and typically more severe in PSP, with reported rates between 55% and
59.7% (Bower et al., 2022; Flavell & Nestor, 2022; Schrag et al., 2010).
Neuroimaging data on depression in MSA and other atypical parkinsonisms remain
limited. In MSA-P, cortical thinning in fronto-temporal-parietal regions and atrophy
of the periaqueductal grey matter, left pallidum, and putamen have been observed,
independent of cognitive decline (Caso et al., 2020). Early MSA also shows
widespread white matter microstructural changes, more prominent than grey matter
loss (Dash et al., 2019). Despite established diagnostic criteria, depression in MSA
and other movement disorders remain frequently underdiagnosed and undertreated.
Although antidepressants are used, evidence for their effectiveness in MSA is
limited, and management often focuses on supportive care and symptom relief.

Depression in PSP is common and may occur regardless of disease duration or
motor symptom severity (Almeida et al., 2017). There are no significant qualitative
differences in depression across the various clinical subtypes of PSP (Picillo et al.,
2019). Neuroimaging data on depression in PSP remain also limited. Studies have
shown grey matter loss in frontotemporal and temporo-parieto-occipital regions,
particularly in the right hemisphere (Urso et al., 2022). Earlier findings also revealed
hypometabolism in the frontal cortex, thalamus, and midbrain, with depression
severity linked to reduced dorsolateral prefrontal metabolism, supporting a role for
prefrontal dysfunction in PSP-related depression (Herting et al., 2007). The
pathogenic factors contributing to depression in PSP are not well understood due to
the absence of relevant human post-mortem or experimental data. In PSP, evidence
supporting the effectiveness of antidepressants is limited and, treatment primarily
focuses on mainly symptom relief. No controlled studies have specifically
investigated the treatment of depression and other neuropsychiatric disorders in PSP.
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3 Aims

This thesis focuses on SN¢ neuroinflammation and dopaminergic neurodegeneration
in PD, MSA, and PSP, with the aim of investigating their associations with
depression, brain atrophy, and levodopa use.

Specific aims of the thesis were:

I To investigate SNc¢ neuroinflammation in PD, PSP, and MSA by
assessing dopaminergic neuron loss, T cell infiltration and microglial
activation.

1L To assess the link between lifetime levodopa exposure and nigral

neuroinflammation in PD, PSP, and MSA.

II1. To examine cortical atrophy and WMHs in autopsy-confirmed
parkinsonism, with a focus on their association with clinical depression.
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4 Materials and Methods

4.1 Subjects

The included subjects had undergone a neuropathological examination between
2002 and 2021 at the Department of Pathology, Turku University Hospital, Finland.
67 cases who had received a neuropathological diagnosis of PD, MSA, or PSP, had
a representative formalin-fixed, paraffin-embedded block available from the SN
were included in the studies. They were re-evaluated by neuropathologists using
neuropathological diagnostic criteria for PD (Gelb et al., 1999), MSA (Trojanowski
et al., 2007), and PSP (Roemer et al., 2022). All in all, 79 individuals were included
in the studies. Study I used 12 individuals who died without known neurological
diseases as controls. Table 1 presents the demographic characteristics of the studied
subjects.

All PD patients had correctly received a PD diagnosis antemortem based on
their clinical phenotype and levodopa treatment response based on the UK Brain
Bank criteria (Gibb & Lees, 1988). Six MSA patients had been diagnosed with
MSA antemortem, three had been diagnosed with PD, four had been diagnosed
with undetermined parkinsonism, and one had been clinically diagnosed with
motor neuron disease. Among the PSP patients, six had been correctly diagnosed
with PSP antemortem, five had been diagnosed with undetermined parkinsonism,
two had a diagnosis of PD, and two had been diagnosed with corticobasal
syndrome.

A subsample of 63 patients was used in study II, and a subsample of 50 was
used in study III. Antemortem CT imaging data was unavailable for 17 patients
from Study III, and in Study II, four were excluded due to incomplete medical
data.
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Table 1. Demographic characteristics of studied subjects.

Study | Il ][]
PDn 38 38 30
MSA n 14 12 10
PSP n 15 13 10
Control n 12 - -
Total n 79 63 50
PD age at death [IQR] or (SD) 80.3[9.2] 80.3[9.2] 80.1 (6.7)
PD females n (%) 8 (21.1) 8(21.1) 5(16.7)
MSA age at death [IQR] or (SD) 70.3[19.2] 70.3 [22.6] 68.7 (14.5)
MSA females n (%) 8 (57.1) 7 (58.3) 4 (40.0)
PSP age at death [IQR] or (SD) 73.6 [8.0] 71.3[11.6] 73.2 (6.8)
PSP females n (%) 6 (40.0) 5 (38.5) 3 (30.0)
Control age at death [IQR] or (SD) 69.5[16.7] - -
Control females n (%) 5 (41.7) - -

PD = Parkinson’s disease, PSP = progressive supranuclear palsy, MSA = multiple system atrophy

In all studies, a clinical PD diagnosis was neuropathologically confirmed when
Lewy body disease of Braak stages 3—6 was present in combination with a loss of
pigmented neurons in the SN (Braak et al., 2003). The clinical diagnosis was
required to match the neuropathological diagnosis. The diagnosis of MSA was made
when glial cytoplasmic inclusions positive for alpha-synuclein in
immunohistochemical analyses were present, according to the MSA criteria
proposed by the Neuropathology Working group on MSA (Trojanowski et al., 2007).
For the diagnosis of PSP, phospho-tau positive neurofibrillary tangles and tufted
astrocytes were required in characteristic locations according to the Rainwater
Charitable Foundation criteria (Roemer et al., 2022).

4.2 Methods

4.21 Neuropathological examination

The brains included in all studies were collected retrospectively from autopsies
conducted at Turku University Hospital between 2002 and 2021. A smaller portion,
including controls without neurodegenerative diseases, originated from medicolegal
autopsies carried out by the Finnish Institute for Health and Welfare (forensic
pathology) and from regional hospital autopsies.

The histological sampling followed modified CERAD guidelines (Mirra et al.,
1991). Brains were fixed in 4% phosphate-buffed formaldehyde for at least two
weeks and examined macroscopically externally and from thin slabs. Tissue samples
were taken from various brain regions, though only midbrain sections at the level of
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the third cranial nerve were used for this study. Microscopic analysis was performed
on hematoxylin- and eosin stained 3,5 um sections, with neurodegenerative changes
assessed using immunohistochemistry.

4211 Staining and neuron counting

In each study, neuron counts and the area of the SNc were measured from paraffin-
embedded midbrain tissue at the level where the third cranial nerve emerges. Tissues
were sectioned at 8 um for tyrosine hydroxylase (TH) staining, and 3.5 um for other
stainings. These sections were then stained with Luxol fast blue (LFB) or Substance
P immunohistochemistry to define the borders of the SNc. The SNc¢ outline was
annotated on the LFB or Substance P-stained slides at 1x magnification and the area
calculated using CaseViewer software version 2.4.0.119028 (3D HISTECH Ltd,
Budapest, Hungary). The outline was then accurately transferred to the
corresponding TH-stained sections by aligning anatomical landmarks such as
vessels, section contours, and other histological features. Figure 13 demonstrates the
outline annotation. Due to the regions being transferred manually from one specimen
to another using anatomical landmarks, the surface areas vary between specimens.

Figure 13. Demonstration of the SNc outlining method, in which the SNc outline was defined on (A)
Substance P- or (B) LFB-stained sections and then transferred to TH-stained section
using anatomic landmarks.
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TH immunohistochemistry was used to identify dopaminergic neurons.
Immunohistochemistry for CD3, CD4 and CD8 were used to detect all T
lymphocytes, T helper cells or cytotoxic T cells, respectively. Microglia were
detected using Ibal immunohistochemistry. Details of the Immunohistochemical
staining methods are summarized in Table 2. The slides were scanned with a
Pannoramic P250 Flash slide scanner using Zeiss Plan-Apochromat 20%/0.8 NA
objective, CIS VCC-F52U25CL camera (Vital Vision Technology Pte Ltd,
Singapore) and control software version 1.18.2 and analysed with CaseViewer
software. TH-positive neurons in the SNc were manually counted at high
magnification. Neurons with visible nuclei were counted. Since counting in two
dimensional sections can lead to errors due to overcount especially when counting
objects that are large in relation to section thickness, neuron counts were corrected
with the Abercrombie method (Guillery, 2002), which depends on section thickness
and nuclear diameter along the appropriate axis. Figure 14 demonstrates a TH+
neuron with a visible nucleus.

4
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Figure 14. TH+ neuron with a visible nucleus. Nuclei diameters were used for the Abercrombie
correction.
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Table 2. Summary of immunohistochemical methods.
Antibody, source |clone/catalogue Dilution | Autostainer Detection
number
Substance P EPR3959/ab133240 1:100 Labvision BrightVision
(Abcam, (Thermo-Fisher |DPVB110HRP +
Cambridge, UK) Scientific, BrightDAB
Fremont, CA, (WellMed, Duiven,
USA) the Netherlands)
TH (Novocastra, 1B5/NCL-TH 1:50 Labvision BrightVision
Newcastle, UK) DPVB110HRP +
BrightDAB
CD3 (Ventana Co., | 2GV6/CONFIRM CD3 |[ready to |Ventana Ultraview IHC DAB
Tucson, AZ, USA) |790-4341 use BenchMark (Ventana)
ULTRA (Ventana)
CD4 (Ventana) SP35/CONFIRM CD4 |ready to |Ventana Optiview IHC DAB,
790-4423 use BenchMark (Ventana)
ULTRA
CD8 (Novocastra) |4B11/NCL-L-CD8- 1:100 Ventana Optiview IHC DAB
4B11 BenchMark
ULTRA
Iba1 (Cell Signaling | AIF-1/17198 1:2000 Labvision BrightVision
Technology, DPVB110HRP +
Danvers, MA, USA) BrightDAB
4.21.2 Computational image analyses
Bioimage analysis was performed using QuPath version 0.5.0

(https://qupath.github.io), an open-source platform. T cell quantification and Ibal
expression analysis were conducted within the SN¢, which was defined as the region
of interest based on outlines derived from LFB or Substance P staining. For T cell
quantity counting within these delineated regions, all cells were first detected by
Stardist Qupath extension version 0.4 using model dsb2018 heavy augment.pb.
(Schmidt et al., 2018). Stardist was run using modified version of Universal StarDist
for QuPath script version 1.0.0. Stardist detection was done on the DAB color channel
after stain vector optimization. Large detected neuromelanin-containing neurons were
excluded by filtering the Stardist cell detections by nucleus size and stain intensity. A
random forest object classifier was trained in QuPath to distinguish T cells from small
neuromelanin fragments and other brown background features, using a collage of
training images annotated by a pathologist. The classifier incorporated features such
as detection area size and shape, hematoxylin and DAB color intensity, and Stardist
detection probability. Separate classifiers were trained for CD3, CD4, and CDS
stainings, and analysis was performed on 79 images for each staining. After these
exclusions, the remaining CD3+, CD4+ and CD8+ stained T cells were counted.
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Due to the morphological variability and highly ramified structure of Ibal-
positive microglial, which lack well-defined cell borders, manual counting or
application of the T cell analysis pipeline was not feasible (Prinz et al., 2019).
Instead, Ibal expression was quantified as the total area of positive DAB staining
within defined regions of interest, following a previously described approach (Green
et al., 2022) with minor modifications. A pixel classifier was trained in QuPath to
separate neuromelanin from Ibal positive stained signal. A random forest classifier
was trained on a collage of training images annotated by a pathologist showing
typical variation in the appearance of neuromelanin. Gaussian filter, weighted
deviation, and structure tensor eigenvalues were used as features on the hematoxylin
and DAB channel pixel intensities at image resolution scales 1 and 4. Prior to
measuring Ibal coverage, areas identified by the classifier as neuromelanin were
excluded from the analysis. The DAB-positive pixel count was then determined by
thresholding the Gaussian-prefiltered DAB channel. Due to inter-slide variability in
background staining, thresholds were visually optimized for each image. Ibal
coverage was calculated by dividing the number of pixels above the threshold by the
total number of pixels in the region of interest under investigation. In total, 79 images
from 79 patients were analyzed blinded to the clinical diagnosis.

To validate the accuracy of the automated counting method, all SN¢ CD3+ T
cells from each subject were also manually counted by one of the investigators.
Additionally, a random subset of ten samples from the CD4 and CD8 T cell stainings
underwent manual cell counting to assess the reliability of the automated method.

4.2.2 Patient medical history

Clinical and medical histories were systematically reviewed using the hospital's
electronic medical record system and archived patient charts to find possible
correlations between clinical symptoms, imaging analyses and nigral neuron and
inflammatory cell counts. Clinical symptoms or signs were considered present if they
were recorded in the patient's records by the treating physician. The following
clinical data were collected and categorized as available (last documented value):
levodopa equivalent daily dose of dopaminergic medications (LEDD, mg), Mini-
Mental State Examination (MMSE) total score, body measurements (height and
weight) and HY stage. Demographic data, including sex, age at death, and disease
duration - defined as the interval between the reported onset of motor symptoms to
death — were collected. In addition, information about various clinical symptoms that
had arisen during the course of the disease was recorded (present/not present),
including depression, constipation, urinary incontinence, urinary retention,
swallowing difficulties, voice problems, sleep disorders, hyposmia, orthostatism and
hallucinations (Table 3). A patient was classified as depressed if a code for an ICD-
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10 depression diagnosis (F32) was present in their record, the treating physician had
recorded depression at clinical visits and/or the patient had been prescribed
antidepressive medications for a mood disorder. Descriptive data related to rigidity,
bradykinesia, resting tremor, and cognitive problems were also collected. A
structured data collection approach, incorporating standardized checklists, was

employed to ensure consistency and completeness.

Table 3. Clinical characteristics of the studied PD, PSP, and MSA patients in study with the
largest sample sizes (Study ).

Variable PD PSP MSA p value
n 38 15 14 -

Sleep disorder n (%) 10 (26.3) 6 (40.0) 6 (42.9) ns
Depression n (%) 7 (18.4) 6 (40.0) 4 (28.6) ns
Hyposmia n (%) 6 (15.8) 0 (0.0) 0 (0.0) ns
Orthostatic hypotension n (%) |14 (36.8) 1(6.7) 8 (57.1) 0.015
Constipation n (%) 12 (31.6) 4 (26.7) 7 (50.0) ns
Urinary incontinence n (%) 12 (31.6) 4 (26.7) 8 (57.1) ns
Urinary retention n (%) 7 (18.4) 6 (40.0) 4 (28.6) ns
Dysphagia n (%) 8(21.1) 8 (53.3) 9 (64.3) 0.006
Antipsychotic drugs n (%) 18 (47.4) 3(20.0) 0 (0.0) 0.001
Hallucinations n (%) 19 (50.0) 3 (20.0) 0 (0.0) <0.001
Dysarthria or speech 10 (26.3) 12 (80.0) 12 (85.7) <0.001
difficulties n (%)

423

Levodopa data

Levodopa treatment data were systematically extracted from patient charts to assess
usage patterns throughout each patient’s disease course. Due to changes in dosing
over time and occasional missing data, three key metrics were calculated to capture
cumulative and time-specific levodopa exposure:

1. Cumulative lifetime dose of levodopa (formula 1): This measure was
adapted from Parkkinen et al. and O'Sullivan et al., calculated using the
following equation:

(LED [mg] at 1 year after commencement x 365) + ' (maximum LED + LED
at 1 year after commencement x 365) x (interval from 1 year after
commencement to reaching maximum LED in years) + (maximum LED x 365)
x (interval from reaching maximum LED to death in years).

LED = levodopa daily dose
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2. Cumulative lifetime dose of levodopa not taking into account the
multipliers (formula 2): This measure considers only the average daily
levodopa dose and the duration of the disease, calculated using the following
equation:

([LED at 1 year after commencement + maximum LED + LED at death]/3) x
disease duration in years.

3. The mean levodopa dose (formula 3): This measure considers only levodopa
daily doses at different time points, calculated using the following equation:

(LED at 1 year after commencement + maximum LED + LED at death)/3.

424 CT-imaging

CT imaging was used to assess brain changes due to its greater availability in clinical
practice. MTA, GCA and WMHs were evaluated computationally from CT scans
using an image quantification tool based on CNNs (Kaipainen et al., 2021; Pitkdnen
et al., 2020). CT scans were skullstripped and registered to a common template
space. Two CNNs were trained using a separate training set of 214 CT scans to
segment cerebrospinal fluid (CSF) and WMHs. MTA and GCA were computed
based on the CSF volume in the medial temporal lobe and cortex, respectively.
WMHs were quantified using the Fazekas score measuring the WMH volume in the
deep white matter. MTA was assessed on a scale of 0—4, GCA on a scale of 0-3, and
the Fazekas scale on a scale of 0-3.

4.3 Statistical analyses

Statistical analyses were conducted using SPSS Statistics 29 for Macintosh (IBM
Corp., Armonk, NY, USA). The normality of the data was evaluated using
histograms and the Kolmogorov-Smirnov test. A significance level of p<0.05 was
generally applied, while a stricter statistical threshold of p<0.01 was used in Studies
I and II for correlations involving multiple clinical variables.

In Study I and II, nonparametric Kurskal-Wallis tests were used to assess
differences in continuous variables among the groups, with the post hoc Bonferroni
correction for multiple comparisons. In Study I, an analysis of covariance
(ANCOVA) model was applied to investigate clinical variables, using logarithmic
values for cell counts and densities, with covariates (sex, disease duration and/or
group) specified per analysis. [ values with 95% confidence intervals were
calculated, and possible interactions between covariates and groups were assessed.
Reliability of automated vs. manual cell counts were assessed using intraclass
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correlation coefficient (ICC). Catechorical variables were assessed using chi-square
or Fisher’s exact test, and correlations between neuropathological measurements
were examined by determining Spearman’s correlation coefficients.

In Study II, ANCOVA was used to assess relationships between levodopa
exposure and neuropathological markers in PD patients, with log-transformed value
transformations to cell counts and densities and specifying covariates for each
analysis (age at death, sex, HY stage, disease duration and/or diagnostic group). For
PSP and MSA cohorts, due to smaller sample sizes, partial Spearman correlation
analyses were used to assess the relationship between levodopa exposure and
neuropathological markers. Disease duration was controlled as a covariate.

In Study III, group differences were analyzed using one-way ANOVA, Kruskall-
Wallis or the chi-square tests, with Bonferroni corrected post hoc tests. Residuals
from the linear models met normality assumptions. ANCOVA assessed changes in
CT-based GCA, MTA (mean separately left and right) and WMHs, using age,
symptom duration, and group as covariates.

4.4 Ethics

All studies were conducted in accordance with the principles of the Declaration of
Helsinki and complied with applicable national legislation and institutional
guidelines. The research protocols were approved by the Ethics Committee of Turku
University Hospital (Decision nr. 86/1803/2018).

All sub-studies were retrospective postmortem investigations based on
previously collected clinical and pathological data and tissue samples. Due to the
retrospective nature of the studies and the fact that all material was obtained after
death, informed consent from the study subjects could not be obtained.

All data were handled in accordance with data protection regulations, and patient
confidentiality was strictly maintained throughout the research process. Personal
identifiers were removed prior to analysis, and all results are reported in an
anonymized form, ensuring that individual subjects cannot be identified.
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5 Results

5.1 Nigral neuroinflammation (Study 1)

Baseline demographic, clinical, and neuropathological characteristics of the studied
subjects are presented in Table 4. The median time from death to autopsy was 4.5
days, with a range of 0 to 18 days. Data were unavailable for 7 patients. PD patients
were older at the time of death compared to patients in the other groups (p<0.02,
Bonferroni corrected). No significant differences were found between groups in
terms of sex distribution. The median disease duration from the onset of motor
symptoms to death was 5.5 years longer in PD patients than in those with MSA
(p=0.01). Motor disease severity, as measured by the the HY scale at the last
assessment before death, was higher with patients with PSP and MSA (median score
5) compared to those with PD (median score 4) (p<0.01). The last LEDD before
death was higher in patients with PD than those with PSP (p=0.004).

T cell infiltration was most pronounced in PSP, where SN¢ CD3+, CD4+, and
CD8+ T cell counts were elevated by 89.4-212% compared to MSA (p<0.04), and
CD3+/CD4+ T cell counts were 125—178% higher than in controls (p<0.002). PSP
patients also had 94.9% more CD4+ T cells than PD patients (p=0.001). Similar PSP-
specific increases were observed in T cell densities. Figure 15 demonstrates CD3+
T cell counts and densities in different parkinsonian disorders. The increases
persisted after adjusting for age and sex, with PSP patients consistently showing
higher CD3+, CD4+, and CD8+ T cell counts and densities compared to all other
groups (p<0.045).

60



Results

Table 4. Group differences in baseline demographic, clinical, and neuropathological
characteristics. Data are presented as the median [interquartile range] or n.
Variable PD PSP MSA Controls p value
n 38 15 14 12 -
Age at death (years) 80.3[9.2]*"| 73.6[8.0] | 70.3[19.2] | 69.5[16.7] <0.001
Sex: female (%) 30/8" 9/6 6/8 7/5 ns
Disease duration (years) 9.8([7.0]" 7.0 [8.1] 4.3 [4.6] - 0.009
HY score 4 [2]*F 5[1] 5[0] - <0.001
LEDD at death 574 [455]* 0 [520] 496 [1039] - 0.006
'(\f,'/?)mr phenotype: tremorn |, 77 4 | 5(33.3) 717 - 0.011
Asymmetry of motor | g gyt | (54.5)T | 11 (100%) ; <0.001
symptoms: symmetrical n (%)
SNc TH+ neuron count (n) | 70.0 [43.2] | 29.7 [31.3] | 23.4 [18.7] | 108 [54.8] <0.001
SNc area (mm2) 31.0[10.8] | 25.4[7.9] | 23.7[6.76] | 28.8 [11.1] 0.002
31’;':1:12”)" TR & el 2.10[1.89] | 1.23[0.74] | 0.93[0.65] | 4.24[1.0] | <0.001
Brain weight (g) 1420 [218] | 1366 [116] | 1373 [276] | 1398 [239] ns
SNc CD3+ count (n) 209 [129] | 375[382] | 198 [161] | 135[124] 0.003
SNc CD3+ area (mm?) 32.2[10.3] | 27.61[9.8] | 24.0[7.1] | 29.6 [12.5] 0.01
SNc CD3+ density (¢/mm?) | 6.80 [3.73] | 15.5[11.2] | 8.17 [6.47] | 4.84 [3.92] 0.002
SNc CD4+ count (n) 136 [152] | 2651[256] | 131[118] | 118 [124] <0.001
SNc CD4+ area (mm?) 31.3[8.9] | 29.6[9.1] | 25.4[7.4] | 27.8[8.0] 0.02
SNc CD4+ density (¢/mm?) | 5.30[3.51] | 9.16 [9.92] | 6.01[5.10] | 5.01 [1.94] <0.001
SNc CD8+ count (n) 91.8[79.3] | 187 [192] | 60.0[37.3] | 85.8 [73.3] 0.018
SNc CD8+ area (mm?) 33.3[10.8] | 27.6[7.9] | 24.7[6.7] | 29.0 [10.4] 0.001
SNc CD8+ density (n/mm?) | 3.01[2.51] | 7.05 [7.25] | 2.46 [1.94] | 2.75[2.93] 0.03
SNc Iba1 expression (%) 2.29[1.53] | 0.96 [2.29] | 0.85[1-26] | 1.63 [1.55] 0.004
Crus cerebri Ibat 2.46[1.24] | 2.55[2.93] | 1.96 [1.93] | 1.91[2.17] ns

expression (%)

PD = Parkinson’s disease, PSP = progressive supranuclear palsy, MSA = multiple system atrophy.
HY = Hoehn and Yahr, LEDD = levodopa equivalent daily dose, SNc = substantia nigra pars
compacta, TH = tyrosine hydroxylase, ns = non-significant. P values are from the Kruskal-Wallis

test, chi-square test or Fisher’s exact test. * (lower/higher side neuron count) x 100.

* Significantly different (p<0.05) compared to PSP after Bonferroni correction, T Significantly different
(p<0.05) compared to MSA after Bonferroni correction.
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Figure 15. CD3+ T cell counts and densities in different parkinsonian disorders. (A) CD3+ T-cell
count, (B) CD3+ T-cell density. *p<0.05, **p<0.01, ***p<0.001.

Compared to controls, patients with PSP or MSA and patients with PD had
substantially fewer (by 72.5-78.3%) and moderately fewer (35.2%) TH+ neurons in
the SN, respectively (p<0.05 for both). Compared with the PD group, the PSP and
MSA groups had 57.6% and 66.6% fewer SNc TH+ neurons, respectively (p<0.05
for both). The SNc TH+ neuron density was 50.5-78.1% lower in all patient groups
than in the healthy control group (p<0.02). No differences were observed among the
PD, PSP and MSA groups. Figure 16 demonstrates the differences between the
groups in TH+ neuron count and density. The differences remained significant after
adjusting for age and sex. The key result is demonstrated in Figure 17.
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Figure 16. SNc TH+ neuron count (A) and TH+ neuron density (B) across patient groups. *p<0.05,
**p<0.01, ***p<0.001.
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Figure 17. Representative histopathological sections of SNc from different patient groups. (A) A
76-year-old male patient diagnosed with PSP (B) A 65-year-old female patient
diagnosed MSA (C) A 76-year-old male patient diagnosed with PD and (D) A 72-year-
old male control without a degenerative parkinsonian disorder. Brown staining highlights
dopaminergic neurons in the SNc. The immune cells (CD3+ and Iba1+) are shown at
60x magnification in the following columns (arrows), and the brown staining in the third
and last columns indicates Iba1 expression (arrows).

Ibal expression, a marker of microglial activation, was significantly elevated in
PD patients compared to MSA (169% increase, p=0.004), but no other group
differences were found. These findings did not hold after adjusting for covariates,
likely due to the older age of PD patients (p>0.56). Extranigral Ibal levels did not
differ significantly across the conditions.

In the full sample (n=79), no significant correlations emerged between TH+
neuron count and T cell measures. However, a weak positive correlation was noted
between TH+ neuron density and Ibal expression (r>0.24, p<0.03). In PD
specifically, TH+ neuron density correlated positively with CD3+ and CD8&+ T cell
densities and Ibal expression in the SNc and crus cerebri. Strong intercorrelations
were observed among T cell subtypes (r>0.43, p>0.001) and between nigral and
extranigral Ibal expression (r>0.73, p<0.001). CD8+ T cell density was also
positively associated with Ibal expression in the SNc¢ (r=0.29, p=0.009) and crus
cerebri (r=0.34, p=0.002).

Age did not correlate with neuropathological markers (p>0.41), but male sex was
associated with higher extranigral Ibal expression and increased SN¢ CD3+ and
CD4+ T cell counts (p<<0.005) and was thus included as a covariate. Longer disease
duration was linked to lower SN¢ CD3+ and CD8+ T cell densities and counts
(p<0.005); see Figure 18. Depression and sleep disorders were associated with
reduced TH+ neuron density and counts (p<0.01), and depressed patients more often
experienced sleep problems (58.8% vs. 24.0%, p=0.008). No differences in
neuropathological markers were observed between clinical subtypes of MSA (MSA-
P vs. MSA-C) or PSP (PSP-RS vs. other variants) (p>0.23).
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Figure 18. Correlation between disease duration and CD3+ T-cell density across patient groups.
Longer disease duration was linked to lower SNc CD3+ T cell densities. *p<0.05,
**p<0.01.

5.2 Nigral neuroinflammation and levodopa
(Study II)

Table 5 summarizes the primary demographic and clinical characteristics of the
participants. Levodopa was administered during the disease course in 97% of PD
patients (n=37/38), 67% with MSA (n=8/12), and 54% with PSP (n=7/13).
Dyskinesia occurred in four PD patients, but the anatomical locations were only
partially described. Positive correlations among cumulative dose, mean dose, and
dose at death confirmed internal consistency across exposure metrics.
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Table 5. Group differences in baseline demographic, and clinical characteristics. Data are
presented as median [IQR] for continuous variables and n for categorical variables.

Variable PD PSP MSA p value
n 38 13 12 -
Age at death (y) 80.3 [9.2]*" 71.3[11.6] 70.3 [22.6] <0.001
Sex: female n (%) 8 (21.1%)" 5 (38.5%) 7 (58.3%) 0.045
Disease duration (y) 9.8 [7.011 7.0 [8.3] 4.3 [4.6] 0.011
HY score 4 [2]*" 5[1] 5 [0] <0.001
LEDD at death 525 [438]* 0 [380] 496 [1056] 0.008
Motor phenotype: tremor n (%) 24 (77.4%)* 5 (38.5%) 6 (50.0%) 0.031
Asymmetry of motor symtoms: " . o

symmetrical n (%) 0 (100%)* " 6 (54.5%)" 10 (100%) <0.001
';')ffi'g;e levodopa dose (formula | 4 g 11 101 | 0.11[0.49] | 0.27[1.09] 0.021
;;f?g;e levodopa dose (formula | 4 5 14 o1 | 0.049[1.01] | 0.35[0.93] 0.005
Daily mean levodopa dose "

(formula 3) (mg) 467 [206] 200 [325] 367 [646] 0.004
Daily levodopa dose at death (mg) 500 [3007]* 0 [350] 350 [800] 0.008
Duration of levodopa use (years) 6.6 [7.1] 5.5[7.1] 3.1[4.4] ns
Duration of dopamine agonist use 7.2(7.9] 6.6 [7.6] 3.7 [4.0] ns
(years)

* Significantly different (p<0.05) compared to PSP after Bonferroni correction, T Significantly different
(p<0.05) compared to MSA after Bonferroni correction.

PD = Parkinson’s disease, PSP = progressive supranuclear palsy, MSA = multiple system atrophy,
HY = Hoehn and Yahr, LEDD = levodopa equivalent daily dose, SNc = substantia nigra pars
compacta, TH = tyrosine hydroxylase, ns = non-significant. P values are from the Kruskal-Wallis
test, chi-square test or Fisher’s exact test. * (lower/higher side neuron count) x 100

In PD patients, no significant associations were found between levodopa
exposure and neuronal density or neuroinflammatory markers in the SNc or crus
cerebri, after adjusting for age at death and sex (p>0.17). Figure 19 demonstrates
the results. This included lifetime cumulative levodopa dose (formulas 1 and 2),
mean levodopa dose (formula 3), and dose at death. Additional analyses controlling
for disease duration and HY stage confirmed these findings. Neuroinflammatory
marker levels did not differ between dyskinetic and non-dyskinetic PD patients
(p>0.14).
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Figure 19. The relationships between mean daily levodopa dose over the disease course and
neuropathological measures in the SNc in PD patients. (A) Tyrosine hydroxylase-
positive (TH+) neuron count vs mean daily levodopa dose, (B) CD3+ T-cell density vs
mean daily levodopa dose. No significant associations were observed between mean
daily levodopa dose and any neuropathological measure. Similar results were found for
lifetime cumulative levodopa dose and levodopa dose at death.

Lifetime levodopa exposure was positively correlated with disease duration
(r=0.38-0.75, p<0.004) but not with age at death (r=-0.47 to 0.18, p>0.2). Levodopa
doses did not vary significantly across HY stages (p>0.78), and lifetime cumulative
dose showed no sex-based differences (p>0.18). Men received higher mean daily
doses (median=456 mg vs. 200 mg; p=0.047) and higher doses at death
(median=450 mg vs. 200 mg; p=0.037) compared to women.

In PSP and MSA patients, levodopa exposure was not significantly associated
with neuronal or inflammatory markers after adjusting for disease duration
(p>0.012). Age at death did not correlate with any measure of levodopa exposure
(p>0.026), and no sex-based differences in dosing were observed in either PSP or
MSA groups (p>0.5).

5.3 Cortical atrophy and depression in PD (Study lI)

The main demographic and clinical characteristics of the studied PD, PSP, and MSA
patients are presented in Table 6. Depressed patients exhibited significantly more
severe MTA than non-depressed patients, after adjusting for age at scan, motor
symptom duration, and diagnostic group (mean MTA: 2.30 [95% CI 1.56-3.03] vs.
1.01 [0.55-1.48]; F(1,39)=8.62, p=0.006). Figure 20 presents the main results. This
held true for both right and left hemispheres (p=0.007 each). MTA severity increased
with age (F=9.85, p=0.003), but not with symptom duration or diagnostic group. The
relationship remained significant when restricting analysis to PD patients (p=0.021).
MTA was also associated with antidepressant use (F=5.52, p=0.024) but showed no
link to dementia, MMSE scores, psychosis, antipsychotic use, or substantia nigra
TH-positive neuron density at death.
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Table 6. Main demographic and clinical characteristics of PD, PSP, and MSA patients.

Variable PD PSP MSA p value
n 30 10 10 -
Age at motor symptom 70.4 [14.1] 68.0 [14.8] 62.0 [29.0] 0.37
onset (years)

Age at imaging (years) 76.2 (7.3) 71.3 (7.6) 66.9 (14.9) 0.024*
Age at death (years) 80.1 (6.7) 73.2 (6.8) 68.7 (14.5) 0.002*
Sex: female n (%) 5(16.7) 3(30.0) 4 (40.0) 0.29
LEDD (mg) 500 [400] 100 [540] 496 [1089] 0.029*
Disease duration at imaging 3.2 [5.5] 2.8 [5.1] 1.0 [5.5] 0.31
(years)

Total disease duration 9.3 (4.6) 5.1 (3.5) 4.8 (14.1) 0.006*
(years)

Clinical phenotype TD (n=18) PSP-RS (n=7) MSA-P (n=7) -

PIGD (n=9) PSP-PGF (n=1) | MSA-C (n=3)
Unknown (n=3) PSP-P (n=1)

PSP-F (n=1)

Global cortical atrophy 1.52 (1.16) 1.78 (1.01) 1.06 (1.17) 0.36
(GCA)

Medial temporal cortex 1.28 (1.14) 1.45 (1.36) 0.97 (1.26) 0.67
atrophy (MTA)

WMHs (Fazekas) 1.79[0.87] 1.04 [1.42] 1.34 [1.94] 0.051
Depression n (%) 5(16.7) 4 (40.0) 4 (40.0) 0.18
Dementia n (%) 12 (40.0) 2 (20.0) 0 (0.0) 0.042

LEDD = levodopa equivalent daily dose, TD = tremor dominant, PIGD = postural instability gait
disorder, PSP-RS = Richardson syndrome subtype, PSP-PGF = progressive gait freezing subtype,
PSP-P = parkinsonism subtype, PSP-F = frontal subtype, MSA-P = parkinsonism subtype, MSA-
C = cerebellar subtype. Values are median [IQR], mean (SD) or n. p values are from the Kruskall-
Wallis test, one-way ANOVA or the chi-square test. GCA scale 0-3, MTA scale 04, Fazekas scale
0-3.

GCA was more pronounced in depressed patients than non-depressed individuals
(mean GCA: 2.20 [1.58-2.82] vs. 1.29 [0.90-1.68]; F=6.07, p=0.018). Age
positively correlated with GCA (F=20.5, p<0.001), but symptom duration and
diagnostic group did not. Unlike MTA, GCA was not significantly associated with
antidepressant use or any cognitive or pathological variables.

There were no significant differences in vascular lesion load between depressed
and non-depressed patients, in the overall sample (F=0.45, p=0.51) or in the PD
subgroup (F=1.20, p=0.29). WMHs were not related to antidepressant use, dementia,
MMSE scores, psychosis, antipsychotic use, or SN¢ neuron density.
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Figure 20. Differences in cortical atrophy between patients with depression and patients without
depression. A. MTA in patients with and without depression. B. GCA yearly predicted
progression in patients with and without depression. *p<0.05, **p<0.01.

Among PD patients, those with a tremor dominant phenotype had lower WMH
burden than those with a postural instability gait disorder (PIGD) phenotype (mean:
1.34 vs. 2.10; F=5.31, p=0.031). However, phenotype was not linked to MTA or
GCA. Subgroup analyses of MSA and PSP variants were not conducted due to small
sample sizes. Longitudinal analysis showed that GCA worsened more rapidly in
depressed patients (mean annual change: 0.58 vs. 0.11; p=0.029), while no such
differences were observed for MTA or WMHs. No sex differences were found in
MTA, GCA, or vascular lesion load (p>0.83).
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5 Discussion

The purpose of this thesis project was to investigate nigral neuroinflammation and
neuron density in the SNc, comparing PD with MSA and PSP, as well as to examine
the association between long-term levodopa use and neuroinflammation and the
relationship between non-motor symptoms and imaging detected brain atrophy. This
was achieved through immunohistochemial analysis, clinical feature and medication
assessment, and CT-imaging evaluation. The main results demonstrated the
following: 1. T cell infiltration in the SNc¢ is significantly increased in PSP. 2.
Chronic of levodopa use does not have a toxic effect on nigral neurons or contribute
to neuroinflammation. 3. Depression in PD is linked to a more rapid progression of
cortical atrophy.

Together, these results support the concept that parkinsonian disorders are
characterized by distinct neuroinflammatory profiles, challenge the long-standing
concern regarding levodopa neurotoxicity, and highlight depression as an early
clinical marker linked to neurodegenerative burden.

6.1 T cell mediated neuroinflammation in PSP
(Study I)

In this study, MSA and PSP patients showed greater nigral dopaminergic neuron loss
— by 58-67% — compared to PD despite having shorter disease durations, indicating
accelerated degeneration. An intermediate reduction in dopaminergic neurons was
observed in PD patients compared to individuals without neurodegenerative disease,
aligning with the known susceptibility of these neurons across such conditions, as
demonstrated by functional imaging (Kaasinen et al., 2019; Kaasinen & Vahlberg,
2017). While prior comparative studies are limited, some suggest broader A10
neuron loss in PSP compared to PD (McRitchie et al., 1997; Murphy et al., 2008),
with similar A9 loss across both conditions (Hardman et al., 1997). Additionally,
MSA has been associated with substantially greater nigral neuronal loss than in
controls (Salvesen et al., 2015). It appears that only one previous small study directly
compared nigral dopaminergic neuron loss across PD, PSP, and MSA (n=35), and
its semi-quantitive grading scale (mild/moderate/severe) was unable to detect
disease-specific differences (Song et al., 2011).
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The very high number of tissue infiltrating CD3+, CD4+, and CD8+ T cells in
the SN¢ of PSP patients represents one of the most striking findings of this study,
with the amount of T cells exceeding that in MSA, PD and control patients by 89.4%
to 212%. A recent study, using stereological approach, further confirmed this finding
(Couto et al., 2025). This PSP-specific neuroinflammatory signature likely reflects
fundamental  pathophysiological differences between tauopathies and
synucleinopathies (Langworth-Green et al., 2023).

An important question arising from these findings is whether the heightened
neuroinflammatory activity observed in PSP represents a late-stage phenomenon or
is already present in early stages of the disease. Although the current study cannot
directly resolve this issue, it is noteworthy that PSP and MSA patients did not differ
with respect to nigral dopaminergic neuronal loss, demographic variables, or
indicators of disease severity. Despite these similarities, PSP patients exhibited
markedly higher numbers of CD3+, CD4+, and CD8+ T cells in SNc than MSA
patients, suggesting that the increased T cell infiltration cannot be explained by
overall disease severity or the extent of nigral neuronal loss.

The inverse correlation between disease duration and CD3+ T cell counts
suggests that T cell infiltration may be an early pathological event, rather than a
feature of late-stage disease. This is further supported by the positive correlation
observed between nigral TH+ neuron counts and densities and multiple neuro-
inflammatory markers in PD patients, suggesting that inflammation is less
pronounced in individuals with advanced nigral neuronal loss. An alternative
interpretation is that elevated T cell presence marks a more aggressive disease
variant, accelerating disease progression.

The prominence of adaptive immune cells in PSP invites comparison with
chronic traumatic encephalopathy (CTE) and AD. CTE occurs as a consequence of
repetitive mild traumatic brain injury and is characterized by accumulation of
hyperphosphorylated tau, accompanied by long-lasting microglial activation and
lymphocytic infiltration (Cherry et al., 2016; McKee et al., 2013). Studies have
indicated that repetitive brain injury induces chronic immune activation, which can
promote tau hyperphosphorylation, misfolding, and aggregation (Johnson et al.,
2013; Cherry et al., 2016). Although PSP is not trauma-associated, the overlap in
tau-dominant pathology, subcortical vulnerability, and immune involvement raises
the possibility that partially shared inflammatory mechanisms may contribute to tau
misfolding and disease propagation.

Similarly, in AD, increasing evidence supports a role for adaptive immunity in
neurodegeneration. In tauopathy models and human AD tissue, microglia-dependent
T cell recruitment is increased in tau-rich regions and correlates with neuronal loss,
and experimental reduction of microglia or T cells mitigates tau-driven
neurodegeneration (Chen et al., 2023). Moreover, a recent report focusing on the
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frontal cortex demonstrated correlation between CD8+ T cells and phosphorylated
tau in FTLD, potentially mediated by microglial and astroglial activation (Hartnell
et al., 2024). These observations further support a link between adaptive immune
responses and tau pathology across distinct tauopathies. Together, these parallels
between PSP, CTE, and AD support a speculative view that PSP may not present
purely primary tauopathy, but rather a disorder in which immune dysregulation
participates in disease initiation or amplification.

This interpretation is further supported by the prion-like properties of tau. Both
tau and a-synuclein are now widely recognised to spread via templated misfolding
and transneuronal transmission (Clavaguera et al., 2009; Goedert, 2015; Mudher et
al., 2017). Some evidence indicates that neuroinflammation modulates this process.
Activated microglia internalize and release tau species via exosomes, thereby
facilitating tau spread (Asai et al., 2015), and inflammatory signalling promotes tau
phosphorylation and aggregation (Ising et al., 2019). Comparable bidirectional
interactions have been demonstrated for a-synuclein. Elevated T-cell infiltration may
therefore facilitate tau propagation, impair clearance mechanisms, or amplify
neurotoxicity, establishing a self-reinforcing loop between immune activation and
protein pathology.

Importantly, direct apposition of T cells to neurons is a recognized hallmark of
immune-mediated neurological disorders, and is considered indicative of antigen-
specific, potentially cytotoxic immune interactions (Bien et al., 2012). Consistent
with this concept, a recent neuropathological study reported CD8+ T cells in close
proximity to surviving neurons in PSP, suggesting that immune-mediated
mechanisms may operate in at least a subset of cases (Couto et al., 2025). The authors
proposed that this pattern resembles autoimmune brain disorders and raises the
possibility that heterogeneous aetiologies, including autoimmune-like processes,
may converge on the shared histopathological hallmarks currently classified as PSP-
type pathology.

One possible explanation for the increased T cell infiltration could also be early
and sustained BBB dysfunction, which may facilitate the entry of peripheral immune
cells into the central nervous system. Vascular pathology and BBB impairment have
been reported in tauopathies and could enable lymphocyte trafficking into vulnerable
brain regions (Sweeney et al., 2018). Finally, the magnitude and selectivity of the T-
cell response raise the possibility of autoimmune-like processes in PSP, in which
loss of immune tolerance to neuronal or tau-related antigens sustains a chronic,
antigen-driven adaptive immune response. If confirmed, this would have major
implications for disease stratification and for the development of
immunomodulatory or antigen-specific therapeutic approaches.

In contrast, microglial/macrophage activity, measured by Ibal expression, was
higher in PD patients than those with MSA, aligning with previous findings of
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microglial involvement in PD (McGeer, Itagaki, Boyes, et al., 1988; Ouchi et al.,
2005). Ibal expression was not significantly different between the PSP and other
groups, including controls. Although this contrasts with earlier reports, such as
McGeer et al. (McGeer, Itagaki, Boyes, et al., 1988), other investigations have
reported similar findings regarding PD (Gerhard, Trender-Gerhard, et al., 2006;
Kouli et al., 2020). It is also possible that increased microglial activity is more
prominent in early stages of PSP but declines as degeneration progresses, leaving T
cell activity more prominent in later stages. Discrepancies across studies may stem
from methodological differences, disease stages, or regional specificity of
inflammation. Although both T cells and microglia contribute to neuroinflammation,
our findings indicate that they play distinct roles in PD and PSP. While correlations
between T cell density and microglial activity suggest interaction between these
immune components, their contributions to neurodegeneration appear to differ
between disorders.

Finally, reduced SNc dopaminergic neuron density was associated with
depression and sleep disorders across all patient groups. While previously shown in
PD (Saari et al., 2021), our results extend this link to atypical parkinsonisms, which
are frequently linked to depressive symptoms (Belvisi et al., 2018), though the effect
was less pronounced. No significant correlations were observed between
symptomatology and T cell or Ibal expression, likely due to categorical clinical data
and the advanced disease of the cohort.

The study has several limitations. As it reflects end-stage pathology, we cannot
determine when neuroinflammatory changes first appear. The lack of clinical
differences between MSA and PSP despite distinct immune profiles, and the inverse
correlation between T cell count and disease duration, suggest these changes are not
solely severity-driven. Only midbrain sections were analyzed, and future studies
should include broader brain regions. Small sample sizes limited subtype
comparisons, and retrospective clinical data lacked validated severity scales.
Additionally, we used Abercrombie correction for neuron counts, which is less
precise than stereology. Nonetheless, robust diagnostics, validated methods, and
multiple markers strengthen our findings.

To summarize, the progression from symptom onset to death in PD, MSA, and
PSP involves substantial loss of nigral neurons, with degeneration notably more
severe in atypical parkinsonisms. Neuroinflammatory profiles differ markedly
between disorders: PSP is defined by a pronounced T cell -mediated response, while
PD is characterized by microglia-driven inflammation. These distinct patterns
highlight the dynamic and disease-specific nature of neuroinflammation, suggesting
that each disorder engages unique immune mechanisms contributing to
neurodegeneration. T cell response observed in PSP reflects a disease mechanism in
which adaptive immunity plays a more central role than in synucleinopathies.
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Whether immune activation constitutes a primary trigger or a disease-modifying
process in PSP remains unresolved. However, the present data supports a model in
which neuroinflammation is not merely secondary to tau accumulation, but may
actively shape disease onset, protein propagation, and progression.

6.2 No evidence of chronic levodopa toxicity on
nigral neuroinflammation (Study 1)

The primary goal of this study was to evaluate whether chronic levodopa treatment
affects nigral neuronal survival or neuroinflammatory activity in PD, PSP, and MSA.
Our results indicate no association between cumulative levodopa exposure and either
dopaminergic neuron loss or neuroinflammatory markers in the SNc across these
disorders. These findings support the conclusion that levodopa does not worsen
underlying neuropathological changes in parkinsonian syndromes.

While preclinical studies have suggested that chronic levodopa use may trigger
neuroinflammatory responses — especially in models of levodopa-induced
dyskinesias — our postmortem analysis did not reveal elevated T cell infiltration or
microglial activation in relation to levodopa exposure. Although earlier experimental
work reported microglial activation and increased proinflammatory cytokines in
association with levodopa-induced dyskinesias following long-term levodopa
treatment (Barnum et al.,, 2008; Mulas et al., 2016), we found no significant
difference between dyskinetic and non-dyskinetic PD cases. However, only four PD
patients in our cohort had documented dyskinesia, likely reflecting underreporting
rather than true absence. Nevertheless, our findings suggest that levodopa neither
drives nor suppresses chronic nigral neuroinflammation in parkinsonian disorders.

Importantly, these findings reflect end-stage pathology. While transient immune
responses during earlier disease stages cannot be excluded, our results suggest no
sustained neuroinflammatory effects from levodopa. Moreover, no relationship was
observed between cumulative levodopa dose and SNc dopaminergic neuron counts.
This supports existing clinicopathological and imaging data refuting the idea of
levodopa-induced neurotoxicity (Fahn et al., 2004; Parkkinen et al., 2011).

Our findings extend prior observations to atypical parkinsonisms. Even in PSP
and MSA, levodopa exposure showed no impact on neuronal survival or
neuroinflammation. Although the average levodopa dose in our PD group (0.68 kg)
was lower than in Parkkinen et al. (3.3 kg) (Parkkinen et al., 2011), this likely reflects
differences in age at onset and disease duration — our cohort was older and had
shorter disease durations. Given that older patients may be more susceptible to
cellular stress, these findings further reinforce levodopa’s safety profile.

Limitations include relatively small PSP and MSA sample sizes and potential
underreporting in clinical records, particularly regarding dyskinesia. Incomplete
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medical data may have affected dose estimates. Despite this, the variability in
levodopa exposure without corresponding neuropathological differences strengthens
our conclusions.

In summary, chronic levodopa use does not contribute to nigral
neuroinflammation or neuronal loss in PD, PSP, or MSA. These results reaffirm
levodopa’s safety as a symptomatic treatment and argue neurotoxic concerns, while
underscoring the need for future longitudinal studies to explore its immunological
effects in earlier disease stages.

6.3 Earlé cortical atrophy is related to depression
in PD (Study II)

This study found that MTA and GCA were significantly associated with depression
in patients with neurodegenerative movement disorders, particularly in those with
PD. Depression correlated with faster progression of cortical atrophy over an average
disease duration of 2.7 years.

Compared to earlier MRI-based studies linking depression with cortical atrophy
and disrupted functional connectivity in PD (Huang et al., 2016; Luo et al., 2016),
this study offers two important strengths. First, all diagnoses were confirmed
postmortem, ensuring complete diagnostic accuracy. This is critical, as clinical
misclassification of PD and atypical parkinsonian syndromes is common, especially
in early disease stages (Joutsa et al., 2014). Second, the use of an automated CT-
based method for assessing atrophy demonstrated strong reliability, matching MRI
assessments with 84-90% accuracy (Pitkdnen et al., 2020). Since CT imaging is more
accessible and frequently used in clinical settings, this method has strong potential
broader application in identifying patients at risk of depression.

However, the retrospective and cross-sectional design limits conclusions about
causability. It remains unclear whether atrophy leads to depression, vice versa, or
whether a third factor influences both. Moreover, some data, including depression
severity scales, were missing from clinical records. The relatively small sample size
for PSP and MSA further restricts conclusions about these groups.

The study found no association between cognitive performance and MTA, GCA,
or WMHs within three years of motor symptom onset, even though MTA and GCA
are commonly linked to cognitive deficits. The association between cognition and
cortical atrophy may become more apparent in later stages of neurodegeneration,
when both brain atrophy and cognitive impairment or dementia are more prevalent.
The PIGD phenotype of PD was linked with higher WMH burden, aligning with
prior MRI studies (Moccia et al., 2016; Wan et al., 2019), and may reflect greater
vascular contributions to motor severity in this subgroup.
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The longitudinal component revealed that depressed patients exhibited a faster
rate of cortical atrophy than non-depressed patients. This may reflect underlying
neuroinflammatory processes implicating in both depression and neurodegeneration.
Elevated cytokines (e.g. IL-1B, IL-6) and microglia activation have been reported in
depressed PD patients (Troubat et al., 2021; Wang et al., 2022), though such
mechanisms were beyond the scope of this study.

In summary, MTA and GCA are early imaging markers associated with
depression in parkinsonian disorders. There findings emphasize the need for
integrated neuropsychiatric evaluation and support the utility of CT-based atrophy
measures in routine clinical care.

6.4 Clinical implications

The findings of this thesis have several potential clinical implications. First, the
demonstration of a pronounced and disease-specific T cell-mediated immune
response in PSP provides support for reframing PSP as a disorder with a substantial
immunopathological component, rather than a purely primary tauopathy.
Importantly, these observations require confirmation in independent and preferably
longitudinal cohorts, and several key questions remain unsolved. It is still unclear,
for example, whether autoimmune mechanisms contribute to PSP in a subset of
patients, or whether specific T cell responses may directly promote tau misfolding,
aggregation, or propagation.

Nevertheless, these results can open avenues for further research on the
mechanisms of PSP, such as investigating immunological biomarkers to resolve the
possibility of autoimmune mechanisms. Such research could eventually lead to novel
therapeutic strategies, including immunomodulatory approaches aimed at limiting
pathological T cell infiltration, altering maladaptive immune responses, or
suppressing chronic inflammatory signalling. Such interventions could potentially
slow tau propagation or neurodegeneration. Additionally, the identification of
disease-specific immune signatures highlights the potential for developing
diagnostic and prognostic biomarkers. Peripheral or CNS immune markers,
combined with imaging or other molecular assays, could improve early detection,
and monitoring of disease-modifying treatments. Future longitudinal studies are
needed to determine the temporal dynamics of T cell infiltration, microglial activity,
and tau accumulation in PSP. It is necessary to determine whether immune activation
occurs before tau pathology or develops alongside it and accelerates its spread.
Extended analyses across additional brain regions are also necessary.

Second, the demonstration that chronic levodopa exposure does not exacerbate
nigral neuron loss or neuroinflammation reinforces its safety profile and supports
current treatment guidelines recommending early initiation in PD and atypical
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parkinsonisms. These results provide neuropathological confirmation that levodopa
remains a cornerstone symptomatic therapy without contributing to disease
progression. Future studies could focus on whether levodopa interacts with immune
pathways at prodromal or earlier disease stages, or whether its effects interact with
emerging immunotherapies.

Third, the observed link between depression and accelerated cortical atrophy
suggests that neuropsychiatric symptoms may serve as early markers of cortical
vulnerability. Clinically, this underscores the importance of proactive
neuropsychiatric screening and management. Structural imaging may aid in
identifying patients at higher risk for cognitive and mood complications, potentially
guiding personalized interventions.

Together, the findings of this thesis position neuroinflammation not only as a
pathological hallmark but also a promising entry point for biomarker development,
patient stratification, and disease-modifying therapeutic innovation across
parkinsonian disorders, particularly in PSP. They also reinforce the continued central
role of levodopa as a safe symptomatic therapy, while underscoring the importance
of neuroimaging for identifying clinically meaningful brain changes linked to
neuropsychiatric symptoms.
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7 Summary/Conclusions

This thesis is based on three clinicopathological postmortem studies, each examining
the relationship between clinical features and underlying neuropathology on PD,
PSP, and MSA. Study I examined neuroinflammation in the SNc across 67
individuals with different parkinsonian disorders, aiming to characterize disorder-
specific inflammatory profiles. Study II investigated the association between
cumulative lifetime levodopa exposure and nigral neuroinflammation in 63 patients
diagnosed with PD, PSP, or MSA. Study Il focused on 50 individuals with
parkinsonian syndromes, analyzing cortical atrophy and WMHs with a particular
emphasis on the presence of clinical depression.

Study I revealed a pronounced T cell mediated inflammatory response in the SN¢
of PSP patients compared to other patient groups. In PD, the inflammation was
predominantly microglia-mediated. Both PSP and MSA exhibited more extensive
dopaminergic neuron loss in the SNc¢ compared to PD. Notably, neuroinflammatory
activity appeared to peak during earlier stages and declined as neuronal degeneration
progressed.

Study II found no significant associations between cumulative levodopa
exposure and neuronal density or neuroinflammatory markers in the SNc or crus
cerebri across patients with PD, PSP, or MSA. Additional analyses accounting for
disease duration and HY stage reinforced these findings, showing no meaningful
correlation. Furthermore, no significant differences were detected between PD
patients with or without a history of dyskinesia.

Study III demonstrated that both MTA and GCA are associated with depression
in patients with PD, PSP, and MSA, even when cognitive status is taken into account.
Additionally, longitudinal analysis revealed that progression of GCA correlates with
the presence of depression, after adjusting for motor symptom duration at the time
of scanning. In contrast, no similar associations were found for MTA progression or
WMHs.

In summary, the main conclusions of this thesis are as follows:

I Despite shorter disease duration, PSP and MSA show more severe
degeneration in the SNc, indicating an accelerated dopaminergic
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II

I

neurodegenerative process. PSP exhibits a T cell -mediated inflammatory
response in the SNc, whereas PD is associated with predominantly
microglia-driven neuroinflammation. These findings highlight the
disease-specific nature of neuroinflammation and suggest distinct
underlying immune mechanisms across parkinsonian disorders.

Cumulative levodopa exposure does not affect nigral neuronal survival or
neuroinflammatory activity in PD, PSP, or MSA, supporting the long-term
safety of levodopa in clinical use.

MTA and GCA are associated with clinical depression in PD, PSP and
MSA patients even when cognitive capacity is taken into account. The
progression of GCA is linked with depression, supporting the role of
structural changes in mood disturbances in parkinsonian syndromes.

Together, these findings from Study I highlight the differential inflammatory
signatures underlying each disorder, offering insights into disease mechanisms and
potential therapeutic targets. Study II provides further reassurance regarding the
safety of long-term levodopa therapy, addressing longstanding concerns about its
potential neurotoxicity. Study III contributes to a growing understanding of the
neuroanatomical correlates of depression in neurodegenerative diseases and suggests
that imaging markers of cortical atrophy may aid in identifying patients at greater
risk for affective symptoms.
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