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ABSTRACT
THE TEMPORAL RELATIONSHIP BETWEEN SYNUCLEINOPATHY,
NIGROSTRIATAL DEGENERATION, AND NEUROINFLAMMATION IN THE ALPHA-
SYNUCLEIN PREFORMED FIBRIL MODEL OF PARKINSON’S DISEASE
By

Megan Frances Duffy

Numerous studies have documented risk variants in immune genes and increased
microglial inflammatory markers in the parenchyma and biofluids of Parkinson’s disease
(PD) patients. Recently our lab has characterized a new rat model of PD induced by
injection of a-syn preformed fibrils (a-syn PFFs). The PFF model more faithfully
recapitulates key features of idiopathic PD: namely early development of Lewy body-like
pathology in widespread, PD-relevant brain regions under the context of normal levels
of endogenous a-syn and protracted nigrostriatal degeneration over the course of 6
months. The distinct stages afforded by this model allow for investigation of
neuroinflammation at different stages of synucleinopathy without the confound of a-syn
pathology and degeneration occurring concurrently.

First, | histologically examined the time course of synucleinopathy, microgliosis and
nigral degeneration at monthly intervals. Microglia in the vicinity of Lewy body-like
inclusions display significantly increased cell body area and observable differences in
extent and thickness of branching at 2 months post-injection, months prior to
degeneration. Interestingly, major-histocompatibility complex-1l (MHC-II; present on
antigen-presenting microglia) was significantly increased in PFF-injected animals
compared to controls 3 months prior to degeneration and relatively absent during the

interval of degeneration. Moreover, the number of microglia expressing MHC-II at 2



months was positively correlated with the number of Lewy body-like inclusions in the
substantia nigra, similar to observations documented in human PD tissue.

| next investigated the temporal profile of inflammatory cytokine expression in
cerebrospinal fluid and plasma in the context of naive aging animals and in PFF-
injected animals. In the context of normal aging, tumor necrosis factor (TNF) and
keratinocyte chemoattractant (KC/GRO) were significantly increased in aged animals
compared to young and young-adult animals. In the synucleinopathy cohort when a-syn
burden in the SN is greatest, | observed significant correlations between number of
nigral a-syn inclusions and CSF levels of interferon-gamma (IFN-y) were observed. At
4 months | continued to observe correlations between a-syn burden and CSF IFN-y and
TNF, and significantly elevated interleukin-6 in PFF animals compared to controls.
During the interval of degeneration, significantly increased levels of interleukin-5 (IL-5),
keratinocyte chemoattractant (KC/GRO), and TNF were observed, though cytokines did
not correlate with magnitude of degeneration at this time point. These results suggest
that a certain threshold of a-syn burden must be present in order for deviations in
cytokine levels to be detected in early stages of disease and that overt differences in
cytokines between PD patients and controls require the effect of pathology and time.
Collectively, our results suggest that inflammatory mechanisms, specifically antigen
presentation by microglia, in the substantia nigra have the potential to contribute to
degeneration. Moreover, deviations in pro-inflammatory cytokines that occur in early
disease stages are closely associated with a-syn burden within the SN. Importantly the
combination of biofluid sampling and measurement of a-syn within the brain may

represent a biomarker for early disease detection.
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Chapter 1: Parkinson’s Disease General Introduction



History

Parkinson’s disease (PD) was first described as paralysis agitans by Dr. James
Parkinson in his 1817 publication Essay on the Shaking Palsy. His landmark publication
was based on his clinical assessment of three patients, as well as three individuals
which he observed on the street. He defined the symptoms he observed with
descriptions much like those used today: “involuntary tremulous motion, with lessened
muscular power, in parts not in action and even when supported; with a propensity to
bend the trunk forward, and to pass from a walking to a running pace: the senses and
intellect being uninjured” [1]. These original observations were expanded upon and
refined by Jean Martin Charcot, who aided in distinguishing parkinsonian resting tremor
from tremor induced by other diseases including multiple sclerosis and alcoholism,
described the four primary motor symptoms used for clinical diagnosis, and described in
detail the heterogeneous symptomology and progressive, insidious nature of the

disease [2].

Parkinson commented on the potential for disease modification, stating “it is very
probably that the remedial means might be employed with success: and even, if
unfortunately deferred to a later period, they might then arrest the farther progress of
the disease, although the removing of the effects already produced might be hardly to
be expected [1].” Although these initial observations were recorded over 200 years ago,
no therapy currently exists to slow, halt, or reverse the progression of PD. With
increasing life-expectancy and the rapidly growing elderly population, it is estimated that

prevalence of PD will double in the next 20-30 years [3, 4].



Clinical Presentation

Motor Symptoms

PD is clinically diagnosed on the basis of core motor symptoms: bradykinesia, resting
tremor, rigidity, postural instability, and gait disturbance [5, 6]. While bradykinesia is
required, any one or more of the latter 4 symptoms may be present. As these symptoms
are common to other disorders (essential tremor, drug-induced parkinsonism,
psychogenic parkinsonism) patients will often undergo a DaTScan and their
responsiveness to dopaminergic (DAergic) medication may be assessed to aid in
reaching a conclusive diagnosis [7]. However, no single metric is conclusive, and
accurate diagnosis of PD may take several months to a year to complete. Progression
of symptoms is monitored by longitudinal examination of criteria known as the Unified
Parkinson’s Disease Rating Scale (UPDRS). UPDRS includes patient reported
changes in mood and memory, changes in activities of daily living, and motor
examination [8]. It should be noted that while Parkinson’s disease represents a singular
diagnosis, it has become increasingly recognized that symptomology is heterogeneous
among patients, thus representing a difficulty in making a diagnosis and prescribing
effective treatment. Despite the depth and battery of clinical testing, diagnosis cannot be

completely confirmed until post-mortem examination.

Non-motor symptoms
In addition to motor symptoms, the prevalence of non-motor symptoms in PD disease is
being increasingly recognized [9]. Many patients experience loss of smell and

constipation, predating motor symptoms [10, 11]. Anxiety and depression, apathy, REM



sleep disorder, and orthostatic hypotension are also common [12-17]. In later stages, it
is estimated that cognitive decline affects up to 80% of patients 15-20 years post-
diagnosis [18]. Many patients report these symptoms as having a strong impact on

quality of daily life, though currently few therapies are targeted toward these issues.

Neuropathology

Neuroanatomy

While PD is a multi-circuit, multi-system disease, the primary affected CNS circuit
underlying PD motor symptoms is the basal ganglia [19]. In healthy individuals, the
striatum (putamen) receives dopaminergic input from the substantia nigra pars
compacta (SNc). SNc neurons release dopamine which binds to either D1 or D2
receptors on medium spiny neurons within the putamen which are responsible for
facilitating movement (D1 direct pathway) or inhibiting movement (D2 indirect pathway).
In the direct pathway, excitatory dopaminergic input to D1 receptors in the putamen
project inhibitory input to the globus pallidus interna (GPi) and substantia nigra pars
reticulata (SNr) resulting in disinhibition of the thalamus and excitation of the motor
cortex, thereby facilitating movement. The indirect pathway balances out this facilitation
via inhibitory action of dopamine on D2 receptors, further sending inhibitory signals to
the globus pallidus externa (GPe), and from the GPe to subthalamic nucleus (STN),
GPi, and SNr. Inhibitory input to the STN induces excitation of the GPI, which sends
inhibitory signals to thalamocortical projections, resulting in inhibition of movement. In

the parkinsonian brain, loss of nigral dopamine input from the SNc results in overactivity
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Figure 1.1: Normal and Parkinsonian basal ganglia circuit

a) Balance of excitatory and inhibitory basal ganglia pathways in healthy brain. b) Loss of
DAergic innervation to the striatum from the SN results in increased inhibition of thalamocortical
projections, responsible for bradykinetic symptoms of PD. Thickness of arrows denotes
increased or decreased strength of output.



of the indirect pathway and decreased activity of the direct pathway, with the net effect

of loss of goal directed movement (Figure 1.1).

Lewy Pathology

The first of two major pathological hallmarks required to confirm diagnosis of PD post
mortem is intracellular proteinaceous inclusions termed Lewy bodies, found both in
axons (Lewy neurites) and cell bodies of surviving neurons. Lewy bodies were first
described in 1912 by Friedrich Heinrich Lewy, when he noted eosinophilic inclusions in
the dorsal motor nucleus of the vagus nerve and nucleus basalis of Meynert [20, 21].
However, the composition of these inclusions largely remained a mystery until 1998.
Lewy bodies possess several dozen components including lipids, components of the
ubiquitin-proteasome system, structural proteins, and most notably, alpha-synuclein (a-
syn) [22-24]. The normal function of a-syn and its contribution to idiopathic and genetic

cases of PD is discussed in Chapter 2.

Patterns and staging of Lewy pathology

The temporal and regional distribution of Lewy pathology described by Heiko Braak in
2003 has remained the gold-standard for staging of PD. He noted a spatiotemporal
pattern of Lewy pathology: first observed in the vagus nerve and olfactory nucleus,
progressing in an ascending manner to the brainstem and midbrain, and eventually in
limbic and neocortical regions in end-stage cases [25, 26]. Although some variability
between cases was noted, the ascending pattern of Lewy pathology described by Braak
has in part led to the idea of an ascending, prion-like spread from the gut to the brain

[27]. While Braak staging remains the primary pathological staging scheme for PD, it



has been met with criticism recently due to two major caveats: 1) its failure to classify
and confirm up to 50% of PD cases, and 2) its exclusion of cases which do not present
with pathology in the dorsal motor nucleus [28-31]. While new staging schemes which
take into account the spatiotemporal heterogeneity in synucleinopathies have been
proposed, Braak staging remains the framework under which post-mortem staging is

conducted.

Nigrostriatal degeneration

The second major hallmark for confirmed diagnosis of PD is degeneration of the
melanized DAergic neurons of the SNc which can be readily observed macroscopically.
Characteristics of SN DA neurons which may render this cellular population more
susceptible to degeneration may include: high metabolic demand and oxidative stress
production, iron and neuromelanin content, and proximity to the dense microglial
population of the SNr [32-35]. Loss of dopamine (DA) from nigrostriatal neurons results
in increased activity of the indirect pathway (movement inhibiting) and decreased
activity of the direct (movement facilitating) basal ganglia pathways (Figure 1.1)
resulting in the classic bradykinetic and akinetic symptoms. At the time of clinical
diagnosis, it is estimated that there is a >60% reduction in striatal dopamine resulting
from the initial dying back of axons [36], followed by >50% loss of nigrostriatal dopamine
neuron cell bodies [37]. Cell replacement therapy to replace striatal dopamine via grafts
has been attempted, though symptomatic benefit is short-lived and in most cases,
produces no long-term benefit [38]. Moreover, it is unlikely that grafted cells form the

appropriate connections in a degenerated environment.



Current Treatment Strategies

Pharmacotherapies

Current Parkinson’s therapies focus on symptomatic relief and thus have remained
dopamine-centric. For over five decades, the gold standard pharmacotherapy for PD
has been administration of levodopa (L-DOPA; [39, 40]), which is taken up by amino
acid transporters in the intestine, crosses the blood-brain-barrier (BBB) and is converted
to dopamine by the enzyme DOPA decarboxylase (Figure 1.2). L-DOPA acts to
replenish depleted dopamine and increase the efficacy of DA production by remaining
dopamine neurons. When administered orally, the majority of L-DOPA is metabolized
before it crosses the BBB. Thus, L-DOPA is often administered in conjunction with
carbidopa (combination L-DOPA/carbidopa; Sinemet), which acts to limit L-DOPA
conversion to DA before reaching the BBB. While L-DOPA is initially effective in
alleviating motor symptoms of PD, it is not without adverse side effects. With continued
use, many patients experienced increased variability and intervals of on-off periods, that
is, a decrease in motor symptoms while taking medication and reemergence of motor
symptoms as one dose wears off prior to taking the next dose [41]. Many patients
additionally experience debilitating uncontrolled movements (dyskinesias) after
prolonged use [42, 43], which poses a significant problem to early-onset PD patients
who will typically require treatment for longer periods of time than those diagnosed with

sporadic, late-onset PD [44].
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Figure 1.2: Dopamine synthesis and pharmacotherapies

Tyrosine hydroxylase adds a hydroxyl group to tyrosine converting it to DOPA. DOPA
decarboxylase removes a carboxyl group from DOPA, converting it to dopamine, which is then
packaged into synaptic vesicles by VMAT and released where it can interact with either D1 or
D2 receptors on the postsynaptic neuron. Synaptic dopamine may be taken up into the
presynaptic cell through DAT. Dopamine remaining in the neuron can be deaminated back into
DOPA by MAO-B. Boxes indicate dopaminergic pharmacotherapies and their mechanism of
action.



Dopamine agonists are sometimes used to delay the need for L-DOPA, so as to stave
off L-DOPA induced dyskinesias. DA agonists such as Ropinerole act by binding to
either D1 or D2 receptors on postsynaptic neurons (Figure 1.2), and often result in
fewer on-off periods than L-DOPA [45, 46]. Thus, DA agonists are usually the first
treatment option explored, particularly for younger patients. However, problematic side
effects such as insomnia, hallucinations and decreased impulse control are common

[47, 48].

Two classes of drugs are often used in conjunction with L-DOPA: Monoamine oxidase
inhibitors (MAQO’s) and catechol-o methyl transferase (COMT) inhibitors. MAQO’s work to
prevent deamination of dopamine by monoamine oxidase-B (Figure 1.2), thereby
prolonging existing dopamine levels while decreasing the need for increasing doses of
L-DOPA. Similarly to dopamine agonists, MAO inhibitors can be attempted as a first
treatment option to delay need for L-DOPA, but are often prescribed in conjunction with
L-DOPA to increase its efficacy and decrease the number of on/off periods [49]. COMT
inhibitors are often prescribed in conjunction with L-DOPA to prevent its breakdown into
3-methoxytyramine prior to reaching the BBB ([50, 51]; Figure 1.2). Given the relatively
short half-life of L-DOPA, increasing its efficacy in an effort to decrease dose and thus

prolong the appearance of LIDs is of importance.

Deep Brain Stimulation

Deep brain stimulation (DBS) is the most commonly used surgical treatment of
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PD. DBS acts as a pacemaker: an electrode is implanted into one of several regions in
the brain (thalamus, internal globus pallidus, subthalamic nucleus) [52], to modulate an
imbalance in excitation and inhibition that results from nigrostriatal degeneration (Figure
1.1), although the exact mechanism by which patients receive symptomatic alleviation is
currently under debate. Recent studies suggest that certain subpopulations of PD
patients will benefit more than others from DBS [53]. Given the risky nature of this
procedure, especially in the elderly, this treatment is often used as a last resort when
pharmacotherapies are no longer effective. This is less of a concern in younger

patients.

Etiology: A Combination of Genetic, Environmental, and Aging factors

Genetic Factors

While the majority of PD cases are likely the culmination of multiple genetic risk factors
and environmental insults (Figure 1.3), 10% of total Parkinson’s cases are estimated to
be monogenic, or attributed to a single gene. The first genetic link to PD was identified
as a point mutation in SNCA (the gene for a-syn, [54]), resulting in young-onset PD.
Additional point mutations in addition to duplication or triplication of SNCA were
identified soon after, as discussed in chapter 2. Additional monogenic associations with
autosomal dominant or recessive inheritance patterns have been identified including but
not limited to LRRK2, PINK1, PARK7 and PARKZ2, which have implications in immune,
mitochondrial, ubiquitin-proteasome and oxidative stress activity [55]. For the 90-95% of

idiopathic PD cases, a number of risk loci have been identified, however, these risk
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Figure 1.3 Stochastic nature of PD etiology

PD is multi-faceted: a culmination of aging related changes in brain environment, genetic
predispositions, and environmental insults that result in 1) accumulation of proteinaceous Lewy-
body inclusions composed, in part, of alpha-synuclein (a-syn) and 2) degeneration of the
nigrostriatal system associated with the motor symptoms of PD. In addition to aberrant protein
accumulation, excitotoxicity, oxidative stress, and neuroinflammation has been proposed to be
involved in PD.
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factors likely act in concert with each other and/or environmental insults and lifestyle

factors.

Environmental Factors

Epidemiological studies suggest that lose-dose occupational exposure to pesticides
herbicides such as rotenone, paraquat, and dieldrin and may contribute to the
development of PD [56-60]. Rotenone and paraquat in particular have been used in
both in vitro and in vivo models to induce selective loss of dopaminergic neurons.
Studies from cell culture and animal models suggest that insecticides can induce loss of
dopaminergic neurons through several mechanisms: mitochondrial complex-I inhibition,
enhanced microglial phagocytosis and NAPDH oxidase production, and release of a-
syn from enteric neurons [61-64]. Interestingly, the olfactory bulb and the gut constitute
two sites which develop abundant Lewy pathology and have the greatest exposure to
toxins in the environment via inhalation and digestion. Therefore, it is likely that

environmental toxins contribute to early development of pathology in these regions.

Aging

Aging represents the largest risk factor for developing PD, as the majority of affected
PD patients are over the age of 65. Evidence from rodent and non-human primates
suggests that as a byproduct of normal aging, processes within nigral DA neurons
including mitochondrial turnover, and ubiquitin-proteasome mediated degradation
simultaneously become less efficient [34, 65-69]. Senescence of these mechanisms
renders nigral DA neurons more susceptible to degeneration when multiple-hits such as

genetic or environmental factors come in to play (i.e. “stochastic acceleration” [70, 71]).
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Inflammation

As dopamine-centric pharmacotherapy only addresses motor symptoms long after the
damage has been done, efforts are currently being made to investigate other abnormal
processes that occur during disease progression. Ideally, identifying dysfunctional
processes that occur prior to- and act as contributors to neurodegeneration would aid in
the discovery of disease modifying therapies. One of the most consistent findings
among post-mortem PD tissue and sampling of biofluids from living patients is the
emergence of a disturbed inflammatory environment. Evidence from positron emission
tomography (PET) imaging studies of microglial activation via radiolabeled
mitochondrial translocator protein (TSPO, microglial) ligand ['C)-(R)-PK11195 in both
de novo [72] and early-to-advanced PD patients [73] has suggested inflammation
occurs early and is sustained at increased levels compared to age matched controls.
Therefore, honing in on specific inflammatory mechanisms and their temporal role in PD

may be a promising target for disease modification.

Microglia

Microglia are derived from yolk sac progenitors in the mesoderm and in their immature
state migrate into the parenchyma where they account for ~10% of the total cell
population, although density varies by region [74, 75]. Microglia are crucial for synaptic
pruning and cortical structure formation during development [76, 77]. However,
microglia are proposed to be more senescent (i.e., less efficient at mounting an
appropriate response) with age, which may constitute a contributing risk factor for

developing age-related neurodegenerative diseases [78]. Although microglia are often
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Figure 1.4: Neuroinflammation can be protective or harmful, depending on the type and
duration of insult

During the acute presence of cellular debris or proteins or acute neuronal injury, microglia
proliferate and migrate to the site of injury to phagocytose cell debris products and secrete anti-
inflammatory cytokines such as interleukin-10 in a self-limiting manner. However, in the case of
PD where environmental and genetic insults in combination with misfolding and chronic
accumulation of proteins inside cells which are unable to be broken down by other methods
such as the ubiquitin-proteasome system, microglia proliferate, migrate, and secrete pro-
inflammatory cytokines, chemoattractants to peripheral immune cells, and reactive oxygen
species. When this occurs over an extended period of time, attempts at tissue repair which are
possible during acute injury fail, and an unregulated vicious cycle of protein accumulation, cell
death, and inflammation ensues.
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referred to as “resting” or “activated,” activity state is much more dynamic, as microglia

constantly extend and retract processes to survey the environment [79, 80].

As the brain’s resident antigen-presenting cells (APCs) and phagocytes, microglia
represent the first line of defense and are the CNS effectors of inflammation induced by
infection, cell death, neurotransmitter imbalances, or other stressors. In response to
insult, microglia secrete cytokines and chemoattractants which act on nearby microglia,
astrocytes, and neurons to promote tissue healing and recovery. However in the
presence of chronic insults, microglia initiate a feed forward cycle of inflammatory
cytokine secretion which can further exacerbate protein aggregation, ROS production,
cell death, and cytokine secretion. Studies in humans have implicated several different
innate (local; toll-like receptors, cytokines) and adaptive (peripheral; MHC expression,
T-cell infiltration) immune response components as being differentially regulated in PD.
Three of the most consistent observations indicating an altered inflammatory milieu in
PD are upregulation of toll-like receptors, major-histocompatibility complex-Il (MHC-II)

on microglia and differential expression of proinflammatory cytokines.

Toll-Like Receptors: Innate Response

Toll-like receptors (TLRs) are critical in initiation and execution of the innate immune
response. TLRs fall into the class of pattern recognition receptors (PRRs), which
recognize both pattern associated molecular patterns (PAMPS; exogenous structures
such as bacteria or viruses) and damage associated molecular patterns (DAMPS;
molecules released following cellular damage [81]). Of particular relevance to PD are

TLR2 and TLR4, although TLR2 has been more extensively studied in PD [82].
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Activation of TLR2 induces heterodimerization with TLR1 or TLR6, leading to MyD88
dependent translocation of nuclear factor kappa light chain enhancer of activated B-
cells, ultimately resulting in increased production of proinflammatory cytokines TNF and
IL-1B. In PD, observations in human tissue an animal models have implicated that TLR2
is closely associated to Lewy pathology and a-syn [82]. TLR2 is increased on microglia
in early Braak stages (lI-11l) compared to later stage PD (IV-VI; [83]). Interestingly, a
recent study identified TLR2 expression on Lewy body-containing neurons which
significantly correlated with disease stage [84]. In vitro, oligomeric a-syn released from
cells acts as an endogenous agonist for TLR2, resulting in downstream secretion of
proinflammatory cytokines tumor necrosis factor (TNF) and interleukin-6 (IL-6; [85]).
Furthermore, genetic ablation of TLR2 abolished proinflammatory cytokine production
and MHC-II expression induced by overexpression of a-syn. Currently, several studies
have been funded to investigate the disease-modifying potential of TLR2 antagonists in

preclinical PD models.

Major-Histocompatibility complexes: bridging the gap between innate and adaptive
responses

MHC-II is one of two classes of MHC surface proteins on antigen presenting cells
encoded by the human leukocyte antigen complex (HLA) in humans and RT1 complex
in rats [86]. MHC molecules are crucial regulators of the inflammatory response, as
they present antigens on the surface of APCs for interaction with T-cells. MHC-I
presents intracellular peptides derived from the cytosol and presents them on the
surface for interaction with CD8+ cytotoxic T-cells which can induce cell death directly

through induction of caspases by release of granzymes and perforin ([87, 88], Figure
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1.5). MHC-II presents endocytosed peptides derived from the extracellular space for
presentation to CD4+ helper T-cells which can secrete inflammatory cytokines or induce
B cells to produce antibodies against the specific antigen (Figure 1.5). Alterations in T-
cell subsets have been reported in blood from PD patients [89-92], but the presence of
T-cells within the parenchyma in PD is still unclear. Nonetheless, imbalance of T-cell
subpopulations suggest that immune system in PD becomes unable to ascertain self

from non-self, mounting a response that ultimately becomes detrimental.

The HLA complex is highly polymorphic, and genome-wide association (GWAS) studies
have suggested several variants in the HLA region encoding for class Il (HLA-DR, -DQ)
increase risk for developing PD [93-96]. These variants have also been implicated in
several classical autoimmune disorders including rheumatoid arthritis, celiac disease,
and type 1 diabetes. In regards to PD, differential risk association varies depending on
ethnic population and region [97-99], suggesting gene-environment interactions are

important for conferring risk to develop PD.

MHC-II is present on microglia and is rarely induced on astrocytes, but is largely
undetectable in the healthy CNS, thus the observation of HLA-DR immunoreactive
microglia in the SN and later putamen, hippocampus, and cortical regions of PD
patients [100-102] suggested that either Lewy pathology and/or degeneration induces
an inflammatory response. One study in mice has demonstrated that MHC-II is

necessary for both a-syn-mediated neurodegeneration and T-cell infiltration [103].
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Figure 1.5: MHC-l and MHC-Il processing of antigens

(TOP) Intracellular proteins are processed by the proteasome and broken down into smaller
peptides, which are transferred to the ER by transporter associated with antigen processing
(TAP) and are loaded on to MHC-I. The MHC-I — antigen complex is expressed on the cell

surface for interaction with CD8+ cytotoxic T-cells.
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Figure 1.5 cont’d

(BOTTOM) Extracellular protein is endocytosed or phagocytosed by an antigen presenting cell.
Once in the lysosome, the protein is broken down into small peptides of 11-30 amino acids long.
MHC-II is synthesized in the ER and then bound by the CLIP in the binding region until the
peptide is loaded. The MHC-Il complex is transported via the golgi to the exosome, where the
acidic pH of the vesicle releases CLIP and and allows for the processed peptide to be loaded
into MHC-II. Expression of the MHC-II — peptide complex is expressed on the cell surface to
interact with CD4+ T cells.
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However, a recent study reported an acceleration and increased magnitude of
degeneration in rats with decreased MHC-II expression [104]. Thus, the association of
MHC-II with either a proinflammatory or anti-inflammatory phenotype still remains a grey
area. Nonetheless, differences in HLA genes and expression of MHC-II are consistently
demonstrated in PD and thus suggest an altered inflammatory environment can
influence disease progression. While the focus has been predominantly on MHC-II in
PD, MHC-I expression has been observed on SN DA neurons [105], leading to the

concept that PD may in part be an autoimmune disease.

Inflammatory Cytokines

Inflammatory cytokines secreted by microglia, astrocytes, and peripheral immune cells
are the primary inflammatory contributors to the vicious feed-forward cycle of protein
accumulation, inflammation, and cell death in PD. Single nucleotide polymorphisms in
proinflammatory cytokine genes including tumor necrosis factor (TNF), interleukin-1
beta (IL-1B), and interleukin-6 (IL-6) are associated in an increased risk for PD [106-
108]. Increases in proinflammatory cytokines and decreases in anti-inflammatory
cytokines have been documented in PD affected regions including the SN, putamen,
and frontal cortex [109]. The most well-studied cytokine in the context of PD is TNF.
Levels of TNF and its receptor TNFR1 are consistently found to be increased in post-
mortem PD tissue, particularly in the SN [110-112]. TNF can have both pro- and anti-
apoptotic effects dependent on which of its two receptors it binds to: TNFR1 or TNFR2,
respectively [113]. Interestingly, TNFR1 expression can be increased by interactions
with dopamine as demonstrated in vitro [114]. Furthermore, introduction of TNF to DA

neuron cultures induced toxicity [115]. Lastly, cytokines in PD have gained attention in
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recent years as potential biomarkers to aid in early PD diagnosis, as they are detectable
in both cerebrospinal fluid, whole blood, and plasma. Indeed, levels of interferon gamma
(IFN-y), interleukin-10 (IL-10), interleukin-13 (IL-13), interleukin-1 beta (IL-1pB),
interleukin-4 (IL-4), IL-6, and TNF are differentially expressed in PD patients compared

to healthy controls (Chapter 4, Figure 4.1).

Gap In Knowledge: Is Inflammation a contributor to- or a consequence of

degeneration?

Data from human studies and preclinical in vitro and in vivo studies (discussed in
subsequent chapters) demonstrate a relationship between a-syn and inflammation or
neurodegeneration and inflammation (Figure 1.6). However, the time course of these
events has been unable to be investigated from onset of Lewy pathology formation
through the interval of degeneration, as by the time of diagnosis, over half of SN DA
neurons have already degenerated. As reviewed in chapter 2, animal models have also
aided in our understanding between inflammation and a-syn or neurodegeneration,
however, previously available models have generally failed to recapitulate key features
of human PD which would allow for a clear time course of these events to be
delineated. Using a novel rat model with distinct disease stages, the aim of this
dissertation was to investigate the time course of a-syn accumulation, inflammation, and

nigral degeneration both within the brain and in peripheral fluids.
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Figure 1.6 Potential innate and adaptive immune responses to accumulation of Lewy
bodies in PD

Chronic accumulation of intraneuronal inclusions can cause aberrations in mitochondrial
function, protein degradation systems, production of reactive oxygen species. Both neuronal
stress signals and presentation of abnormal proteins as antigen can trigger an innate
inflammatory response mediated by microglia within the CNS, but also signal to the adaptive
immune system peripheral lymphocytes to invade, resulting in production of antibodies against
the target “sick” neurons, and cytotoxicity through interactions with CD8+ T cells.
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Abstract

Animal models have significantly advanced our understanding of Parkinson’s disease
(PD). Alpha-synuclein (a-syn) has taken center stage due to its genetic connection to
familial PD and localization to Lewy bodies, one pathological hallmark of PD. Animal
models developed on the premise of elevated alpha-synuclein via germline
manipulation or viral vector-mediated overexpression are used to investigate PD
pathophysiology and vet novel therapeutics. While these models represented a step
forward compared to their neurotoxicant model predecessors, they rely on
overexpression of supraphysiological levels of a-syn to trigger toxicity. However,
whereas SNCA-linked familial PD is associated with elevated a-syn, elevated a-syn is
not associated with idiopathic PD. Therefore, the defining feature of the a-syn
overexpression models may fail to appropriately model idiopathic PD. In the last several
years a new model has been developed in which a-syn preformed fibrils are injected
intrastriatally and trigger normal endogenous levels of a-syn to misfold and accumulate
into Lewy body-like inclusions. Following a defined period of inclusion accumulation,
distinct phases of neuroinflammation and progressive degeneration can be detected in
the nigrostriatal system. In this perspective, we highlight the fact that levels of a-syn
achieved in overexpression models generally exceed those observed in idiopathic and
even SNCA multiplication-linked PD. This raises the possibility that supraphysiological
a-syn expression may drive pathophysiological mechanisms not relevant to idiopathic
PD. We suggest that synucleinopathy triggered to form within the context of normal a-
syn expression represents a more faithful animal model of idiopathic PD and should be

used when testing the disease-modifying potential of novel therapeutics.
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Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder,
affecting 7-10 million individuals worldwide. Though PD was first described over 200
years ago by James Parkinson, no therapies currently exist to halt or slow nigrostriatal
degeneration despite scores of preclinical studies predicting the success of particular
disease-modifying treatment strategies. This “translational abyss” may be due in part to
the failure of animal models to faithfully recapitulate human disease and, more

specifically, failure to use the appropriate PD animal model.

During the past two decades, numerous preclinical studies have used overexpression of
human wildtype or mutant alpha-synuclein (a-syn) in Drosophila, rodents and non-
human primates to model PD. Overexpression is achieved in these models via
transgenic engineering or via injection of viral vectors. However, while these a-syn
models represented an advance over neurotoxicant models through the incorporation of
a-syn, the mechanism of toxicity and the neuropathology generated differ from
idiopathic PD in key respects. Specifically, a-syn overexpression paradigms result in a-
syn protein expression levels that far exceed levels associated with idiopathic PD. Such
supraphysiological a-syn protein levels can induce exacerbated neuroinflammation.
Further, viral vector-mediated a-syn overexpression results in pathology in limited
circuitry and can lack a protracted phase of classical Lewy body-like inclusion
pathology. We contend that these shortcomings in the a-syn overexpression-based

models have hindered our understanding of the pathogenic contributions of normal
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endogenous a-syn in idiopathic PD and have handicapped our ability to predict efficacy

of novel neuroprotective therapeutics.

Recently, a model of synucleinopathy and nigral degeneration induced by intracerebral
administration of sonicated preformed fibrils of a-syn (PFFs) has provided a new
platform to study the pathogenic cascade in which normal levels of endogenous a-syn
levels are triggered to misfold, template and accumulate. The engagement of
physiologic levels of endogenous a-syn in the a-syn PFF model allows for the
assessment of differential neural circuit vulnerabilities to a-syn inclusion formation and
toxicity. The a-syn PFF model recapitulates many features of human idiopathic PD,
namely: a protracted interval of widespread accumulation of insoluble Lewy-like
pathology, a-syn inclusion triggered neuroinflammation and degeneration of specific

neuronal subpopulations.

In this perspective, we briefly review the pathological features of human idiopathic and
SNCA-linked familial PD in order to compare these features to those observed in the a-
syn PFF model. Ultimately, these sporadic PD and a-syn PFF model features will be
placed in the context of the pathology induced by overexpression of a-syn, with a focus
on viral vector-mediated a-syn overexpression. We offer up the view point that the
synucleinopathy and the inclusion-initiated nigral degeneration resulting from a-syn PFF
injection provides a superior platform for comprehending the pathophysiology of
idiopathic PD and by extension, a superior platform for evaluating potential

neuroprotective therapeutics.
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Parkinson’s Disease
Alpha-synuclein (a-syn) Expression and Localization in Idiopathic and SNCA-linked
Familial PD
While the majority (90-95%) of PD cases do not have an identified genetic component,
they share with familial PD a role for the protein a-syn. In the CNS, a-syn accounts for
approximately 1% of total protein and is localized primarily in the cytosol of axon
terminals, with known roles in membrane bending, synaptic transmission, and plasticity
[1, 2]. In 1997 it was first revealed that an Ala53Thr (A53T) substitution in the a-syn
gene (SNCA) was associated with young onset, autosomal dominant PD [3]. Shortly
thereafter it was shown in subjects with idiopathic PD that fibrillar a-syn was a major
component of Lewy bodies [4]. Subsequent work identified additional point mutations
(A30P, E46K, H50Q, G51D;[5-8]) that increase the risk of PD. The effects of these
missense mutations on a-syn protein conformational state, solubility, membrane
association, and aggregation kinetics have been extensively studied in vitro and in vivo
[9-12]. In addition to point mutations in SNCA, duplications or triplications of wildtype
SNCA are also causative in familial PD. Collectively, this body of work provides
compelling evidence that a-syn plays a central role in the pathophysiology of both

familial and idiopathic PD.

As expected, studies of a-syn multiplication carriers demonstrate that a-syn mRNA and
protein are elevated in these genetic forms of the disease with 1.5-2-fold increases in
abundance reported [13-17]. Notably, SNCA triplication carriers exhibit earlier onset

and more-rapidly progressing PD compared to duplication carriers or sporadic PD
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patients, further lending support that dose-dependent increases in a-syn are a driving
factor in disease onset and severity. However, in idiopathic PD the evidence for either
elevated a-syn mRNA or a-syn protein is lacking. Analysis of a-syn mRNA levels within
individual nigral neurons from early or late idiopathic PD subjects has revealed
conflicting results with no differences reported [18, 19], increases reported [20] or
decreases reported [21, 22]. Analysis of total a-syn protein levels in postmortem
idiopathic PD tissue suggests either a modest transient increase or similar levels to age-
matched control [23]. In contrast to SNCA-linked familial PD, the concept that increases

in a-syn levels drive pathophysiology in idiopathic PD is less supported.

Whereas total expression levels of a-syn appear to distinguish SNCA multiplication
carriers from idiopathic PD patients, changes in the solubility, membrane association,
and abundance of post-translationally modified forms a-syn are similar in both patient
subgroups. Investigations beyond a focus on a-syn abundance have identified changes
in cellular localization and posttranslational modifications as potential mechanisms of a-
syn-mediated toxicity, as reviewed in [10, 24-30]. In idiopathic PD, studies have
consistently demonstrated shifts in the ratio of soluble to insoluble a-syn without
concurrent changes in total a-syn levels. Specifically: decreases in soluble monomeric
a-syn with concurrent increases in soluble phosphorylated a-syn (pSyn) along with
increases in membrane-bound a-syn have been observed in particularly vulnerable
regions (SN and cortex) in sporadic PD cases [31, 32]. Similar observations have also
been made in samples derived from SNCA triplication carriers, albeit with increased

magnitude and less regional specificity [25]. The fact that both genetic and idiopathic
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forms of PD are associated with a-syn phosphorylation and increased membrane

interactions suggests a role for these phenomena in PD pathophysiology.

Development of Lewy Pathology and Affected Circuitry

Confirmed diagnosis of PD is not made until Lewy bodies (LBs) and Lewy neurites
(LNs) are observed upon post-mortem evaluation. LBs are composed of dozens of
proteins, including but not limited to a-syn, neurofilament, p62 and ubiquitin. pSyn
staining is the most common immunohistochemical method of LB detection in post-
mortem tissue, however, it should be noted that pSyn inclusions likely represent end
stage LB development. Immature LBs, termed “pale bodies” are more often observed in
early disease stages. Pale bodies are strongly immunoreactive for a-syn and manifest
as intracellular diffuse, granular eosinophilic material with ill-defined borders. As
disease stage advances, mature cytoplasmic LBs predominate over pale bodies and
differ slightly in appearance depending on location in the cortex or brainstem [31-33].
With increasing maturity, LB and LN inclusions display a dense core with radiating
filaments, and are strongly Thioflavin-S positive for beta-sheet structure and resistant to

digestion by proteinase-K [34, 35]

Although Lewy pathology is widespread in PD brain, it occurs in well-defined regions
including the substantia nigra pars compacta, amygdala, olfactory bulb, temporal, frontal
and parietal cortices [36]. Braak and colleagues developed a staging scheme for PD
based on the location of pSyn LB and LN inclusions. Braak proposed that inclusions are

first found in the olfactory bulb and dorsal motor nucleus of the vagus nerve, and follow
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an ascending pattern through the brainstem and finally the cortex [37, 38], lending to the
debate of PD as a prion-like disease [36, 38, 39]. However, it should be noted that
~50% of cases do not follow this staging scheme [40-43]. Other theories suggest
parallel rather than stepwise accumulation of Lewy pathology based on differential

vulnerability profiles of various cell types and regions [44].

Neuroinflammation

In recent years, neuroinflammation has been proposed as a contributor to
neurodegeneration in PD and a potential target for disease modification. Early
observations of post-mortem tissue describe a local increase in inflammatory markers in
the SN associated with microglia, notably human-leukocyte antigen-D related (HLA-
DR;[45-48]), the human analog for major histocompatibility complex-Il (MHC-II; antigen
presentation). Not only has increased MHC-II expression been observed, it correlates
positively with a-syn burden [49]. More recent work has implicated mutations in HLA-DR
in amplified risk for developing PD, and levels of MHC-II are increased in cases of
Incidental Lewy Body Disease (Braak stage I-II; [50] suggesting that inflammation may
be at least in part, a contributing factor to ongoing degeneration [51]. On a broad level,
cytokine measurements from patient biofluids (plasma and CSF) have consistently
shown deviations from normal proinflammatory and anti-inflammatory cytokine levels
compared to controls, although results are conflicting and may stem from variance in
subject disease duration and time of sample collection [52-54]. However, while studies
of patient tissue and biofluids have suggested that inflammation is involved in PD, these

samples represent a single point in time over long disease duration. It is unclear
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whether neuroinflammatory markers that associate with LBs preceed the formation of
LBs and if the LB-containing neurons ultimately degenerate. Thus, the time-course of
neuroinflammation in relation to a-syn accumulation and aggregation and nigral

degeneration in human PD has yet to be determined.

Using the a-syn PFF seeded synucleinopathy to model idiopathic PD

PFF-induced synucleinopathy in the context of normal levels of endogenous a-syn
Given that idiopathic PD is not associated with an increase in total a-syn protein levels,
synucleinopathy that arises in the context of normal endogenous a-syn levels would
more faithfully recapitulate a key characteristic of the non-genetic form of PD. In
contrast, previous models have relied on global overexpression (transgenics) or
targeted overexpression (viral vector-mediated) of a-syn (Table 1). The a-syn
preformed fibril (PFF) model represents an approach in which synucleinopathy is
induced in an environment of normal a-syn protein levels. This was first developed in
vitro by introduction of a-syn PFFs to primary neuronal cultures. Briefly, a-syn fibrils are
generated from recombinant a-syn monomers and sonicated to form smaller ~50 nm
fragments which are introduced to cell culture [55]. The PFFs are internalized by
neurons, template and recruit endogenous a-syn and accumulate as inclusions of
insoluble pSyn [55-57]. The pSyn inclusions ultimately lead to neuronal dysfunction and
degeneration. This toxicity is not due to introduction of PFFs per se but can be directly
linked to the recruitment of endogenous a-syn into inclusions as evidenced by the fact

that PFFs do not induce toxicity when applied to a-syn™ primary neurons [55, 58].
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Development of widespread Lewy-like Pathology

The a-syn PFF model has since been extended to wildtype mice [59] and rats [60-62]
and most recently non-human primates [63]. These studies demonstrate that direct
intracerebral injection of a-syn PFFs leads to accumulation of insoluble pSyn inclusions
resembling Lewy pathology, all taking place in an environment of normal endogenous a-
syn expression levels. The similarity between a-syn PFF induced pSyn inclusions and
human Lewy pathology is particularly striking. At early time points post-injection, pSyn
immunoreactive inclusions resemble pale bodies: granular, diffuse and cytoplasmic
(Figure 1C). Over time, pSyn inclusions condense into more compact aggregates. The
observed pSyn inclusions colocalize with markers commonly observed in human LBs
including p62 and ubiquitin, consist of a-syn oligomers and fibrils, and are also
Thioflavin-S positive and proteinase-K resistant [60, 61]. Two photon microscopy has
confirmed that neurons that form these pSyn inclusions ultimately degenerate [64].
Similarly, the magnitude of pSyn inclusion formation observed in the substantia nigra 2
months following PFF injection can be used to predict the ultimate extent of nigral
degeneration observed at 6 months [61]. The protracted course of these aggregation
and degeneration events provides investigators the ability to focus on particular phases

of the synucleinopathy cascade.

In vivo, the spatial emergence of LB and LN-like pathology is dependent on the location
of PFF injection. For example, several groups have demonstrated that intrastriatal
injections of PFFs result in pSyn inclusion accumulation in cell bodies of regions

innervating the striatum [65]: namely the substantia nigra, agranular insular and motor
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cortices, and amygdala [58-62], suggesting that axon terminals internalize the PFFs.
The occurrence of pathology in these defined regions supports the concept of
retrograde transport and templating of endogenous a-syn within neurons exposed to the
injection site, rather than prion-like spread throughout extensive brain networks.

Importantly, areas in which pathology is observed are implicated in human PD [36].

Neuroinflammation

In addition to generating widespread pathology, intrastriatal injection of a-syn PFFs
allows for investigations to delineate the time course of the inflammatory response in
the substantia nigra. Due to the fact that the injection site (striatum) is spatially
separated from the substantia nigra, inflammation related to surgical injection is
minimized. Intrastriatal injection of PFFs, but not vehicle or other protein controls,
induces peak reactive microglial morphology in the substantia nigra at 2 months,
corresponding to the time point in which the greatest number of pSyn inclusions are
observed [61]. In addition, a pSyn specific increase in MHC-II immunoreactive microglia
is observed at this same time point, significantly correlating with pSyn inclusion load.
This relationship between MHC-II immunoreactivity and a-syn inclusion burden is
reminiscent to what has been reported in idiopathic PD [49] providing face validity to the

a-syn PFF model.
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Is a-syn overexpression analogous to idiopathic PD?

Reliance on supraphysiological a-syn levels and lack of protracted Lewy-like pathology
Models induced by intranigral injection of adenoassociated (AAV) or lentiviral (LV)
vectors overexpressing human wildtype or mutant a-syn often result in dramatic
increases in the levels of protein [66-74]. Although final protein levels are titer
dependent, many studies report levels of a-syn 2-20x higher than normal endogenous
expression levels, as reviewed extensively [75]. As these levels far exceed those
observed in either idiopathic, duplication and even SNCA triplication carriers, they raise
the potential for pathophysiological mechanisms specific to supraphysiological a-syn
expression, mechanisms that may not be relevant to idiopathic PD. Indeed, the
downregulation of multiple trophic factor responsive genes is observed with 4-fold, but
not lower a-syn overexpression levels [18, 76]. In vitro studies show that following
transduction, neurons release multiple forms of a-syn [77]. It is therefore likely that a-
syn is similarly released from neurons transduced in vivo. It is unclear to what extent

inclusion-bearing neurons release a-syn, if at all.

Lewy pathology in PD is widespread and likely develops in multiple regions
concurrently. In contrast, AAV and LV-mediated overexpression models drive a-syn
expression in discrete circuitries, most often the nigrostriatal system. Another
consideration is the form of Lewy pathology generated by a-syn overexpression.
Although pSyn immunoreactive and proteinase-K resistant inclusions have been
reported they are most often small and punctate [74] in contrast to the large,

cytoplasmic aggregates seen in human PD and in the a-syn PFF model. Further,
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frequently the pSyn inclusions generated following a-syn overexpression are localized
to the nucleus (Figure 1B), unlike the cytoplasmic LBs that are the hallmark of PD and
are observed in the PFF model. A dramatic rise in cytosolic pSyn has been
documented in PD [23], and thus pSyn localized to the nucleus that is observed with
viral vector-mediated a-syn overexpression would prevent pSyn’s ability to interact with

cytoplasmic proteins and structures.

Transgenic models overexpressing wildtype or mutant a-syn consistently display
widespread synuclein pathology including proteinase-K resistant inclusions and
behavioral deficits [78, 79]. While there are some exceptions [80], the majority of
transgenic models do not exhibit robust, protracted nigral degeneration [81, 82]. Thus,
while transgenic models are adequate for investigating development of Lewy-like
pathology, most fail to recapitulate downstream nigral degeneration and thus have

limited translational potential for evaluation of neuroprotective strategies.

Inflammation in AAV and LV-mediated overexpression models: location, location,
location

Another feature of viral vector-mediated a-syn overexpression models that is often
leveraged is their ability to produce a robust neuroinflammatory response as indicated
by microgliosis, MHC-Il and CD68 on microglia, in addition to production of
proinflammatory cytokines [83-85]. However, there are several considerations when
interpreting the disease relevance of the neuroinflammatory response in this paradigm.
First, the majority of viral vector models are induced by direct intranigral injection which

alone, in the absence of a-syn overexpression, can trigger a pronounced increase in
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MHC-II immunoreactive microglia (Figure 1D). This suggests that a significant
component of the inflammatory response resulting from intranigral injections of a-syn
vectors is due to the injection itself. Further, as previously stated, a-syn overexpression
paradigms can result in the release of supraphysiological levels of a-syn into the
immediate environment. This secretion of a-syn likely triggers a neuroinflammatory
response in the absence of degeneration (Figure 1D) that has little to do with the
disease state attempting to be modeled. Lastly, the majority of AAV and LV models
overexpress human a-syn, not rodent a-syn, in rats and mice [75, 86]. As rat and mouse
a-syn differs from human a-syn by 8 amino acids, it is plausible that overexpression of

the foreign human protein may initiate an artificial inflammatory response.

Conclusions

The ability to advance our understanding of pathophysiology in idiopathic PD and
predict the efficacy of novel therapeutics is dependent on the fidelity of animal models to
the disease state. When modeling idiopathic PD, the presence of LB-like a-syn
inclusions within the context of normal endogenous a-syn levels in multiple brain
regions, which ultimately results in progressive nigrostriatal degeneration are an
essential model feature. While a-syn overexpression models have advanced our
understanding of a-syn-mediated toxicity, they depend on focal expression of
supraphysiological levels of a-syn in a limited circuitry. In contrast to SNCA-linked
familial PD, clinicopathologic evidence does not support the concept that increases in a-
syn levels drive pathophysiology in idiopathic PD and therefore a-syn overexpression

may trigger pathogenic mechanisms that may not be relevant to idiopathic PD. We
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propose that widespread accumulation of Lewy body-like inclusions induced by injection
of PFFs in the context of normal a-syn levels, ultimately resulting in downstream
inflammation and progressive nigral degeneration, more faithfully models the sequence
of events in idiopathic PD. Thus, the synucleinopathy induced by a-syn PFF injections
represents an exceptional preclinical PD model to investigate the pathogenic

contribution of endogenous a-syn, and assess novel disease-modifying therapeutics.
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Feature AAV-Overexpression Models a-syn PFF Model

Difficult Straightforward
Ability to examine impact of Simultaneous a-syn overexpression | otralg . .

L : ; X Distinct interval of inclusion
a-synuclein inclusions and aggregation progresses rapidly to - .
yh : . formation followed by degeneration

distinct from degeneration degeneration over the course of .
over a protracted time course
weeks
Confound Less of a factor
Injection artifact Direct injections into the SN produce Direct injections into the striatum
marked neuroinflammatory response have less of an impact within the
that can make interpretation difficult SN

Not analogous to idiopathic PD
Continuous supraphysiological a-syn
levels produced by forced
overexpression are not analogous to
idiopathic PD

Normal endogenous a-syn levels
Pathophysiology results from
templating of normal levels of a-
syn

a-synuclein levels

Wide spread a-syn pathology
Allows for the examination of
events outside of nigrostriatal

system

Not present
Pathology limited to the nigrostriatal
system

Extranigral a-synuclein
pathology

Table 2.1: Considerations when modeling idiopathic PD in rodents
Abbreviations: AAV= adenoassociated virus; a-syn= alpha-synuclein, PD= Parkinson’s
disease; PFFs= alpha-synuclein preformed fibrils; SN= substantia nigra
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Figure 2.1: Comparison of alpha-synuclein pathology and inflammation between AAV-
overexpression and a-syn preformed fibril models

a) Intrastriatal injection of a-syn PFFs results in accumulation of phosphorylated a-syn (pSyn,
red) inclusions in the cytoplasm of SNc neurons, similar to cytoplasmic Lewy bodies in PD. b)
Intranigral delivery of rAAV2/5 expressing human wildtype a-syn results in robust
overexpression of human a-syn (green) with relatively few pSyn inclusions (red) in the
cytoplasm. pSyn inclusions induced by AAV-mediated overexpression of a-syn are
predominantly nuclear. C) Evolution of Lewy body-like pSyn inclusion formation in the
substantia nigra pars compacta induced by intrastriatal PFF injection. Inclusions follow a similar
pattern to that observed in human PD, with immature inclusions appearing diffuse and granular
and becoming more dense and compact over time. D) Comparison of MHC-II expression 8
weeks following intranigral rAAV2/5 GFP or human wildtype a-syn vector injection or intrastriatal
injection of sonicated preformed murine a-syn fibrils or PBS. In all cases no loss of nigral
dopamine neurons was observed. Injection of AAV2/5 GFP or human a-syn is associated with
robust increases in MHC-Il on microglia throughout the mesencephalon, suggesting that the
inflammation observed is largely attributable to surgical injection at the transduction site. In
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Figure 2.1 cont’d

contrast, intrastriatal injection of PFFs results in MHC-II expression more localized to the SNc,
with few to no MHC-II immunoreactive microglia evident in PBS injected animals.
Abbreviations: rAAV2/5= recombinant adenoassociated virus 2/5; a-syn= alpha-synuclein,
GFP= green fluorescent protein; MHC-II= major histocompatibility complex-Il; PBS= phosphate
buffered saline; PFFs= alpha-synuclein preformed fibrils; pSyn = alpha-synuclein
phosphorylated at serine129; SNc= substantia nigra pars compacta.
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Supplementary Methods:

Vector construction and intranigral injection

Recombinant adeno-associated viral vector pseudotype 2/5 (rAAV2/5) was used to
overexpress human wildtype a-syn (rAAV-hu-a-syn) or green fluorescent protein (GFP)
and constructed as previously described [87, 88], resulting in a final titer of 1.8 x 10"?
genome copies per ml [88] or 1.8 x 10" genome copies per ml [87], respectively. Male
rats received two unilateral nigral injections of rAAV2/5-hu-a-syn (4ul total; AP —5.3 mm,
ML + 2.0 mm, DV -7.2 mm and AP -6.0 mm, ML + 2.0 mm, DV -7.2 mm relative to
dura) or rAAV2/5-GFP at a rate of 0.5ul/minute, 2ul per site. Animals were euthanized 8

weeks following injection as described below.

PFF Generation and Intrastriatal Injection

Purification of recombinant, full-length mouse a-syn and in vitro fibril assembly and
intrastriatal injections were performed as previously described [56, 59, 61]. Prior to
sonication, a-syn fibrils were assessed to verify lack of contamination (LAL Assay, (~1
Endotoxin Units /mg), presence of high molecular weight species (sedimentation
assay), beta sheet conformation (Thioflavin T) and structure (transmission electron
microscopy). Prior to injection, PFFs were thawed, diluted in sterile Dulbecco’s PBS
(DPBS, 2ug/ul) and sonicated at room temperature using an ultrasonicating
homogenizer (300VT; Biologics, Inc., Manassas, VA) with the pulser set at 20%, power
output at 30% for 60 pulses at 1 second each. Sonicated PFFs were kept at room
temperature throughout the duration of the surgical procedure. Male, 2-month old rats

were deeply anesthetized with isoflurane and received two 2pl unilateral intrastriatal
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injections (4l total; AP +1.6, ML +2.4, DV -4.2; AP -1.4, ML +2.0, DV -7.0 from skull)
either of sonicated mouse a-syn PFFs (2ug/ul as described previously) or an equal
volume of DPBS at a rate at 0.5ul/minute. Injections were administered made using a
pulled glass needle attached to a 10 pl Hamilton syringe. After each injection, the
needle was left in place for 1 minute, retracted 0.5 mm, left in place for an additional 2
minutes and then slowly withdrawn. Animals were monitored post-surgery and

euthanized at monthly intervals up to 6 months.

Immunohistochemistry

All animals were euthanized via pentobarbital overdose (60mg/kg) and intracardially
perfused with heparinized 0.9% saline followed by cold 4% paraformaldehyde in 0.1M
PO,. Brains were extracted and post-fixed in 4% PFA for 48 hours and placed in 30%
sucrose until sunk. Brains were frozen on a sliding microtome and cut at 40pym. Free-
floating sections (1:6 series) were transferred to 0.1M tris buffered saline (TBS).
Following washes, endogenous peroxidases were quenched in 3% H»O- for 1 hour and
rinsed in TBS. Sections were blocked in 10% normal goat serum/0.5% Triton-X 100 in
TBS (NGS, Gibco; Tx-100 Fischer Scientific) for 1 hour. Following block, sections were
labeled with the following primary antibodies: mouse anti-human a-syn (transduction
verification; Invitrogen, Carlsbad, CA; AHB0261; 1:2000; [87]), mouse anti-
phosphorylated a-syn at Serine 129 (pSyn, 81A; Abcam, Cambridge, MA; AB184674;
1:10,000; [61]), or mouse anti-rat major histocompatibility complex-Il for antigen
presenting microglia (MHC Class |l RT1B clone OX-6; BioRad, Hercules, CA; MCA46G,

1:5000; [61]) overnight at 4°C. Following washes, sections were incubated in
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biotinylated secondary antibodies (1:500) against mouse IgG (Millipore, Temecula, CA;
AP124B) followed by washes in TBS and 2-hour incubation with Vector ABC standard
detection kit (Vector Laboratories, Burlingame, CA; PK-6100). Labeling for pSyn and
MHC-II was visualized by development in 0.5 mg/ml 3,3’ diaminobenzidine (DAB;
Sigma-Aldrich St. Louis, MO; D5637-10G) and 0.03% H»O,. Slides were dehydrated in
ascending ethanol series then xylenes before coverslipping with Cytoseal (Richard-
Allan Scientific, Waltham, MA) and imaged on a Nikon Eclipse 90i microscope with a
QICAM camera (QImaging, Surrey, British Colombia, Canada) and Nikon Elements AR

(version 4.50.00, Melville, NY).

Immunofluorescence

Free-floating sections (1:6 series) were transferred to 0.1M tris buffered saline (TBS)
and washed. Sections were blocked in 10% normal goat serum/0.5% Triton-X 100 in
TBS (NGS, Gibco; Tx-100 Fischer Scientific) for 1 hour. Following block, sections were
labeled with mouse anti-human a-syn (IgG1; Invitrogen AHB0261; 1:2000) and mouse
anti-phosphorylated a-syn (pSyn, 81A; IgG2a; Abcam, Cambridge, MA; AB184674;
1:10,000) overnight at 4°C. Sections were washed and incubated in secondary
antibodies goat anti-mouse against 81A IgG2A (Invitrogen; Carlsbad, CA; A-21135;
Alexa Fluor 594) and goat anti-mouse IgG1 against a-syn (Invitrogen; Carlsbad, CA; A-
21121; Alexa Fluor 488) at 1:500 in 1% NGS/0.5% Tx-100 for 2 hours. Sections were
washed, mounted on subbed slides and coverslipped with VectaShield hardset

mounting media (Vector Labs; H1400) and visualized on a on a Nikon Eclipse 90i
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microscope with a QICAM camera (Qlmaging, Surrey, British Colombia, Canada) and

Nikon Elements AR (version 4.50.00, Melville, NY).
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Chapter 3: Lewy Body-Like Alpha-Synuclein Inclusions Trigger Reactive
Microgliosis Prior To Nigral Degeneration
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Abstract

Converging evidence suggests a role for microglia-mediated neuroinflammation in
Parkinson’s disease (PD). Animal models of PD can serve as a platform to investigate
the role of neuroinflammation in degeneration in PD. However, due to features of the
previously available PD models, interpretations of the role of neuroinflammation as a
contributor to- or a consequence of neurodegeneration have remained elusive. In the
present study, we leveraged the features of synucleinopathy induced in wildtype rats
following intrastriatal injection of preformed alpha-synuclein fibrils (a-syn PFFS). Male
Fischer 344 rats (N= 114) received unilateral intrastriatal injections of a-syn PFFs, PBS
or rat serum albumin with cohorts euthanized at monthly intervals up to six months.
Quantification of dopamine neurons, total neurons, phosphorylated a-syn (pS129)
aggregates, major histocompatibility complex-Il (MHC-II) antigen-presenting microglia
and ionized calcium binding adaptor molecule-1 (Iba-1) immunoreactive microglial soma
size was performed in the substantia nigra. In addition, the cortex and striatum were
also examined for presence of pS129 aggregates and MHC-II antigen-presenting
microglia to compare the temporal patterns of pSyn accumulation and reactive
microgliosis. Intrastriatal injection of a-syn PFFs to rats resulted in widespread
accumulation of phosphorylated a-syn inclusions in several areas that innervate the
striatum followed by significant loss (~35%) of substantia nigra pars compacta
dopamine neurons within 5-6 months. The peak magnitudes of a-syn inclusion
formation, MHC-II expression and reactive microglial morphology were all observed in
the SN two months following injection, three months prior to nigral dopamine neuron

loss. Surprisingly, MHC-Il immunoreactivity in a-syn PFF injected rats was relatively
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limited during the later interval of degeneration. Moreover, we observed a significant
correlation between substantia nigra pSyn inclusion load and number of microglia
expressing MHC-II. In addition, we observed a similar relationship between a-syn
inclusion load and number of microglia expressing MHC-II in cortical regions, but not in
the striatum. Our results demonstrate that increases in microglia displaying a reactive
morphology and MHC-II expression occurs in the substantia nigra in close association
with peak numbers of pSyn inclusions, months prior to nigral dopamine neuron
degeneration and suggest that reactive microglia may contribute to vulnerability of SNc
neurons to degeneration. The rat a-syn PFF model provides an opportunity to examine
the innate immune response to accumulation of pathological a-syn in the context of
normal levels of endogenous a-syn and provides insight into the earliest

neuroinflammatory events in PD.
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Introduction

The etiology of Parkinson’s disease (PD) is stochastic: a culmination of aging-related
changes in brain environment, genetic predispositions, and environmental insults that
result in accumulation of alpha-synuclein (a-syn) inclusions (i.e., Lewy bodies) and
degeneration of nigrostriatal dopamine neurons [1, 2]. Converging evidence suggests a
role for microglia-mediated neuroinflammation in human PD. This theory is supported
by observations of increased inflammatory cytokines in both PD patient cerebral spinal
fluid (CSF) and plasma [3, 4], and in the patient brain as longitudinal PET imaging has
demonstrated early and sustained microglial activation in the basal ganglia [5].
Furthermore, postmortem analyses in PD patients revealed increased expression of
inflammatory markers such as human leukocyte antigen (HLA-DR), major
histocompatibility complex-l1l (MHC-II), phagocytic marker CD68, intercellular adhesion
molecule-l (ICAM-1), and integrin adhesion molecule (LFA-1) in the substantia nigra [6,
7]. However, a drawback of biofluid and postmortem PD brain samples is that they only
provide a static snapshot of events within a longitudinal cascade of PD pathophysiology.
This is especially problematic as the overwhelming maijority of PD patient samples are
collected from individuals who have likely harbored PD-related pathology for decades
before, if also not after, diagnosis. This confounds interpretations of the role of
neuroinflammation in degeneration in PD and prevents the understanding as to whether
neuroinflammation participates as a contributor to nigral degeneration or is simply an

artifact of cell death.
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One of the most consistent observations in post-mortem PD tissue is an increase in the
number of microglia expressing MHC-II (HLA-DR in humans [7-9]) a cell surface protein
on antigen presenting cells which is necessary for CD4+ T-cell infiltration. More
recently, gene expression changes related to inflammation, including an upregulation of
MHC-II, have also been noted in Incidental Lewy Body Disease subjects (Braak stages
1-3 [9, 10]). Additionally, a variant in the HLA-DR gene which encodes for MHC-II is
associated with amplified risk for development of PD after pesticide exposure [11].
Increased MHC-Il is often concurrently upregulated with genes for proinflammatory
cytokines such as tumor necrosis factor (TNF) and interleukin-1 beta (IL-1B) [12].
Moreover, decreased MHC-I| expression was shown to attenuate downstream secretion
of proinflammatory cytokines [13, 14]. Taken together, it is likely that MHC-II is most
closely associated with a proinflammatory phenotype in microglia and may play a
contributory role in nigral degeneration in PD. However, while the concept that MHC-II
expression on microglia is increased in PD patients is not novel [8], the temporal pattern
of observed increases in MHC-II in relation to a-syn aggregation and/or nigrostriatal

degeneration has been unable to be systematically examined.

Animal models of PD can serve as platforms to investigate the role of
neuroinflammation in PD-related cell death and dysfunction. The neuroinflammatory
consequences of nigral degeneration and/or a-syn aggregation have been examined
previously in various models, including but not limited to: neurotoxicant models (6-
hydroxydopamine: 6-OHDA [15, 16]; 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine:

MPTP; [17, 18] ), transgenic models expressing human wildtype or mutant a-syn
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(A503T, A30P; [19-21]) and viral vector-mediated overexpression of human wild-type or
mutated a-syn in the nigrostriatal system [21-27]. However, certain characteristics of
these models limit interpretations regarding the specific initiator of the
neuroinflammation observed — synuclein inclusions and/or degeneration. Neurotoxicant
models (6-OHDA, MPTP) rarely exhibit a-syn pathology [17, 28]. Transgenic models
generally do not recapitulate marked nigrostriatal degeneration despite widespread, a-
syn pathology [20, 29]. Whereas a robust inflammatory response is observed in
association with the elevated a-syn levels, aggregates and nigral degeneration in viral
vector-based a-syn overexpression models [21-27, 30-32], the contribution of
supraphysiological a-syn levels or the a-syn species difference (human a-syn
expressed in rat or mouse) to the neuroinflammatory response is unclear. Importantly,
in human sporadic PD, total a-syn levels are not increased, rather phosphorylation and

the ratio of soluble to insoluble a-syn increases over time [33-35].

An alternative model of the key features of human sporadic PD such as 1) protracted
development of a-syn inclusions under conditions of 2) normal expression levels of
endogenous a-syn during an interval that 3) precedes significant nigrostriatal
degeneration would offer distinct advantages and allow the time course and potential
impact of neuroinflammation to be delineated. Recently, our lab has characterized a rat
model of PD that recapitulates this sequence of events, extending previous findings in
mice [36, 37]. In this model, nigrostriatal synucleinopathy is induced by intrastriatal
injection of sonicated preformed a-syn fibrils (a-syn PFFs) into wildtype rats [36, 38].

The fibrils act as seeds to template and trigger normal levels of endogenous a-syn to
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accumulate into misfolded hyperphosphorylated, pathological a-syn (Figure 1A). The
initial injection of a-syn PFFs per se does not directly cause toxicity, given that a-syn
pathology and nigral degeneration do not occur in a-syn knockout animals injected with
PFFs [37]. In this model we observe widespread accumulation of intraneuronal Lewy
neurite-like and Lewy body-like inclusions of phosphorylated a-syn (pSyn) in areas that
innervate the striatum. Importantly, the accumulation of intracellular pSyn is gradual
and results in loss of striatal dopamine and metabolites in addition to ~40% loss of SNc
dopamine neurons over 6 months [36]. Thus, the synucleinopathy produced in the a-
syn PFF model provides a unique opportunity to examine the neuroinflammatory
consequences of a-syn inclusion accumulation in the context of normal levels of
endogenous, intracellular a-syn. In the present study, we systematically investigated the
temporal profile of Lewy body-like phosphorylated a-syn inclusion load, reactive
microglial morphology, MHC-II antigen presentation, and degeneration in the SN.
Importantly, we observe reactive microglia and increased microglial MHC-II expression
in association with peak load of SNc pSyn inclusions months prior to degeneration,

suggesting that neuroinflammation may contribute to nigrostriatal degeneration.
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Methods

Animals

Young adult (2 months), male Fischer344 rats (n=114) were used in this study. All
animals were provided food and water ad-libitum and housed at the AAALAC approved
Van Andel Research Institute vivarium. All procedures were approved and conducted in
accordance with Institute for Animal Use and Care Committee (IACUC) at Michigan

State University.

Preparation of a-syn PFFs and Verification of Fibril Size

Purification of recombinant, full-length mouse a-syn and in vitro fibril assembly was
performed as previously described [38-40]. Prior to sonication, a-syn fibrils were
assessed to verify lack of contamination (LAL Assay, (~1 Endotoxin Units /mg), high
molecular weight (sedimentation assay), beta sheet conformation (Thioflavin T) and
structure (electron microscopy). Prior to injection, PFFs were thawed, diluted in sterile
Dulbecco’s PBS (DPBS, 2ug/ul) and sonicated at room temperature using an
ultrasonicating homogenizer (300VT; Biologics, Inc., Manassas, VA) with the pulser set
at 20%, power output at 30% for 60 pulses at 1 second each. Following sonication, a
sample of the PFFs was analyzed using transmission electron microscopy (TEM).
Formvar/carbon coated copper grids (EMSDIASUM, FCF300-Cu) were washed twice
with ddH,O and floated for 1 min. on a 10 ul drop of sonicated a-syn fibrils diluted 1:20
with DPBS. Grids were stained for 1 min. on a drop of 2% uranyl acetate aqueous

solution, excess uranyl acetate was wicked away with filter paper, and allowed to dry
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before imaging. Grids were imaged on a JEOL JEM-1400 transmission electron
microscope. The length of over 500 fibrils per sample were measured to determine
average fibril size. The mean length of sonicated mouse a-syn PFFs was estimated to
be 51.22 + 1.31 nm, well within the optimal fibril length previously reported to result in
seeding of endogenous phosphorylated a-syn inclusions in vitro and in vivo (Figure

3.1b-c) [41].

Intrastriatal Injections

Sonicated PFFs were kept at room temperature during the duration of the surgical
procedures. All rats were deeply anesthetized with isoflurane received two 2l unilateral
intrastriatal injections (4ul total; AP +1.6, ML +2.4, DV -4.2; AP -1.4, ML +2.0, DV -7.0
from skull) either of sonicated mouse a-syn PFFs (2ug/ul as described previously [36])
or an equal volume of DPBS at a rate at 0.5ul/minute (n=6 per treatment per time point).
Injections were administered made using a pulled glass needle attached to a 10 pl
Hamilton syringe. After each injection, the needle was left in place for 1 minute,
retracted 0.5 mm, left in place for an additional 2 minutes and then slowly withdrawn.
Animals were monitored post-surgery and euthanized at predetermined time points (14,
30, 60, 90, 120, 150, and 180 days; Figure 3.1a). In a subsequent experiment, rats
received two 2yl unilateral intrastriatal injections either of mouse a-syn PFFs 2ug/ul,
DPBS, or rat serum albumin (RSA, Sigma Aldrich, St. Louis, MO; 9048-46-8; 2ug/ul) at
the identical coordinates and were euthanized at 2 months post-injection (n=6 per

treatment).
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Immunohistochemistry

All animals were euthanized via pentobarbital overdose (60mg/kg) and intracardially
perfused with heparinized 0.9% saline followed by cold 4% paraformaldehyde in 0.1M
PO,. Brains were extracted and post-fixed in 4% PFA for 48 hours and placed in 30%
sucrose until they sunk. For sectioning, brains were frozen on a sliding microtome and
cut at 40um. Free-floating sections (1:6 series) were transferred to 0.1M tris buffered
saline (TBS). Following washes, endogenous peroxidases were quenched in 3% H>0»
for 1 hour and rinsed in TBS. Sections were blocked in 10% normal goat serum/0.5%
Triton-X 100 in TBS (NGS, Gibco; Tx-100 Fischer Scientific) for 1 hour. Following
block, sections were immunolabeled with primary antibodies: mouse anti-a-syn fibrils
/oligomers (O2; 1:5000, [42]) or mouse anti a-syn fibrils (F2; 1:5000,[42]), pan rabbit-
anti a-syn (Abcam, Cambridge, MA; AB15530, 1:1000), mouse anti-phosphorylated a-
syn at Serine 129 (pSyn, 81A; Abcam, Cambridge, MA; AB184674; 1:10,000); rabbit
anti-tyrosine hydroxylase (TH; Millipore, Temecula, CA; MAB152, 1:4000), rabbit anti-
ionized calcium binding adaptor molecule-1 (Iba-1; Wako, Richmond, VA; 019-19741,
1:1000), mouse anti-neuronal nuclei (Neu-N; Millipore, Temecula, CA; MAB 377,
1:5000); or mouse anti-rat major histocompatibility complex-Il for antigen presenting
microglia (MHC Class Il RT1B clone OX-6, BioRad, Hercules, CA; MCA46G, 1:5000)
overnight in 1% NGS/0.5% Tx-100/TBS at 4°C. Following washes, sections were
incubated in biotinylated secondary antibodies (1:500) against mouse (Millipore,
Temecula, CA; AP124B) or rabbit IgG (Millipore, Temecula, CA; AP132B) followed by
washes in TBS and 2-hour incubation with Vector ABC standard detection kit (Vector

Laboratories, Burlingame, CA; PK-6100). Labeling for pSyn, MHC-Il, and TH was
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visualized by development in 0.5 mg/ml 3,3’ diaminobenzidine (DAB; Sigma-Aldrich St.
Louis, MO; D5637-10G) and 0.03% H20,. For dual brightfield visualization of Neu-N and
Iba-1, sections were developed according to the manufacturer’s instructions using the
Vector ImmPACT DAB Peroxidase (Vector Labs, Burlingame, CA; SK-4605) and
ImMmPACT VIP Peroxidase (Vector Labs, Burlingame, CA; SK-4105) kits, respectively.
Slides were dehydrated in ascending ethanol series then xylenes before coverslipping
with Cytoseal (Richard-Allan Scientific, Waltham, MA). A subset of pSyn labeled
sections were also counterstained with cresyl violet for quantification of intraneuronal

pSyn inclusions in the SNc.

RNAscope in-situ Hybridization for Iba-1 and MHC-II IHC

40um thick striatal tissue sections were incubated in Pretreat 1 from the RNAscope
Pretreatment Kit (Advanced Cell Diagnostics, Hayward, CA; 310020) for 1

hour. Sections were washed in TBS and then mounted on Vistavision Histobond slides
(VWR, Randor, PA; 16004-406) and placed on slide warmer at 60°C overnight. Slides
were then incubated for 10 minutes in Pretreat 2 at 99°C, and washed twice in water.
Tissue was outlined with Pap Pen (Abcam, Cambridge, UK; ab2601), and incubated
with Pretreat 3 in a hybridization oven at 40°C for 15 min, washed twice in water, and
incubated with the probe for AIF1 (Iba1; Advanced Cell Diagnostics, Hayward, CA;
457731) for 2 hours in the hybridization oven at 40°C. Six amplification steps with the
amplification buffers (Advanced Cell Diagnostics, Hayward, CA; 320600) were then
performed in alternating 30- and 15-minute incubation intervals in the hybridization oven

per manufacturer instructions. Tissue was developed using the supplied DAB reagent
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(Advanced Cell Diagnostics, Hayward, CA; 320600). Tissue was then counterstained for
MHC-II (RT1B clone OX-6, BioRad, Hercules, CA; MCA46G, 1:500) in a hybridization
chamber, following the same procedures as detailed for other immunohistochemical
stains with the exception that the Vector SG reagent (Vector Laboratories, Burlingame,
CA) was used as the chromogen. Slides were rinsed in TBS and coverslipped with
Cytoseal 60. Images were taken on a Nikon Eclipse 90i microscope with a QICAM

camera (QImaging, Surrey, British Colombia, Canada).

Quantification of TH, NeuN, pSyn and MHC-Il immunoreactive profiles

Microbrightfield (MBF) Stereoinvestigator (MBF Bioscience, Williston, VT) was used to
estimate the total population of THir and NeuNir neurons to determine the time course
of TH phenotype loss and overt nigral degeneration. Contours were drawn around the
SNc using the 4X objective on every sixth section through the rostrocaudal axis (9-10
sections). A series of counting frames (50um x 50um) was systematically and randomly
distributed over grid (183 pm x 112 ym) placed over the SNc, allowing for quantification
of approximately 20% of the SNc. An investigator blinded to experimental conditions
counted THir and NeuNir cells using the optical fractionator probe with a 60x oil
immersion objective. Markers were placed on each THir or NeuNir cell in a 1-2 ym z-
stack within the counting frame. Between 50-500 objects were counted to generate
stereological estimates of the total cell population. The total population estimate was
calculated using optical fractionator estimates and variability within animals was
assessed via the Gunderson coefficient of error (<0.1). Due to heterogeneity in the

distribution of both pSyn and MHC-Il immunoreactive profiles within the SN, total

76



enumeration rather than counting frames was used for quantification. Neurons with
intraneuronal pSyn inclusions were defined as profiles of dark, densely stained pSyn
immunoreactivity within cresyl violet positive neurons. Contours were drawn around the
SNc using the 4X objective on every sixth section through the entire rostrocaudal axis of
the SNc (9-10 sections). pSyn inclusions and MHC-Illir microglia were then
systematically counted within each contour using the 20X objective. Numbers represent
the raw total number of pSyn inclusions or MHC-Illir microglia per animal multiplied by 6

to extrapolate the population estimate.

Microglial Soma Area Analysis

40um thick nigral tissue sections (1:6 series) from animals injected with a-syn PFFs,
RSA, or and DPBS 2 months and 6 months following injection were dual labeled for
NeuN and Iba-1 as described above to distinguish the SNc from the SNr. The three
nigral sections adjacent to the sections containing the most pSyn inclusions were
identified. Z-stack images of the ipsilateral and contralateral SNr bordering the SNc
were taken on a Nikon Eclipse 90i microscope with a QICAM camera (Qlmaging,
Surrey, British Colombia, Canada) using the 20x objective and analyzed with Nikon
Elements AR (version 4.50.00, Melville, NY). Using the auto-detect feature, each Iba-1ir
soma’s border was outlined and adjusted accordingly to obtain an accurate
quantification of area of the soma, excluding any processes. All microglia in the field of
view of each z-stack per section, per rat were quantified with total number of microglia
per rat calculated (100-250). Data are expressed as mean Iba-1ir soma area per
treatment group. Soma measurements for all microglia per treatment were also grouped

into 10um bins and expressed as a percentage of total microglia counted.
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Thioflavin-S Staining

1:12 series was washed in TBS and subsequently mounted on subbed slides to dry (~1
hour). Slides were incubated in 0.5% KMnQO4in TBS for 25 minutes, followed by 5
washes in TBS. Sections were destained in 0.2% K2S205/0.2% oxalic acid in TBS for 3
minutes followed by incubation in 0.0125% thioflavin-S in 40% EtOH/TBS for 3 minutes
and differentiated in 50% EtOH for 15 minutes. Sections were rinsed first in TBS and

then ddH,0 before coverslipping with Vectashield Mounting Medium for fluorescence.

Proteinase-K Digestion

1:12 nigral series was washed in TBS. A subset of free floating tissue sections was
treated with 10 pg/ml proteinase K (Invitrogen, Carlsbad, CA; 25530015) for 30 minutes
at room temperature, followed by 3 washes in TBS and 4 washes in TBS-Tx. Sections
were then processed for pan a-syn immunohistochemistry (rabbit anti-a-syn, Abcam,
Cambridge, UK; AB15530) as described above, mounted on subbed slides, dehydrated

to xylenes, and coverslipped.

Statistics

Statistical analyses were performed using IBM SPSS Statistics (IBM, Armonk, NY) or
GraphPad Prism (La Jolla, CA). Statistical significance for all cases was set at p < 0.05.
Statistical outliers were assessed using the Absolute Deviation from the Median
(ADAM) method using the ‘very conservative’ criterion [43]. To compare numbers of O2
vs. F2 immunoreactive cells (Figure 3.4), THir and NeuNir neurons (Figure 3.5), pSyn a-
syn inclusions (Figure 6), MHC-Ilir microglia (Figure 5) and Iba-1ir microglia number and

size (Figure 3.7) a one-way ANOVA with Tukey’s post hoc analyses was used.
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Correlation analysis was conducted to investigate the relationship between ipsilateral
and contralateral THir neurons (Figure 3.5) and between MHC-Illir and pSyn a-syn

inclusions (Figure 3.6).

Results

Sonicated «-syn PFFs are the optimal size for pathology induction in vivo

Prior to intrastriatal injection of mouse a-syn PFFs we investigated the size of the PFFs
following sonication using transmission electron microscopy (TEM, Figure 3,1B, C). The
mean length of sonicated mouse a-syn PFFs was estimated to be 51.22 £ 1.31 nm, well
within the optimal fibril length previously reported to result in seeding of endogenous

phosphorylated a-syn inclusions (Figure 3.1d, schematic) in vitro and in vivo [41].

Unilateral intrastriatal injection of a-syn PFFs induces widespread Lewy-like pathology
In our previous work [36] we reported that unilateral intrastriatal injection of mouse a-
syn PFFs results in phosphorylated a-syn (pSyn) intraneuronal accumulations in several
areas that innervate the striatum [44], most prominently the frontal (primary motor and
somatosensory, Layer 5) and insular cortices, amygdala, and SNc. Over time,
accumulations increase in number in these regions. In the present study, we observed
an identical pattern of pSyn accumulation in rats injected with mouse a-syn PFFs.
Specifically, we observe abundant pSyn pathology bilaterally in cortical regions (layers
2/3 of the secondary motor area, insular cortex, and orbital areas; Figure 3.2a). In
contrast, we observed unilateral pSyn accumulation in the SNc ipsilateral to the injected
striatum, and complete absence of pSyn aggregates in animals injected with and equal

volume of PBS or equal volume and concentration of RSA (Supplemental Figure 3.8).
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Accumulation of pSyn inclusions followed a distinct temporal pattern depending on the
region examined. At 2 months post injection (p.i.), we observed abundant soma and
neuritic pSyn inclusions bilaterally in the agranular insular cortex that persisted over the
course of 6 months (Supplementary Figure 3.2A). Abundant pSyn accumulations were
observed within the ipsilateral SNc at 2 months p.i., which remained ipsilateral and
decreased in number over the course of 6 months (Supplementary Figure 3.2D-F). The
abundance of pSyn inclusions in the striatum followed an opposite pattern
(Supplementary Figure 3.2 G-1). We observed relatively sparse pSyn inclusions in the
striatum at 2 months p.i. that were primarily restricted to neurites. At 4 and 6 months
p.i., the number of pSyn accumulations in striatal somata increased in abundance and
also were observed in the contralateral striatal hemisphere (Supplementary Figure

3.2H-1).

a-syn inclusions in the SNc exhibit oligomeric, fibrillary conformations and Lewy body-
like characteristics

The oligomeric form of a-syn is proposed to be one of the toxic species [42, 45-47]. We
further characterized the nature of pSyn inclusions within the SNc at 1 month p.i. using
conformation-specific antibodies for oligomeric/fibrillar a-syn (O2) or fibrillar-
predominant a-syn (F2) and compared that with immunoreactivity to pSyn. (Figure 3.2A-
I; [42]). When adjacent sections were quantified using unbiased stereology we observed
that 88.2 + 6.4% of pSyn immunoreactive inclusions exhibited either an oligomeric or
fibrillary conformation (O2 only). Furthermore, 56.4 £ 6.04 % of nigral pSyn inclusions

were detected as predominately mature, fibrillar aggregates (F2 only) with an estimated
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31.7 £ 5.9% of inclusions suggested to be in an oligomeric conformation (O2 only minus
F2 only; Figure 3.2J). a-Syn inclusions in the SNc 2 months p.i. displayed Lewy body-
like characteristics [48, 49], including resistance to proteinase-K digestion (Figure 3.2 K-
L, I) as well as markers for 3-sheet structure as detected by thioflavin-S (Figure 3.2m).
Collectively, these results suggest that intrastriatal injection of mouse a-syn PFFs
triggers pathological conversion of endogenous a-syn to phosphorylated, oligomeric and
fibrillary conformations in the SNc that ultimately result in insoluble, amyloid inclusions

resembling Lewy bodies.

PFF-induced synucleinopathy induces significant bilateral loss of SNc neurons

We previously observed that unilateral intrastriatal mouse a-syn PFF injections to rats
resulted in bilateral nigrostriatal degeneration of THir SNc neurons within 6 months [36].
To validate this finding in our present cohort we conducted unbiased stereology of THir
SNc neurons at 2, 4, 5 and 6 months p.i. in a-syn PFF and PBS injected rats. Injection
of PBS did not result in significant loss of THir SNc neurons at any time point (F (7,1g) =
1.991, p > 0.05) thus PBS injected time points were combined for comparison to PFF-
injected rats between identical hemispheres (ipsilateral PBS = 12,518 £ 554;
contralateral PBS 11,577 + 536). Similar to our previous studies, we observed
significant, bilateral reduction (~35%) in SNc THir neurons (Figure 3.3A-E). Specifically,
the number of SNc THir neurons ipsilateral to a-syn PFF injection at both 5 (8227 +
1015) and 6 months (8851 + 1148) p.i. was significantly reduced compared to PBS
control rats (F (5,36) = 4.297, p < 0.027, Figure 3.E). Within the contralateral SNc,

significantly fewer THir neurons were observed 5 months following a-syn PFF injection
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(F (5,36) = 5.782, p < 0.013) with a non-significant reduction in the contralateral SNc
observed at 6 months (p > 0.05). A positive correlation existed between the extent of
ipsilateral THir SNc neuron loss and the extent of contralateral loss of THir SNc neurons

(r = 0.8855, p = 0.0007, R? = 0.7842, Figure 3F).

Lastly, to confirm whether reductions in THir neurons induced by PFF injection
represented phenotype loss or overt degeneration, unbiased stereology of NeuN-ir
neurons in the SNc was conducted in PFF or PBS treated groups at 5 and 6 months
p.i.. No significant differences were observed within the corresponding hemisphere
between 5 and 6 months due to either PBS or PFF injection (PBS: F (3,4) = 1.238, p >
0.05; PFF F (3,8) = 0.3986 , p > 0.05). Therefore the 5 and 6 month time points were
combined into one time point. The number of SNc NeuN-ir neurons ipsilateral to PFF
injection was significantly reduced compared to either the ipsilateral or contralateral
hemisphere of PBS injected rats (F (3, 16) = 7.089, p <0.02). The number of NeuN-ir
neurons in the contralateral SNc of PFF injected rats was significantly reduced
compared to the ipsilateral SNc of PBS injected rats (p < 0.0319). When compared to
the contralateral SNc of PBS injected rats, NeuN-ir neurons were reduced yet did not
reach significance (p = 0.0563, Figure 3.3G-1). Overall our results replicate our previous
findings that intrastriatal a-syn PFF injection results in significant bilateral reductions in
THir and NeuN-ir SNc neurons over the course of 6 months [36].

In a control experiment, we examined whether intrastriatal injection of an exogenous
protein taken up by neurons [50, 51], rat serum albumin (RSA), induced an

inflammatory response in the absence of intracellular pSyn accumulation. To rule out
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acute toxicity induced by RSA, THir SNc neurons were quantified at 2 months after
injection. No significant differences in THir SNc neurons were observed due to PBS, or
RSA or PFF injection in either the ipsilateral or contralateral hemisphere (F (5, 26) =
0.3731, p > 0.05, Figure 3.3J). These results demonstrate that RSA injection, used as

an additional control treatment, did not compromise the survival of THir SNc neurons.

Phosphorylated a-syn inclusions peak in the SNc at 2 months and significantly decrease
in number during the 5-6 month interval of SNc degeneration

We determined the time course (1-6 months p.i.) of phosphorylated a-syn (pSyn)
accumulation in the SNc following intrastriatal a-syn PFF injection at monthly intervals.
pSyn inclusions were observed in the SNc ipsilateral to injection in all a-syn PFF
injected rats, with the number of inclusions varying based on time point after injection
(Figure 3.4A-D). Inclusions were most abundant at months 1, 2 and 3, with all three time
points exhibiting significantly higher a-syn inclusions compared to the interval of SNc
degeneration at months 4, 5 and 6 (Figure 3.3E, G; Figure 4D; F (5 18y = 2.251, p <
0.001). The number of intraneuronal a-syn inclusions in the SNc was significantly
greater at 2 months p.i. compared to all other time points except the 1 month time point
(Figure 4D; p < 0.006). At 2 months approximately 2220 + 148.6 SNc neurons
possessed pSyn inclusions. By comparison, a loss of = 3804 THir SNc neurons
ipsilateral to PFF injection was observed at 5-6 months. These results suggest that
pSyn inclusion formation in the SNc between 1-3 months after PFF-injection precedes

degeneration of the SNc¢ neurons at 5-6 months p.i.
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MHC-Il immunoreactive (MHC-Ilir) microglia increase in the SNc in association with
accumulation of a-syn inclusion, but are decreased during the interval of degeneration

MHC-II expression on microglia is associated with co-expression of pro-inflammatory
genes such as TNF, IL-1B, and CD80 as well as proinflammatory cytokine secretion [12-
14]. We quantified MHC-Il immunoreactive (MHC-Ilir) microglia within an adjacent
series of SNc tissue sections at months 1, 2, 3, 4, 5 and 6 after unilateral a-syn PFF or
PBS intrastriatal injection in order to examine neuroinflammation. Double labeling for
MHC-II protein and Iba-1 mRNA confirmed the identity of MHC-Ilir cells to be microglia

(Figure 3.4E).

MHC-Ilir microglia were observed in the SNc ipsilateral to injection in both a-syn PFF
and PBS control rats at all time points. No MHC-Ilir microglia were observed in the
contralateral SNc. However, the magnitude of MHC-Ilir microglia varied over time and
followed a nearly identical pattern to that observed with pSyn inclusion accumulation. At
the one-month time point no significant differences were observed between the number
of MHC-Ilir microglia in the ipsilateral SNc of PBS controls compared to a-syn PFF
injected rats (F (11,45) = 17.45, p > 0.05), presumably reflecting a non-specific response
to injection (Figure 3.41). However, significantly higher numbers of MHC-Ilir microglia
were observed in the ipsilateral SN of a-syn PFF-injected rats compared to PBS
injected control rats at months 2, 4 and 5 (p < 0.006, Figure 3.4F, G and |). The peak of
MHC-Ilir microglia occurred in the SN 2 months following a-syn PFF injection (p < 0.02
compared to PFF injected rats all other time points), corresponding to the time point

when the greatest number of SNc neurons possess a-syn aggregates (Figure 3.4 D, G
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and |). In contrast, significantly fewer MHC-Ilir microglia were observed in PFF injected
rats at months 5 and 6, corresponding to the interval of SNc THir neuron loss, although
these numbers were still greater than PBS-injected controls (Figure 3.3E and Figure
3.41). There was a positive correlation between the number of MHC-Ilir microglia and
the number of SNc neurons possessing pS129 a-syn inclusions in the SN (r = 0.8858, p

= 0.0015, R? = 0.7846, Figure 3.4J, months 2, 4 and 6).

To confirm these findings, we repeated injections in a separate cohort of animals with
rat serum albumin (RSA) as an additional control group for neuronal uptake of
exogenous protein in the absence of pSyn accumulation, as PBS injection only controls
for needle insertion into the parenchyma. As in previous cohorts, a-syn PFF injection
resulted in a significant increase in MHC-Ilir microglia in the SN at 2 months p.i. (Figure
3.4K, p = 0.0006). Injection of RSA resulted in similar numbers of MHC-Ilir microglia as
observed in PBS-injected control rats. No acute neurotoxicity was observed in RSA
injected animals at 2 months p.i. (Figure 3.3l). Collectively, these results reveal that the
preponderance of MHC-II expression in SN microglia is associated with pSyn a-syn
inclusions at early time points, however is significantly attenuated during the interval of

THir SNc degeneration.

pSyn inclusions in the SNc are associated with a reactive microglial morphology in the
adjacent SNr

The number and distribution of MHC-Ilir microglia in the SN suggested that not all
microglia were expressing MHC-II. We next used Iba-1 immunoreactivity to examine the

entire microglia population within an adjacent series of SN tissue sections at 2 and 6
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months after a-syn PFF, RSA or PBS intrastriatal injection (Figure 3.5). Quantitation of
the number of Iba-1 immunoreactive (Iba-1ir) microglia in the adjacent SNr revealed no
significant differences in microglial number due to a-syn PFF, RSA or PBS injection at
either 2 months (Figure 3.5A) or 6 months p.i. (2 months: F 3,16y = 0.2637, p > 0.05; 6
months: F (3, 10y = 0.2427, p > 0.05). No significant differences were observed in
microglial soma area in the SNr due to intrastriatal RSA injections at the 2 month time
point (F (3, 16) = 0.256, p = 0.855, Figure 3.5B). At the 2 month time point coinciding with
the peak of pSyn a-syn inclusion accumulation in the SNc, we observed an appreciable
increase in the soma size and thickness and number of microglial processes in the SNr
of PFF injected rats compared to a more classically quiescent microglial morphology
observed in control injected rats. Specifically, in the ipsilateral SNr of rats two months
following a-syn PFF injection the average microglia cell body area was significantly
larger compared to PBS-injected rats (F (3, 16) = 4.016, p = 0.02, Figure 3.5C, D, E).
Microglia soma area varied in all conditions between = 10 — 200 ym?, with a significantly
greater percentage of microglia > 70 um? observed in the SNr of rats possessing SNc
pSyn a-syn inclusions at 2 months compared to rats injected with PBS (Figure 3.5F-H, F

(2,12) = 4.613, p= 0.03).

At six months p.i., a time point corresponding to the time point of very few pSyn a-syn
inclusions and immediately following loss of SNc neurons, no significant differences in
microglia soma size were observed between a-syn PFF and PBS injected rats (F (3 10) =
2.089, p > 0.05, Figure 3.51-M). Of note, the average microglial soma area in PBS

injected rats at 6 months (rats 8 months of age) was significantly larger than PBS-
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injected rats at 2 months (4 months of age) suggesting an age-related increase (F (3, 12)
= 37.00, p <0.001). The distribution of microglia soma areas between PFF and PBS rats
6 months following injection also appeared similar (Figure 3.5L, M) with an apparent
age-related effect [52-54] reflected in a greater percentage of microglia > 70 um? in 8-

month-old rats compared to 4-month-old rats.

Overall, our finding that the peak time point of SNc pSyn a-syn inclusions is associated
with a significant increase in microglia soma size suggests that synucleinopathy in the
SNc triggers early disturbances in local microglia. The interval in which we observe this
synucleinopathy-induced reactive microglial morphology is 3 months prior to loss of SNc
neurons (Figure 3.3E, G) suggesting that reactive microglia have the potential to

contribute to vulnerability of SNc neurons to degeneration.

We also examined a series of sections throughout the SN and striatum at 2, 4, and 6
months p.i. in a-syn PFF and PBS injected rats for presence of cluster of differentiation
68 (CD68) which labels both phagocytic microglia and infiltrating macrophages. While a
few CDG68-ir cells were observed in blood vessels, no CD68-ir cells were observed in
the parenchyma during any of the time points examined (data not shown). The lack of
CD68 immunoreactivity in the parenchyma of the SN or striatum at any time point
suggests that the magnitude of synucleinopathy and subsequent degeneration

produced in the a-syn PFF model does not trigger microglial phagocytic activity.
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MHC-Ilir microglia in the agranular insular cortex are associated with the accumulation
of a-syn inclusions

We also examined the time course of pSyn inclusion accumulation and MHC-II
expression on microglia in the agranular insular cortex, as this region possesses
compacta; SNr= substantia nigra pars reticulata. SEM = standard error of the mean. abundant
Lewy-body like pathology in our model and is implicated in non-motor symptoms in PD
[55]. At 2 months p.i. we observe abundant pSyn inclusions primarily localized to the
somata (Figure 3.6A), with increased neuritic pathology evident by 4 months (Figure
6B). Interestingly, an observable decrease in both neuritic and somata inclusions is
evident by 6 months (Figure 3.6C). We observe a similar temporal pattern of MHC-llir
microglia as described for the SN: the highest number of MHC-Ilir microglia are
observed at 2 months p.i., when pSyn inclusions first peak, and a decrease in MHC-llir
microglia in association with reductions in the number of pSyn inclusions. Interestingly,
a decrease in MHC-Illir microglia is observed between 2 and 4 months p.i. when pSyn
pathology becomes more abundant with the appearance of neuritic inclusions. These
observations suggest that MHC-II is upregulated as a first response to formation of
pSyn inclusions and is not sustained over time, despite secondary increase in synuclein
burden. Few to no MHC-Ilir microglia were observed in PBS injected animals (Figure
3.6G-L), strengthening the concept that MHC-Ilir on microglia is induced by initial

accumulation of pSyn.

MHC-Ilir microglia in the striatum are not associated with the accumulation of a-syn
inclusions

Lastly, we examined the time course of accumulation of pSyn inclusions and number of

MHC-Ilir microglia in the striatum in rats that received unilateral a-syn PFF or PBS
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intrastriatal injection. As reported previously [36], the pattern of pSyn a-syn inclusion
accumulation in the striatum is strikingly different from accumulation in the SNc. At 2
months, a-syn inclusions in cell bodies in the ipsilateral striatum are relatively sparse
and pSyn a-syn immunoreactivity appeared primarily localized to neurites, presumably
in terminals from the SNc (Supplementary Figure 3.10A, Appendix). Over the course of
the 4 months, pSyn a-syn inclusions in cell bodies in the striatum increase in number,
involving the contralateral hemisphere as well, with the greatest number of pSyn a-syn
inclusions observed in the ipsilateral striatum at the 6-month time point (Supplementary
Figure 3.10C, Appendix). In adjacent striatal tissue sections, we examined the temporal
pattern of MHC-Ilir microglia following unilateral a-syn PFF or PBS intrastriatal injection.
Early after injection, at 2 weeks, 1 month and 2 months, abundant MHC-Ilir microglia
were observed in the ipsilateral striatum in proximity to the injection sites in both PFF-
and PBS-injected rats (Supplementary Figure 3.10D, G, Appemdix). No differences
were observed between treatment groups at the 1 month time point but the magnitude
of the MHC-Il response appeared slightly larger in PFF-injected rats compared to the
PBS-injected rats at the 2-month time point. However, at 4 and 6 months, during the
interval of continuing accumulation of pSyn a-syn inclusions in the striatum, the number
of MHC-Ilir microglia decreased dramatically with no differences observed in the small
number of MHC-Ilir microglia observed in both treatment groups (Supplementary Figure
3.10E, F, H, I. Appendix). These results suggest that the acute microglial response to
the PFF injectate may differ from the acute response to the surgical injection alone, but
that the subsequent increase a-syn inclusion load within neurons in the striatum does

not trigger a second wave of microglial MHC-II immunoreactivity.
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Discussion

In the present study, intrastriatal injection of a-syn PFFs to rats resulted in widespread
accumulation of phosphorylated a-syn inclusions in several areas that innervate the
striatum, as previously reported in rats and mice [36, 56]. Further examination of the
inclusions formed in the SNc revealed that they share many key features with Lewy
bodies and were most abundant between months 1-3 after intrastriatal a-syn PFF
injection, peaking at 2 months. The magnitude of ipsilateral SNc neurons bearing a-syn
inclusions 1-3 months after a-syn PFF injection approximated the magnitude of loss of
ipsilateral SNc neurons observed at 5-6 months, suggesting a direct relationship
between a-syn inclusion accumulation and degeneration of SNc neurons.
Synucleinopathy specific MHC-II expression in the ipsilateral SNc similarly peaked in
the SN at 2 months and was associated with a reactive microglial morphology,
characterized by significantly larger soma size, 3 months prior to degeneration.
Surprisingly, MHC-II immunoreactivity in a-syn PFF injected rats was significantly
decreased during the period of SNc degeneration (5-6 months). Overall, the temporal
pattern of peak Lewy body-like inclusion formation was associated with peak
neuroinflammation in the SN, both of which appear months prior to loss of SNc neurons.
These results suggest that and increase in MHC-II may be a first-response mechanism
to initial accumulation of intracellular a-syn and that reactive microglia have the potential
to contribute to vulnerability of SNc neurons to degeneration (Figure 3.7, left). Given the
role of microglia as professional phagocytes and antigen presenting cells, the absence
of a second wave of reactive microglial morphology and decrease in MHC-Ilir microglia

during the interval of ongoing degeneration was surprising. This result may be
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explained by the protracted and mild magnitude of cell death at the terminal end point
studied (~35% at 6 months p.i.) in contrast to the severity of degeneration in post-
mortem PD samples (50-90% at diagnosis [57]). Additionally, a limitation of rodent
models is that DAergic neurons do not possess neuromelanin, a potent microglial
activator [58-60], therefore the contribution of the inflammatory response in humans
may in fact be underestimated by findings from animal models. Furthermore, Iba-1
morphology and MHC-II are only two specific markers out of many possible indices of
inflammation (cytokines, toll like receptor expression, etc...) Therefore, we cannot
completely rule out the involvement of other inflammatory mediators during the interval
of degeneration. Our results specifically point to involvement of antigen presentation by
microglia induced by intraneuronal inclusions of pSyn. Further studies investigating
what peptides are being presented by MHC-Ilir microglia (a-syn, membrane of dying
neurons, etc...) and the enhanced expression of other inflammatory mediators such as

toll-like receptor signaling are warranted.

Within the agranular insular cortex, we observe pSyn primarily localized to the somata
at 2 months, followed by an increase in neuritic pathology by 4 months, and a significant
decrease overall in pSyn immunoreactivity at 6 months (Figure 3.7, right). This suggests
that similar to the SN, neurons in the agranular insular cortex harboring inclusions die
over the course of 6 months. Moreover, a similar pattern of MHC-II expression on
microglia is observed: numbers of MHC-Ilir microglia peak when pSyn pathology is most
abundant and decrease over time. Although this has not been systematically quantified

in the present study, future studies investigating inflammation and degeneration in this
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area following intrastriatal a-syn PFF injection are warranted, as the insula has been

implicated in the manifestations of non-motor symptoms in human PD [55, 61, 62].

Within the striatum, the site of a-syn PFF injection, we observed a distinctly different
pattern of accumulation of a-syn inclusions compared to the SNc¢ (Supplementary
Figure 3J). We observed a dissociation between a-syn inclusion load and MHC-I|
immunoreactivity in the striatum (Supplementary Figure 3.10). The procedure of
intrastriatal injection itself triggered an acute increase in MHC-Il immunoreactive
microglia that appeared to be slightly enhanced by the presence of the PFF injectate;
however, the presence of MHC-II decreased dramatically over time in all conditions
despite an ever increasing a-syn inclusion load. Compared to the SNc, the
accumulation of a-syn inclusions in the striatum is delayed with no loss of striatal
neurons observed at 6 months [36] and it is unknown whether degeneration of striatal
neurons ultimately occurs at later time points. It is unclear whether a-syn inclusion load
increases and peaks past the 6-month time point and whether the presence of MHC-II
immunoreactive microglia may have similarly tracked with a future peak. The results in
the striatum illustrate the necessity of determining the role of an acute inflammatory
response to local injection and that the magnitude of this response may prevent the
reactive microgliosis associated with pathological a-syn inclusions. Further, these
striatal results suggest that a-syn inclusions do not automatically trigger reactive
microgliosis and that other factors including rate of inclusion formation, impending
cytotoxicity, local environment or microglia and astrocyte density [41] may be involved in

determining the neuroinflammatory cascade of events.
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In response to persistent neuronal stress and protein accumulation such as a-syn
aggregation, microglia can become chronically activated, proliferate, migrate, secrete
pro-inflammatory cytokines and reactive oxygen species and ultimately contribute to
neuronal injury in an uncontrolled, feed-forward manner [19, 63-66]. Microglia can also
phagocytose both living and dead neurons [67-69]. The observation that a-syn
inclusion triggered MHC-II expression on microglia in the SN prior to degeneration
indicates that neuroinflammation may contribute to the mechanism of pathophysiology.
However, it is unlikely that microglial activation is the sole arbiter of degeneration given
that neuronal death can result from a-syn PFF induced intraneuronal inclusions in
cultures in the absence of microglia [39]. A more likely scenario involves
neuroinflammation contributing to or accelerating nigrostriatal degeneration with
properties unique to the nigral environment [70-75] adding to the cascade of events.
Future studies investigating the secretion of proinflammatory and anti-inflammatory
cytokines in the SN at time points prior to- and following nigral degeneration is

warranted.

Human PD studies examining neuroinflammation suggest involvement of both the local
brain immune response and the adaptive immune system in PD [76-78]. In the present
study, we did not examine the possibility of peripheral immune cell infiltration beyond
phagocytic CD68+ macrophages, which were not detected in the parenchyma in PFF
injected animals at any stage, and data from human tissue regarding the presence of
CD68+ macrophages in human PD is limited [8]. However, microglia are considered to

be the principle antigen-presenting cell within the brain and MHC-II expression is
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associated with the recognition of CD4+ T-helper cells. It is possible that CD4+ T-cells
participate in the response to a-syn inclusions in the SN; however, whether the net
effect of CD4+ T-cells is neurodegenerative or neuroprotective requires further
systematic evaluation [79]. In addition, MHC-I expression by SNc neurons was
observed in association with a-syn overexpression [80] and may similarly be expressed
by a-syn inclusion-bearing SNc neurons. In addition, it was recently shown that T
lymphocytes isolated from PD patients recognize specific a-syn peptides [81],
strengthening the concept that neuroinflammation can be induced by a-syn and

potentially involved early in PD progression.

While the concept that MHC-Il is involved in PD and correlates with a-syn burden [8]
has existed for several decades, our results are the first to systematically evaluate the
time course of endogenous pSyn accumulation and microglial MHC-II expression prior
to- and after nigrostriatal degeneration has occurred. Our results indicate that MHC-II
expression in the SNc is increased at early time points in which SNc neurons possess
pSyn inclusions, and is relatively sparse during the interval of nigral degeneration,
suggesting that MHC-II is a response to initial inclusion formation. Future studies
investigating the direct impact of increased or decreased MHC-II expression on the
magnitude of degeneration, and what role, if any, peripheral T cells play in disease
progression are warranted. Our results and the well-characterized rat a-syn PFF model
will facilitate future studies to provide key mechanistic insights into the specific
relationship between pathological a-syn inclusions, neuroinflammation and

degeneration in sporadic PD
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Figure 3.1: Experimental Design and PFF Quality Control

(a) Experimental Design: Two month old male Fischer344 rats (N=114) received two unilateral
intrastriatal injections of either sonicated a-syn PFFs, Dulbecco’s PBS (PBS), or rat serum
albumin (RSA; follow-up study only). Cohorts of rats were euthanized at an early time point (2
weeks) and monthly intervals thereafter. Brains were removed and processed for
immunohistochemical measures of pathology as detailed. (b) Electron micrographs of
unsonicated (left) a-syn PFFs and sonicated a-syn PFFs (right); Scale bars =100nm. (c)
Measurement distribution of ~500 sonicated PFFs prior to injection; mean fibril size = 51.22
1+1.31 nm. (d) Schematic of PFF model of synucleinopathy. Sonicated a-syn fibrils are injected
into the striatum and taken up by nigrostriatal terminals (1), after which they template and
convert endogenous a-syn to a hyperphosphorylated, pathological form (2), ultimately
accumulating into Lewy neurite- and Lewy body-like inclusions (3).

Abbreviations: a-syn = alpha-synuclein; PFFs= pre-formed alpha-synuclein fibrils; PBS =
phosphate buffered saline; pl = microliter; ug = microgram; DMS = dorsal medial striatum; VLS
= ventrolateral striatum; IHC = immunohistochemistry; pSyn = a-syn phosphorylated at
Serine129; MHC-II = major histocompatibility complex-Il; Iba-1= ionized calcium-binding adaptor

95



Fig. 3.1 cont’d.
molecule 1; TH = tyrosine hydroxylase; NeuN = Neuronal nuclei; CD68 = cluster of
differentiation 68; QC = quality contro
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Figure 3.2: a-syn inclusions in the SNc¢ exhibit oligomeric and fibrillary conformations
and Lewy body-like characteristics

(a-c) Representative images of Lewy-body-like intraneuronal pSyn inclusions in the substantia
nigra pars compacta (SNc) at 1 month p.i. show pathology is localized to the ipsilateral SNc. (d-
f) Adjacent SN tissue sections stained for O2 (oligomeric/fibrillar a-syn conformation specific)
and F2 (g-i) (fibrillar specific conformation) a-syn reveal that many intraneuronal inclusions
possess mature, fibrillar inclusions of a-syn. (j) Percent of pSyn inclusions with either \
oligomeric/fibrillar (O2) or predominantly fibrillar (F2) immunoreactivity and estimated proportion
of pSyn inclusions that are oligomeric only. Data represent mean + SEM. Scale bars (b, e, h) =
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Fig. 3.2 cont’d

50um, (c, f, i) = 10 um. (k) Endogenous a-syn immunoreactivity in the SNc and SNr. (1) Adjacent
tissue sections exposed to proteinase-K reveal absence of soluble a-syn in the SNr and the
presence of insoluble, neuronal inclusions of a-syn in the SNc. (m) Thioflavin-S fluorescence of
amyloid structure present in SNc neurons. Scale bars (k, I, m) = 50um, (Insets) = 25um.
Abbreviations: a-syn = alpha-synuclein; p.i. = post injection; pSyn= a-syn phosphorylated at
Serine129; O2= oligomeric/fibrillar a-syn antibody; F2= fibrillar a-syn only antibody; SNc¢
=substantia nigra pars compacta; SNr; substantia nigra pars reticulata; SEM = standard error of
the mean.
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Figure 3.3: a-syn PFF-seeded synucleinopathy induces protracted, significant bilateral
loss of SNc dopamine neurons

(a-d) Unilateral intrastriatal a-syn PFF injection induces visible loss of THir neurons (brown) in
the SN at 6 months compared to an age-matched, PBS injected control. Scale bars (A,C) =
25um. (e) Stereological assessment of THir neuron loss at 2, 4, 5, and 6 months following a-syn
PFF or saline injection. Significant ipsilateral reduction in THir neurons was observed at 5 and 6
months post injection compared to saline injected controls with significant contralateral loss at 5
months *p<0.027 compared to respective PBS hemisphere, **p < 0.013 compared to respective
PBS hemisphere (f) Correlation between extent of ipsilateral THir neuron loss and contralateral
loss as compared to PBS control; (r = 0.8855, p = 0.0007, R? = 0.7842). (g) Stereological
assessment of NeuNir neurons reveals overt degeneration distinct from loss of TH phenotype,
*p< 0.03 compared to ipsilateral PBS. (h) Representative IHC of NeuNir neurons (brown,
arrows) in the SNc in PBS (leff) and PFF injected (right) animals 6 months p.i. (i) Stereological
assessment of THir neurons at 2 months p.i. reveals no significant acute toxicity from injection
of rat serum albumin (RSA). Data represent mean + SEM.
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Fig. 3.3 con’td

Abbreviations: PFF = pre-formed alpha-synuclein fibrils p.i. = post injection; Ipsilateral =
ipsilateral hemisphere relative to injection; contralateral = contralateral hemisphere relative to
injection; SNc = substantia nigra pars compacta; SNr; substantia nigra pars reticulata; Neu-Nir =
Neuronal Nuclei
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Figure 3.4: Antigen-presenting MHC-Il immunoreactive (MHC-Ilir) microglia increase in
the SNc in association with peak accumulation of a-syn inclusions, but are limited during
the interval of degeneration

(a-c) Representative images of pSyn inclusions in the SNc at 2, 4 and 5 months p.i.; Scale bar
(A-C) = 10um. (d) Stereological assessment of pS129 containing neurons in the substantia
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Figure 3.4 cont’d.

nigra in PFF animals at 1, 2, 3, 4, 5, and 6 months p.i.; *p<0.001 compared to 4, 5, 6, months.
#p < 0.006 compared to 3, 4, 5, 6 months. pSyn inclusions decrease over time in association
with neuronal loss. (e) Major-histocompatibility complex-1l (MHC-II; blue) protein colocalizes with
ionized calcium binding adaptor molecule 1 mRNA (brown) within microglia. (f-g)
Representative images of MHC-II antigen-presenting microglia in the SN at 2 months in PBS
and PFF injected rats and 6 months post-PFF injection (h); Scale bar F-H = 50 ym, Insets=
10pm. (i) Stereological assessment of MHC-Ilir microglia in the SN reveals MHC-Ilir microglia
are significantly higher in PFF vs. PBS animals at 2, 4, and 5 months *p<0.006. More MHC-llir
microglia are evident in 2 month PFF animals vs. all other PFF time points #p<0.02. Notably,
MHC-Ilir microglia peak at the same time pSyn aggregation peaks (d, i). (j) Number of MHC-II
immunoreactive microglia correlated with number of SNc neurons with intraneuronal pSyn
inclusions (r = 0.8858, p = 0.0015, R? = 0.7846). (k) In a follow-up study, intrastriatal injection of
rat serum albumin (RSA) does not impact numbers of MHC-Ilir microglia compared to PBS p
>0.05. Injection of PFFs in this second cohort confirmed previous observations of a significant
increase in MHC-Illir microglia compared to PBS or RSA at 2 months p.i. *** p < 0.0006.
Abbreviations: p.i. = post injection; PFFs= pre-formed alpha-synuclein fibrils; PBS = phosphate
buffered saline; RSA = rat serum albumin. MHC-IlI= major-histocompatibility complex-Il; Iba-1=
ionized calcium binding adaptor molecule 1; -irsimmunoreactive; SNc = substantia nigra pars
compacta; SEM = standard error of the mean.
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Figure 3.5: SNr microglia exhibiting reactive morphology are associated with pSyn
inclusion-bearing neurons in the SNc

(a) Total number of microglia did not differ between PBS, RSA and PFF-injected animals, p >
0.05. (b) Microglia soma area in the ipsilateral and contralateral SNr did not differ significantly
between animals receiving intrastriatal injections of PBS or RSA, p > 0.05. (¢) Microglia soma
area was significantly increased at 2 months in the ipsilateral SNr, when peak numbers of pSyn
aggregates are present in nearby SNc neurons as compared to PBS-injected animals, *p =
0.02. (d-e) Representative images of SN sections dual labeled for Iba-1 immunoreactive
microglia (purple) and NeuN-ir neurons (brown) 2 months following either intrastriatal PBS or a-
syn PFF injected rats. a-syn PFF-injected rats exhibit larger cell bodies and increased number
and thickness of processes. (f, inset) Distribution of microglia soma area measurements 2
months following intrastriatal PBS or RSA injection illustrated as a percent of total microglia
quantified. (g) Distribution of microglia soma area measurements 2 months following a-syn PFF
injection illustrated as a percent of total microglia quantified. (h) Percent of total microglia
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Figure 3.5 cont’d.

quantified for soma area analysis with cell body areas >70 ym at 2 months. Microglia in PFF-
injected rats possessed significantly more microglia with cell bodies larger than >70 ym
compared to PBS-injected rats, *p = 0.03. (I) At 6 months p.i. microglia soma area in the
ipsilateral and contralateral SNr did not differ significantly between rats receiving either PBS or
a-syn PFF intrastriatal injections, during the interval of ongoing degeneration in the SNc¢ of PFF
injected animals, p > 0.05. (j-k) Representative images of SN sections dual labeled for Iba-1
immunoreactive microglia (purple) and NeuN-ir neurons (brown) at 6 months p.i. exhibit a hyper
ramified morphology, regardless of treatment. (I-m) Distribution of microglia soma area
measurements 6 months p.i in PBS and PFF injected rats as a percent of total microglia
quantified. Scale Bars (D-E, J-K) = 25um. Data represent mean + SEM.

Abbreviations: p.i. = post injection; PFFs= pre-formed alpha-synuclein fibrils; PBS = phosphate
buffered saline; RSA = rat serum albumin.; Iba-1= ionized calcium binding adaptor molecule 1;
irsimmunoreactive; NeuN-ir = Neuronal Nuclei immunoreactive; Ipsilateral = ipsilateral
hemisphere relative to injection; contralateral = contralateral hemisphere relative to injection;
SNc = substantia nigra pars compacta; SNr= substantia nigra pars reticulata. SEM = standard
error of the mean.
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Figure 3.6: Microglia expressing MHC-Il are associated with pSyn inclusions in the
agranular insular cortex

(a-c) Representative images of pSyn accumulation in the agranular insular cortex at 2, 4 and 6
months p.i. Pathology is primarily localized to the soma at 2 months (a), with increased neuritic
pathology by 4 months (b) and an observable decrease overall by 6 months, possibly due to
death of neurons. (c¢). No pSyn inclusions were observed in PBS-injected animals (g-i). (d-f) A
similar pattern was observed in MHC-II expression on microglia. Peak numbers of MHC-llir
microglia were observed at 2 months p.i. (d), decreased at 4 months (e) and virtually absent by
6 months (f). (j-1) Few to no MHC-llir microglia were observed in PBS injected animals at any
time point, suggesting that MHC-II expression occurs in response to accumulation of pSyn
inside neurons. Abbreviations: p.i. = post injection; pSyn = a-syn phosphorylated at Serine129;
PFFs= pre-formed alpha-synuclein fibrils; PBS = phosphate buffered saline; MHC-II= maijor-
histocompatibility complex-Il;; -ir=immunoreactive.
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Time Course of a-syn Inclusions and Neuroinflammation
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Figure 3.7: Regional timelines of synucleinopathy, neuroinflammation, and degeneration
in the substantia nigra and agranular insular cortex following intrastriatal a-syn PFF
injection

(Left): Early accumulation of phosphorylated inclusions of a-syn (peak at 2 months) in the
substantia nigra leads to loss of TH phenotype and eventual loss of nigrostriatal dopamine
neurons by 5-6 months p.i. In the SN, the pattern of microgliosis similarly follows that of pSyn:
microglia in the adjacent SNr exhibit a reactive morphology at 2 months p.i. when nearby SNc
neurons possess the greatest number of SNc pSyn inclusions. Interestingly, MHC-Ilir antigen
presenting microglia in the SNc also peak at 2 months p.i., again coinciding with the greatest
number of pSyn intraneuronal inclusions and decrease over time to near non-detectable levels
during the interval of degeneration, suggesting a relationship between pathological a-syn and
inflammation.

(Right): Early accumulation of pSyn inclusions occurs between 2 and 4 months, with inclusions
primarily localized to the somata at 2 months, an increase in neuritic inclusions at 4 months, and
an observable decrease of overall pSyn pathology at 6 months, suggesting that similar to the
SN, neurons in the agranular insular cortex harboring inclusions eventually die off. MHC-II
immunoreactivity follows a similar pattern to that observed in the SN, with peak expression
observed at 2 months p.i., and decreased over the course of 6 months.
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Figure 3.8: Unilateral intrastriatal injection of a-syn PFFs, but not RSA or PBS, induces
bilateral cortical and unilateral SNc Lewy-body like inclusions of phosphorylated a-syn
(pSyn)

(a) pSyn pathology is observed bilaterally in cortical areas after unilateral injection of a-syn
PFFs, namely in layers 2/3, orbital and agranular insular cortices. (b) Injection of PBS or (c)
RSA did not induce pSyn accumulation. (d) pSyn accumulation in the ipsilateral substantia nigra
pars compacta (SNc) at 2 months post-injection, with no evidence of pSyn inclusions in the
contralateral SNc. Scale bars (A-D) = 50 ym

Abbreviations: a-syn = alpha-synuclein; PFFs= pre-formed alpha-synuclein fibrils; PBS =
phosphate buffered saline; RSA = rat serum albumin; pSyn = a-syn phosphorylated at serine
129
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Figure 3.9: Unilateral intrastriatal injection of a-syn PFFs induces widespread
accumulation of Lewy-body like inclusions of phosphorylated a-syn (pSyn)
Representative images illustrating the time course of pSyn pathology in regions innervating the
striatum. (a-c) pSyn pathology in the ipsilateral agranular insular cortex localized to both the
soma and neurites at 2 months p.i. (post-injection) that over time becomes primarily localized to
the soma; Scale bar = 50um, inset = 10um. (d-f) Ipsilateral accumulation of pSyn in the
substantia nigra peaks at 2 months and becomes less abundant over time as neurons
degenerate; Scale bar = 200um, inset = 25um. (g-i) In contrast to other areas, pSyn in the
striatum is primarily localized to neurites at 2 months and becomes more abundant and
localized to the soma over time, Scale bar = 50um, inset = 10um.

Abbreviations: a-syn = alpha-synuclein; PFFs= pre-formed alpha-synuclein fibrils; pSyn= a-syn
phosphorylated at Serine129; p.i.= post injection.
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Figure 3.10: Antigen-presenting MHC-Ilir microglia are not associated with peak of
intraneuronal inclusions of pSyn in the striatum

Progression of pSyn pathology and MHC-Illir microglia in the striatum. (a) At 2 months p.i., pSyn
inclusions are localized to neurites, presumably representing terminals from the SNc. (b-c) Over
time pSyn inclusions become primarily localized to the soma of striatal neurons. (d) Abundant
MHC-Ilir microglia in the striatum primarily localized around the a-syn PFF injection site at 2
months. (e-f ) MHC-Ilir microglia in the striatum are largely absent during continuing
accumulation of intraneuronal pSyn inclusions at 4 months (e) and 6 months (f) p.i. (g)
Intrastriatal injection of PBS results abundant MHC-Illir microglia in the striatum localized near
the site of injection at 2 months p.i., although appearing less abundant than MHC-Ilir microglia
in the striatum of a-syn PFF rats at the same time point (d). (h) MHC-Ilir microglia are similarly
absent from the parenchyma by 4 months (h) and 6 months p.i (i). Scale bars A-1=50 ym.

110



Figure 3.10 cont’d

Abbreviations: p.i. = post injection; PFFs= pre-formed alpha-synuclein fibrils; PBS = phosphate
buffered saline; pSyn= a-syn phosphorylated at Serine129, MHC-Ilir= major-histocompatibility
complex-ll immunoreactive.
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Chapter 4: Synucleinopathy- And Age-Dependent Alterations in Inflammatory
Cytokine Levels in CSF and Plasma
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Introduction
The majority of Parkinson’s disease (PD) patients are diagnosed following the
emergence of motor symptoms, after approximately 50% of nigrostriatal dopamine
neurons have been lost, diminishing the potential for disease-modification. Thus, the
importance of identifying biomarkers in easily accessible biofluids in the early stages of
disease has become increasingly recognized [1]. Alterations in pro- and anti-
inflammatory cytokines in post mortem tissue and CSF and plasma from PD patients
have been well-documented, albeit with some conflicting results reported in biofluids
(Summarized in Table 4.1 [2-8]). These discordant results likely stem from several
sources of variability including differences in disease duration and time of sample
collection [7]. Nonetheless, evidence from human biofluids suggests that alterations in

inflammatory cytokines in both the CNS and plasma are associated with PD.

Increased production of proinflammatory cytokines and chemokines microglia in the
aged brain (reviewed in [9-11]) and astrocytes [12, 13] can result in increased blood-
brain barrier (BBB) permeability by inducing expression of adhesion molecules on
endothelial cells and disrupting tight junctions, thereby inducing migration of
lymphocytes [14, 15]. Leakiness of the BBB places the brain in jeopardy of exposure to
neurotoxic factors and thus represents a risk or contributor to age-related
neurodegenerative diseases [16-20]. To date, no studies examining inflammatory
cytokines in CSF in normal, healthy aging have been conducted, though measurement
of inflammatory cytokines in serum has suggested an increase in proinflammatory

mediators such as interleukin-6 (IL-6) and CD40L with age [21, 22]. Therefore, the first
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set of experiments examined the cytokine profile in CSF and plasma in the context of
normal aging in the rat. Importantly, we observe significant increases in tumor necrosis
factor (TNF) and keratinocyte chemoattractant (KC/GRO; CXCL1) in CSF and plasma in

the context of normal aging.

Decreased integrity of the BBB has been established in patients with Parkinson’s
disease and thus may be a contributor to ongoing degeneration via aberrant diffusion of
toxins, cytokines/chemokines and migration of peripheral leukocytes [14, 19, 23, 24].
While previous studies have identified abnormal levels of cytokines in biofluids of
subjects with established PD, samples from de novo PD patients also represent a time
point in which a significant number of nigral DA neurons have already degenerated [25],
precluding the ability to investigate disturbances in immune response that may occur
early in the disease prior to degeneration. The previous temporal characterization of
pSyn accumulation, MHC-II expression and microglial morphological changes, and
nigrostriatal degeneration in the rat PFF model as described in Chapter 3 [26, 27] allow
us to investigate changes in CSF and plasma cytokine levels both in early stages of
synucleinopathy, and after the onset of nigral degeneration. In the CSF we observe
increased IL-6 in rats with nigral pSyn inclusions as well as significant correlations
between nigral pSyn inclusion burden and tumor necrosis factor (TNF) and interferon
gamma (IFN-y). Lastly, we observe increases in TNF, keratinocyte chemoattractant
(KC/GRO), and interleukin-5 (IL-5) in CSF and in IL-6 in plasma, following degeneration,

analogous to findings in human PD. Our results suggest that disturbances in specific
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Stable across 24

Cytokine Name Function Increased or Decreased in Human PD hours? (Eidson 2017)
Enhances MHC-I expression: Increased (CSF, Real.e et al. 2009) _
MHC-II expression on B cells and Decreased (serum, Eidson et al. 2017);
IFN-y Interferon Gamma p o CSF levels correlate with UPDRS Yes (serum)
macrophages; antigen .
resentation; Ig class switchin Score (Eidson et al. 2017)
P 19 9 Decreased (plasma, Rocha et al. 2016)
Increased (CSF, Reale et al. 2009)
. Prostaglandin secretion; T cell Increased (blood, Qin et al. 2017)
IL-1p Interleukin-1 Beta and macrophage activation Increased (CSF, plasma, Blum-Degen Unknown
et al. 1995)
B cell differentiation; decreases
IL-4 Interleukin 4 production of Thi ce‘Is, Decreased (plasma, Rocha et al. 2016) Unknown
macrophages, IFN-y; enhances
expression of IgE and IgG1
IL-5 Interleukin 5 Srg\(’evllr?romh factor; eosinophil Unknown in CSF, serum Unknown
Decreased (plasma, Rocha et al. 2016)
Acute phase response; Increased (CSF, Blum-Degen et al
IL-6 Interleukin 6 differentiation of B cells into Ig 1995) ’ 9 ' No (serum)
secreting cells Increased (CSF, Mogi et al. 1994)
KC/GRO (CXCL1) Keratincyte Neutrophil activation Unknown in CSF, serum Unknown
Chemoattractant
. . . Increased (blood, Qin et al. 2017)
IL-10 Interleukin 10 Decreases cytokine production Decreased (plasma, Rocha et al. 2016) Unknown
Regulation of B-cell proliferation,
IL-13 Interleukin 13 macrophage actlyatlon; . Unknown in CSF, serum Unknown
Decreases cytokine production
and Th1 cells
Inducer of apoptosis: Increased (CSF, Reale et al. 2009)
Tumor Necrosis enhancemerF:t gf endk)thelium Increased (blood, Qin et al. 2017)
TNF-a No difference (CSF, Eidson et al 2017 Yes (serum) ; No (CSF)

Factor Alpha

adhesiveness for leukocytes via
VCAM-1 and ICAM-1 expression

Decreased (serum, Eidson et al. 2017)
Decreased (plasma, Rocha et al. 2016)

Table 4.1: Cytokine expression in biofluids of PD patients
Several studies have investigated the expression of inflammatory cytokines in CSF, plasma,
and whole blood of PD patients. Differential expression is observed for some cytokines
depending on which biofluid is assayed, and some studies report opposite results from
assaying the same biofluid. Cytokine functions adapted from [28]
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cytokines are triggered by pSyn inclusion, analogous to very early-stage PD, and

become significantly elevated following nigral degeneration.

Methods
Animals
Male Fischer344 were used in this study. All animals were provided food and water ad-
libitum and housed at the AAALAC approved Van Andel Research Institute vivarium or
Grand Rapids Research Center vivarium. All procedures were approved and conducted
in accordance with Institute for Animal Use and Care Committee (IACUC) at Michigan

State University.

Groups:

Cohort 1 (Aging cohort): A total of 16 male Fischer F344 rats were used at the following

ages: 4 months (n=5), 8 months (n=5) and 20 months (n=6) [29-31]. Naive rats at 4
months and 8 months of age correspond to ages of Cohort 2 animals sacrificed at 2 and
4 months post-injection, respectively. CSF and plasma were collected from all animals.

Cohort 2 (Synucleinopathy cohort): A total of 52 male Fischer F344 rats received two-

site unilateral injections of either PBS or 8 or 16 total ug mouse a-syn PFFs and
euthanized at 2, 4 and 6 months post-injection based on our previous temporal
characterization of a-syn accumulation and nigral degeneration. CSF was taken from all

animals at all time points. Plasma was taken from the 6-month time point only.

Preparation of a-syn PFFs and Verification of Fibril Size
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PFF preparation was conducted as described in Chapter 3 [26, 27, 32-34]. Purification
of recombinant, full-length mouse a-syn and in vitro fibril assembly was performed as
previously described. Prior to sonication, a-syn fibrils were assessed to verify lack of
contamination (LAL Assay, (~1 Endotoxin Units /mg)), high molecular weight
(sedimentation assay), beta sheet conformation (Thioflavin T) and structure (electron
microscopy). Prior to injection, PFFs were thawed, diluted in sterile Dulbecco’s PBS
(PBS, 2ug/ul or 4 ug/ul) and sonicated at room temperature using an ultrasonicating
homogenizer (300VT; Biologics, Inc., Manassas, VA) with the pulser set at 20%, power
output at 30% for 60 pulses at 1 second each. Following sonication, a sample of the
PFFs was analyzed using transmission electron microscopy (TEM). Formvar/carbon
coated copper grids (EMSDIASUM, FCF300-Cu) were washed twice with ddH,O and
floated for 1 min. on a 10 ul drop of sonicated a-syn fibrils diluted 1:20 with PBS. Grids
were stained for 1 min. on a drop of 2% uranyl acetate aqueous solution, excess uranyl
acetate was wicked away with filter paper, and allowed to dry before imaging. Grids
were imaged on a JEOL JEM-1400 transmission electron microscope. The length of
over 500 fibrils per sample were measured to determine average fibril size to ensure

fibril length was of optimal size for seeding in vivo.

Intrastriatal Injection of a-syn PFFs

Sonicated PFFs were kept at room temperature during the duration of the surgical
procedures. All rats in Cohort 1 were deeply anesthetized with isoflurane and received
two 2ul unilateral intrastriatal injections either of sonicated mouse a-syn PFFs (8ug total

protein or 16 ug total protein in 4 yl total injectate; AP +1.6, ML +2.0, DV -4.0; AP +0.1,
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ML +4.2, DV -5.0 from skull) or an equal volume of PBS at a rate at 0.5ul/minute.
Injections were administered using a pulled glass needle attached to a 10 ul Hamilton
syringe. After each injection, the needle was left in place for 1 minute, retracted 0.5 mm,
left in place for an additional 2 minutes and then slowly withdrawn. Animals were
monitored post-surgery and euthanized at predetermined time points (2 months, 4

months, and 6 months post injection).

Euthanasia and biofluid collection

All animals received I.P. injection of 30mg/kg Beuthanasia (Henry Schein, Columbus
OH) and were placed into a stereotaxic frame. CSF (~100 pl) was collected via cisterna
magna puncture [35] and blood collected via cardiac puncture, transferred to plasma
collections tubes (BD catalog info) and kept on ice. Animals were perfused with 0.9%
heparinized saline followed by 0.9% saline. Brains were immersion fixe in 4% PFA for
48 hours and placed in 30% sucrose until sunk. CSF was centrifuged at 10,000 g for 10
min. at 4°C to pellet any contaminating red blood cells, and the supernatant was
transferred to a 1.5ml collection tube. Blood was centrifuged at 3,000 g for 5 min. at
4°C and the top layer of plasma was transferred to a tube. CSF and plasma samples

were frozen at -80°C until analysis.

MesoScale Mupltiplex ELISA for Inflammatory Cytokines
Measurement of interferon gamma (IFN-y), interleukin-10 (IL-10), interleukin-13 (IL-13),
interleukin-1 beta (IL-1B), interleukin-4 (IL-4), interleukin-5 (IL-5), interleukin-6 (IL-6),

keratinocyte chemoattractant (KC/GRO, CXCL1) and tumor necrosis factor (TNF) was
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conducted with the 96 well MesoScale V-Plex Proinflammatory Panel 2 Rat kit (MSD,
Rockville MD, K15059D-1) on the MSD SECTOR Imager 2400-A (Meso Scale
Diagnostics, LLC, Rockville, MD) per the manufacturers’ instructions. CSF (diluted 1:2)
and plasma (diluted 1:4) samples were run in duplicate, and the signal generated was
compared to the standard curve for each anylate and subsequently converted to the

calculated concentration mean (pg/ml) which was used for final calculations.

Immunohistochemistry and Stereological Analysis in the SNc

Extensive stereological quantification of SNc neurons possessing a-syn inclusions
phosphorylated Serine 129 (pSyn), SNc neurons (neuronal nuclei, Neu-N) and ; tyrosine
hydroxylase (TH) immunoreactive SNc neurons was conducted as described previously

[36].

Immunofluorescence in the Agranular Insular Cortex

Free floating cortical sections (1:6 series) were transferred to 0.1M tris buffered saline
(TBS) containing 0.5% Triton X-100 (Tx100; TBS-Tx). Following washes, sections were
incubated in 10% NGS/TBS-Tx and blocked for 1 hour. Following block, sections were
double immunolabled with primary antibodies against mouse anti-phosphorylated a-syn
at Serine 129 (pSyn, 81A; Abcam, Cambridge, MA; AB184674; 1:15,000) and rabbit
anti-ionized calcium binding adaptor molecule-1 (Iba-1; Wako, Richmond, VA; 019-
19741, 1:1000) overnight at 4°C. Following primary incubation, sections were washed
and incubated in secondary antibodies goat anti-rabbit (AlexaFluor 488; Invitrogen,

Carlsbad, CA; A-11008) and goat anti-mouse (AlexaFluor 568; AbCam, Cambridge,
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MA; ab175473) 1:500 in 1% NGS/0.5% Tx-100 for 2 hours. Sections were washed,
mounted on subbed slides and coverslipped with VectaShield hardset mounting media
(Vector Labs; H1400) and visualized on a on a Nikon Eclipse 90i microscope with a
QICAM camera (QImaging, Surrey, British Colombia, Canada) and Nikon Elements AR

(version 4.50.00, Melville, NY).

Inclusion Criteria for Examination of Inflammatory Cytokine Levels

All naive rats (Cohort 1) and control rats injected with PBS (Cohort 2) were included for
examination of inflammatory cytokine levels. Rats injected a-syn PFFs (Cohort 2) were
included for examination of inflammatory cytokine analysis only if they possessed >1600
pSyn aggregates in the SNc. The 1600 pSyn aggregate cut off was determined by the
distribution of data points which revealed a cluster of rats at the bottom of the
distribution of SNc pSyn aggregates at 2 or 4 months (Figure 4.7a, Appendix),
exhibiting virtually no spread and no apparent relationship between pSyn load and
cytokine levels (Figure 4.7b-c, Appendix). Therefore, to examine the impact of pSyn
inclusion load on inflammatory cytokines only rats possessing >1600 pSyn aggregates
in the SNc were included for analysis. This resulted in the exclusion of 4 of 10 rats at
the 2 month p.i. time point and 2 of 11 rats at the 4 month p.i. time point, all rats that
had been injected with the lower total quantity of a-syn PFFs (8ug). Due to the fact that
no rats possessed more than 1600 pSyn aggregates in the SNc at 6 months no
correlation analysis between pSyn inclusion load and cytokine levels was performed for

this time point. However, correlations were performed between cytokine levels and
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magnitude of degeneration (24.64% - 52.82%) as determined by stereological counts of

THir neurons.

Statistics

Statistical analyses were performed using GraphPad Prism (La Jolla, CA). Statistical
significance for all cases was set at p < 0.05. Statistical outliers were assessed using
the absolute Deviation from the Median (ADAM) method using the ‘very conservative’
criterion [37]. Comparisons between 2 groups were analyzed using a Student’s t-test.
For comparisons of 3 or more, a one-way ANOVA with Tukey’s post hoc analyses was
used. Correlation analysis was conducted to investigate the relationship between pSyn
inclusion number and cytokine levels. For cytokine levels that were below detection
limit (BDL) or below fit curve (BFC) in which no value was given, the calculated low at

which the standard curve crosses the X axes was substituted.

Results

TNF and KC/GRO are significantly increased in CSF with aging

To investigate the relationship of biofluid cytokine levels with advancing age, levels of
IFN-y, IL-10, IL-13, IL-1B, IL-4, IL-5, IL-6, KC/GRO, and TNF were measured. As
morphological and functional changes in microglia have been reported with aging [9-11,
38, 39] we first stained sections of agranular insular cortex from 4, 8, and 20-month old
male rats, based on our previous observation that microglia increase MHC-II expression
in the presence of pSyn. No gross changes in cell body size, shape, or extent of

branching were observed between microglia from different age groups (Figure 4.1a).
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As expected, | these naive rats no pSyn immunoreactivity was observed. In CSF,
KC/GRO (F 2, 12) = 14.50, p = 0.006) was significantly increased in CSF at 20 months
(70.47 £ 19.53 pg/ml) compared to 4 months (34.81 £ 2.52 pg/ml) and 8 months (33.07
+ 8.56 pg/ml), p<0.002. Additionally, TNF (F 2, 12) = 77.28, p<0.0001) was significantly
increased in CSF at 20 months (1.51 + 0.18 pg/ml) compared to 4 months (0.40 + 0.10
pg/ml) and 8 months (0.59 + 0.17 pg/ml), p<0.0001. In plasma, TNF (F 2, 13) = 9.51,
p<0.003) was significantly increased at 20 months (4.73 £ 0.99 pg/ml) compared to 4
months (3.03 + 0.45 pg/ml) and 8 months (3.05 * 0.64 pg/ml). No other significant age-

related differences were observed in cytokine levels in CSF or plasma (p>0.05).

Intrastriatal a-syn PFF injection results in cortical pSyn inclusions

Previous analysis of the cohort of rats used in this study demonstrated widespread
accumulation of pSyn inclusions in the SNc¢, amygdala, motor and insular cortices [36].
Given our previous findings demonstrating increased MHC-II expression in the
agranular insular cortex, we wanted to examine microglial morphology in this area. To
examine the morphological characteristics (soma size, thickness and number of
branches) and abundance of microglia surrounding pSyn inclusions in the agranular
insular cortex we performed dual label immunofluorescence. Abundant pSyn inclusions
were evident in a-syn PFF-injected rats, with no inclusions observed following control
PBS injections (Figure 4.3a). Microglial processes were observed in close proximity to
pSyn inclusions (Figure 4.3a, inset), however no qualitative differences between the
morphological characteristics and quantity of microglia were readily apparent between

PBS and PFF injected animals. The time course of SNc pSyn accumulation and
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degeneration in this cohort has been well-described in this cohort in our previous study
[26, 27]. pSyn accumulation in the SNc is greatest at 2 months and decreases over
time in association with cell loss (Figure 4.2a;[26, 27, 36]). Furthermore, significant
nigral cell loss between 24.64% - 52.82% is observed in the ipsilateral SNc at 6 months

post-injection (Figure 4.2b [36]).

CSF IFN-y positively correlates with pSyn inclusion load at 2 months p.i., 3 months prior
to nigral degeneration

Two separate approaches were used to examine the impact of a-syn PFF induced pSyn
inclusions on CSF cytokine levels. First, group differences were examined between a-
syn PFF and control PBS injected rats. Second, correlation analysis was conducted to
determine any relationship between the magnitude of pSyn inclusions in the SNc within
individual rats, as previously determined [36], and CSF cytokine levels. No significant
group differences in cytokine levels due to either PFF or PBS treatment were observed
at 2 months p.i. (p >0.05, Table 4.2, Figure 4.3b). In general, IL-183, IL-13, and IL-4 fell
below the fit curve BFC or BDL regardless of treatment (Table 4.2). Extensive variability
in the number of SNc pSyn inclusions was observed within the a-syn PFF injected rats,
prompting a correlation analysis to examine the relationship between SNc pSyn
inclusion number and cytokine levels. There was a positive correlation between levels of
IFN-y and number of SNc pSyn inclusions (r = 0.82, p= 0.0463, R?= 0.67; Figure 4.3c).
Although rats possessing more pSyn inclusions appeared to have higher IL-6 and TNF
CSF levels, no significant correlations were detected (IL-6: r = 0.68, p= 0.13, R?>= 0.47,

Figure 4.3d; TNF: r = 0.62, p= 0.19, R?= 0.38; Figure 4.3e).
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At 4 months, at the onset of degeneration, IL-6 is significantly increased in CSF from a-
syn PFF-injected rats, TNF and IFN-y levels positively correlate with pSyn inclusions

Abundant pSyn inclusions were detected in the agranular insular cortex of a-syn PFF-
injected rats 4 months after injection. However, no observable changes in microglia
number or morphology were observed between PBS and PFF-injected animals (Figure
4.4a). Similar to 2 months p.i., IL-1B and IL-4 were BFC or BDL regardless of
treatment, however increased variability in cytokines in PFF animals was observed
compared to 2 months (Table 4.3, Figure 4.3b). a-syn PFF induced synucleinopathy
was associated with significantly higher CSF IL-6 compared to PBS-injected rats at 4
months p.i. (p = 0.007, Table 4.3, Figure 4.4b). Within individual PFF-injected rats,
increased levels of pSyn inclusions was not associated with IL-6 CSF levels as no
correlation was observed (r = 0.02, R? = 0.0002, p = 0.97). No additional significant
between group differences in CSF cytokine levels were detected (p > 0.05), however
CSF IL-10 trended toward being increased in rats injected with PFFs (PFF: 6.12 £ 0.80
pg/ml, PBS: 3.79 pg/ml + 0.84 pg/ml, p =0.07). Correlation analysis was conducted to
determine any relationship between the magnitude of pSyn inclusions in the SNc within
individual PFF-injected rats at 4 months [26, 36] and CSF cytokine levels. Both CSF
IFN-y and TNF were positively correlated to SNc pSyn inclusion number (IFN: r = 0.79,

R?=0.62, p=0.01; TNF: r=0.69, R?*= 0.47, p = 0.04, Figure 5.3c, e).

At 6 months, during the interval of degeneration, IL-5, KC/GRO, and TNF are
significantly increased in CSF from a-syn PFF-injected rats

No changes in microglial abundance were observed between PBS and PFF-injected

animals at 6 months p.i, during the interval of degeneration, though microglia in PFF-
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injected animals appeared to have fewer branches (Figure 4.5a). Levels of IL-1p3, IL-13,
and IL-4 were generally BFC or BDL (Table 4.4) and variability within 6 month PFF
samples appeared to be less compared to 4 month samples. Levels of three cytokines
were significantly increased in the CSF from a-syn PFF-injected rats compared to PBS
controls (Table 4.4, Figure 4.5b): IL-5 (PBS: all BDL, 3.42 + 0 pg/ml, PFF: 5.12 £ 0.67
pg/ml, p = 0.02), KC/GRO (PBS: 23.25 + 2.04 pg/ml, PFF 29.91 + 0.95 pg/ml, p = 0.01),
and TNF (PBS: 0.28 + 0.06 pg/ml, PFF: 0.49 £ 0.03 pg/ml, p = 0.01). Correlation to
pSyn inclusion number was not conducted at this time point due to the decrease in
pSyn inclusions in association with degeneration. Increased magnitude of degeneration
ranging from 24.64% - 52.82% loss of SNc neurons [36] did not correlate with any

increase in CSF cytokines (Figure 4.9, Appendix).

At 6 months, during the interval of degeneration, IL-6 is significantly increased in plasma
from a-syn PFF-injected rats

In addition to CSF, plasma was also collected from rats 6 months after either a-syn PFF
or control PBS injection (Table 5.5). Cytokines were detected in higher amounts in
plasma at 6 months p.i. compared to CSF at the same time point, however, IL-13
similarly remained BDL. Plasma IL-6 was significantly increased in a-syn PF-injected
rats at 6 months p.i. compared to controls (PBS: 46.23 + 9.81 pg/ml, PFF: 77.45 + 6.45
pg/ml, p < 0.02). No other differences in plas<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>