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ABSTRACT

Parkinson’s Disease (PD), the second most common neurodegenerative disease worldwide,
pathologically presents with the inclusion of Lewy bodies and dopaminergic cell loss in the
brain. Lewy bodies are composed of aggregated a-synuclein protein, and although essential to
our understanding of PD, not much is known about the native, pre-synaptic state of a-synuclein
(a-syn). Due to its mostly synaptic local, immunostaining results in diffuse signal, ultimately
providing little insight into the types of a-syn-resident cells. As a result, insight into o.-syn
expression driven cellular vulnerability has been difficult to ascertain. Using a knockin mouse
model that localizes a-syn to the nucleus of cells by insertion of a nuclear localization signal into
the a-syn gene locus (Sncat5), we overcome visualization issues and map out the topography

and cells-of-origin of a-syn in mice. I performed immunohistochemistry on Snca™ts

mouse
tissue to map out the endogenous distribution of a-synuclein in the brain. Using ilastik machine
learning analysis, I determined regions with high a-syn expression, which were subsequently co-
stained with cell-type specific markers to gain further topographical granularity. a-syn showed
high expression in the olfactory bulb, hippocampus, cerebral cortex, substantia nigra and
cerebellum. Within these structures, there was a high level of expression of a-syn in granule

NLS mouse

cells, pyramidal cells, mitral cells, and dopaminergic neurons. Taken together, the Snca
serves as a tool to define an atlas of a-syn topography, potentially providing insight into cellular

vulnerability in PD.
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1. INTRODUCTION
1.A. PARKINSON ’S DISEASE
1.A.1 History of PD
Parkinson’s disease (PD) is a debilitating neurodegenerative disorder that presents with motor
and non-motor symptoms. Although first clinically described by James Parkinson in 1817 as the
“shaking palsy”, evidence of PD can be found in ancient Italian and Chinese sources dating back
to 1000 BC2. Parkinson succinctly described the manifestation of PD to include involuntary
motion, which was then elaborated on by the neurologist Jean Martin Charcot to include
bradykinesia, dysautonomia and pain®3. Charcot was also the first to describe the disease as
“Parkinson’s disease™ and the first comprehensive description of the disease, including the
presence of brainstem lesions, was published in 1953, Since then, PD has been recognized as the
most common motor neurodegenerative disease worldwide®.
1.A.2 Clinical Features of PD
1.A.2.1 Symptoms and Progression
PD presents with a multitude of both motor and non-motor symptoms, leading to complex
clinical manifestation, progression, and treatment course. Classical symptoms of PD include
stiffness, bradykinesia, tremor and balance issues, however autonomic dysfunction, constipation,
cognitive decline, and mood disturbances have also been cited as symptoms of PD®. Non-motor
symptoms typically preface the motor symptoms of PD!%!! and symptoms such as olfactory
dysfunction and REM sleep behavior disorder are considered to be prodromal indicators of PD
development!?~'4. The pathological progression of typical PD can be broken into 6 stages,
referred to as Braak staging, each with specific pathological hallmarks that can be observed post-

mortem!>. The first Braak stage of PD is marked by pathological o-synuclein (a.-syn) aggregates



in the olfactory bulb, dorsal motor nucleus of the vagus nerve in the medulla oblongata and
anterior olfactory nucleus causing olfactory dysfunction and other non-motor impairments. In
stage 2, pathology spreads to the locus coeruleus (LC), further into the medulla oblongata and
the pontine tegmentum, and mild motor impairments occur at this stage. By stage 3, pathology
has progressed to the midbrain, particularly the substantia nigra pars compacta (SNc), and
forebrain, and loss of balance and bradykinesia ensue. By this stage, the patient is still fully
independent, but the disease has made normal functioning difficult. Stage 3 is also when patients
typically present to neurologists, as symptoms become too severe to ignore. By stage 4, there is
significant degeneration of dopaminergic (DA) neurons in the SNc; and the mesocortex,
hippocampus CA1 and thalamus are affected by pathology. In stage 4, movement is very
difficult, and patients typically are dependent on assistive care. In stage 5 the disease begins to
spread to the neocortex and the frontal, parietal and temporal lobes are pathologically affected.
At this stage, cognitive defects occur as pathology spreads into the cortex. Finally, in stage 6,
Lewy pathology is found in the primary motor cortex, primary sensory cortex and premotor
cortex and the disease is at its most severe. In this stage patients require full assistance, and may

be bedridden'>'°.

1.A.2.2 Diagnosis
Unfortunately, there is no definitive way to diagnose PD in the clinic. Clinical scales, such as the
Hoehn-Yahr (HY)!7 and Unified Parkinson’s Disease Rating Scale (UPDRS), are used to assess
the severity of symptoms in potential PD patients, however absolute diagnosis cannot be
achieved until post-mortem tissue can be analysed for the presence of the two pathological

hallmarks, Lewy bodies and DA neuron degeneration in the SNc. The HY scale is used to



diagnose and assess potential PD patient’s motor symptoms, assigning them to a category in the
5-step test scale!’”. The first symptom observed in the HY scale is unilateral involvement!’, and
the staging typically correlates with pathology, however this scale is weakened by its inability to
assess the non-motor symptoms of PD!8. The UPDRS is a more comprehensive examination and
is frequently used in tandem with the HY Scale, where the following four categories are
assessed; 1. non-motor aspects of daily living; 2. motor aspects of experiences of daily living; 3.
motor examination; and 4. motor complications!®. By using the HY and UPDRS together, and
MRI and PET imaging to rule out other diseases, clinicians can accurately predict the presence of
PD in live patients. Additionally, research into potential biomarkers for PD, primarily focused on
the presence of aggregated a-syn in the blood and CSF?*2!, has recently become a focus of
interest as these could allow for diagnostic clarity in living patients. PD patients are typically

diagnosed around age 60, and usually live for 10-20 years after diagnosis of PD?.

1.A.2.3 Pathology
Two pathological characteristics are necessary for the differential diagnosis of PD post-mortem:
the degeneration of DA neurons in the SN¢ and the appearance of Lewy bodies (LBs) and
neurites (LNs) throughout the brain?>2*, When DAs are lost in the SN¢, dopamine levels drop in
SNc projection area, the striatum. This loss of dopaminergic innervation causes a network
imbalance in the basal ganglia, specifically, decreased DA signalling in the indirect pathway of
the basal ganglia. In healthy patients, proper functioning of the indirect pathway leads to
inhibition of cortical excitability, but in PD, there is a marked reduction in this inhibition, leading
to cortical hyperactivity and the characteristic motor impairments and clinical symptoms of PD

patients?>%-27, LBs are composed primarily of a-syn protein, which becomes toxic when



aggregated?>-?%2°. When these protein aggregates form in the brain, cellular processes and cell

survival are impacted, causing pathology and the potential for clinical features to appear.

1.A.3 Epidemiology
PD is the most common motor neurodegenerative disease worldwide, and the second most
common neurodegenerative disease next to Alzheimer’s. It is estimated that 1% of the population
over the age of 60 has PD*°. PD is two times more common in men, and women with PD
typically have a higher age on onset; hypothesized to be caused by neuroprotective effects of
estrogens on striatal dopamine levels®!. PD is rare in people under the age of 50, and typically
appears in patients over the age of 60°. There is low variance between PD prevalence rates
geographically in industrialized countries, however there is some cross-cultural differences in PD
incidence, thought to be due to exposure to different environmental toxins and susceptibility
genes®2. Additionally, the prevalence of PD in North American tends to differ depending on
race/ethnicity, with the largest PD incidence in Hispanic populations®?. The number of people
with PD has doubled from 1990 to 201533, and it is estimated that this will occurring again as the

population rises, causing some researcher to refer to PD as a “pandemic™?.

1.A.4 Causes of PD: Genetic and Sporadic
There is no singular cause for PD, and it is though that many factors contribute to its
pathogenesis. The multi-hit hypothesis postulates that several factors, both genetic and
environmental, are needed to trigger a disease state’*. In a subset of cases, mutations in SNC4,
LRRK?2, PINK, and PRKN, amongst other genes, cause familial forms of PD*3°. However, PD is

a complex disease, and no specific gene is completely responsible for all cases. In fact, only an



estimated 10-15% of PD cases account for familial forms of the disease*’, while the remaining
cases are idiopathic. Environmental factors can also contribute to disease genesis, including
pesticide, heavy metal, and detergent exposure *'~**, Certain factors have been shown to lower
the risk of PD, including appendectomy, cigarette use, non-steroidal inflammatory drug use, and
caffeine intake***°. This interplay between genetic and environmental factors leads to a
complicated disease milieu, which contributes to the difficulties that arise in treating and curing
PD.

1.A.5 Management and treatment
There is currently no cure for PD, and treatments focus on alleviating the symptoms of the
disease, not the pathology, to provide some improvement in the quality of life of those with PD.
There are two primary courses of disease treatment — pharmaceutical and surgical. There are
three types of drugs used to treat PD, the most used of which is Levodopa. Levodopa, or L-dopa,
is the precursor to dopamine, and its pharmaceutical replacement can help to alleviate the effects
of dopamine loss in PD**>!, However, chronic L-dopa use can lead to unwanted side effects,
such as dyskinesia, nausea, and desensitization from excessive drug use>>>. To combat this loss
of efficacy, usually by 3-5 years of drug use, administration of a dopa-decarboxylase inhibitor,
carbidopa, is used in tandem with L-dopa to alleviate nausea symptoms and increase the efficacy
of L-dopa®*>. Other drugs used to treat PD include DA receptor agonists, such as bromocriptine
and lisuide, to stimulate D2 receptors and promote DA replacement®®>’ and MAO inhibitors,
which work to increase the availability of DA in the synaptic cleft>®. Additionally,
anticholinergic agents may be used to treat PD, as they work to balance DA and acetylcholine
levels in the brain which can lead to increased DA in the striatum>®. Early surgical intervention

for PD included ablation therapy®, however the vast amount of side effects promoted the



development of Deep Brain Stimulation (DBS) surgery to minimize PD symptoms. DBS
involves implantation of an electrode in the subthalamic nuclei (STN) and globus pallidus of the
brain to inhibit activity of the STN and recover motor symptoms in patients®>®!. DBS is typically
used in patients who have been overexposed to dopamine replacement therapy drugs, and only
targets the tremor-based symptoms of the disease®.

Ultimately, the lack of long-term efficacy, invasiveness and multitude of side effects begs the
development of new treatments to prolong the life and quality of life of those with PD. Although
DA cell loss is ultimately the end point of PD pathogenesis, a focus on DA neuron loss cannot
address all parts of this complicated disease. One window into the pathogenesis of PD is a-syn,
as mutations in its gene cause PD and its accumulation into LBs is present in the majority of PD
patients?*36. Research into a-syn and its involvement in the development of PD may provide the

missing piece needed to cure, or better treat this debilitating disease.



1B. THE ROLE OF ALPHA-SYNUCLEIN IN PD

1.B.1 Structure and Function
First discovered in 1993, a-syn is a 140 amino acid (aa) long protein found abundantly
throughout the brain®®-%. It is a member of the synuclein family of proteins, also consisting of B-
and y-synuclein®®. a-syn is composed of three sections: aa 1-65 comprising the N-terminus in an
alpha-helical formation, aa 65-90 comprising the non-amyloid-f-component (NAC), and aa 91-
140 comprising the c-terminus®. The c-terminal end of a-syn has been found to be involved in
its subcellular locale and interactions with protiens®’-*8 and the NAC is most implicated its
pathological aggregation®+66-6%,
Although a-syn is generally well characterized biochemically, the exact function of the protein
remains elusive. a-syn is primarily found in the cytoplasm with a pre-synaptic locale, however it
has also been associated with neuronal nuclei, the Golgi apparatus, endoplasmic reticulum,
mitochondria and endolysosomes®>’%-74, Functionally, o-syn is hypothesized to be involved in
the synapse, particularly in neurotransmitter release and vesicle trafficking”>’¢. Additionally, o.-
syn is thought to be involved in the immune system, as gastrointestinal (GI) inflammation and
illness promotes the increase of c-syn, which in turn increases the recruitment of immune cells
and is necessary for certain immune responses’’”°.
Although there is a strong emphasis on research pertaining to o-syn and more is being learned
about the normal and pathological roles of a-syn, there remains a void in our understanding
because we do not know the exact cells the a-syn occupies. Attempts to visualize a-syn
throughout the brain leave much information to be uncovered, as the cytoplasmic, pre-synaptic
locale of the protein causes a diffuse staining pattern using traditional immunostaining methods.

This gives the impression that a-syn is expressed uniformly throughout the brain and in all cell



types when RNA in situ hybridization (ISH) experiments have shown otherwise®. To fully
understand the role of a-syn in PD and normally, we must uncover the exact topography of this

elusive protein, throughout the brain.

1.B.2 Lewy Bodies and a-synuclein’s implication in disease
The formation of LB and LNs are one of the two hallmarks of PD, which are accompanied by
motor and non-motor dysfunction in PD. The main component of LBs and LN is a-syn which
aggregates and can cause toxicity when oligomerized or fibrilized?®*’(Figure 1). Structurally,
LBs form in the cytoplasm of cells and consist of a dense core surrounded by a halo of fibrilized
protein, primarily a-syn, and LNs are more filamentous aggregates of a-syn®'#2, Lewy structures
also consist of other proteins, such as leucine rich repeat kinase 2 (LKKR2) and histone
deacetylase 6 (HDAC6)%3%*. When these protein aggregates form in the brain, cellular processes
and cell survival are impacted, causing PD and PD-like symptomology. Mutations to certain
genes, such as SNCA4 and glucocerebrosidase (GBA) have been directly linked to cause LB

pathology in hereditary PD3¢%,

1.B.3.Synucleinopathies
o-syn aggregates are also present in MSA and LBD, which are collectively termed
synucleinopathies®®#’. In PD and LBD, LBs form in the neurons on affected cells, however in
MSA Lewy structures form in the cytoplasm of oligodendrocytes, are called Glial Cytoplasmic
Inclusions (GCls), leading to differential disease presentation. Beyond the common feature of
Lewy body formation in synucleinopathies, these diseases are analogous in having autonomic

dysfunction, and neurodegeneration, however the manifestation and severity of these symptoms



differ depending on the disease®®. Interestingly, REM sleep disorder predates the onset of motor
and autonomic dysfunction in all synucleinopathies®. Typically, in MSA autonomic dysfunction
is more severe, accompanied by extreme bladder dysfunction®. PD and LBD typically show
parkinsonism and anosmia, where MSA patients do not®®,

1.B.4. Aggregation, misfolding, and spread of a-synuclein
The exact triggers of the aggregation of a-syn are unknown. In 2003, a theory developed by
Heiko Braak, Kelly Del Tredici and Eva Braak states that a-syn pathology is initiated by a
pathogen entering the body through the nasal cavity and traveling down the vagus nerve to the
GI tract, where a-syn is oligomerized!>°. a-syn oligomers are then able to spread in a prion like
manner where misfolded a-syn can seed, and corrupt, endogenous a-syn, thereby propagating
pathology throughout the nervous system. Accordingly, in Braak staging, a-syn spreads outward
from the most rostral and caudal parts of the brain, in phases which are associated with PD
symptomology '>%°. This theory accounts for disease progression in about 50% of PD patients”!.
Further evidence for this “prion-like” spreading of a.-syn has been shown in vitro, as inoculation
of healthy neurons with fibrilized exogenous a-syn leads to the production of LB like-
inclusions®>?. Additionally, in vivo, injection of toxic a-syn aggregates, or synthetic pre-formed
fibrils (PFFs), into the striatum of wild type (wt) mice cause aspects of PD symptomology in
mice®*, including Lewy-like pathology, DA neuron loss, and motor deficits, suggesting a further
role of the pathological spreading of aggregated a-syn. This spreading occurs only in the
presence of endogenous a-syn, as Snca heterozygous KO mutants have less spreading than wt
mice, and homozygous KOs have no PFF induced spreading®?. In clinical studies, transplantation

of healthy grafted nigral neurons into PD patients lead to these neurons eventually developing



LB-like inclusions, suggesting the seeding of toxic a-syn from endogenous neurons into the
healthy grafted neurons®>*®. However, this spread did not occur in people who received growth
hormone from PD patients, suggesting some limitations to Braak’s hypothesis®’. Additionally,
studies have shown that disease progression does not always match Braak staging, and
sometimes symptoms do not line up with pathology®®1°!. Although the Braak hypothesis
accounts for the spread of pathology in most cases of PD, more research into a-syn and its role

in PD is essential to our understanding of this disease.
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Figure 1: Progression of a-syn toxicity in PD neurons from a healthy neuron. Illustration of
a-syn progressing from a healthy, monomeric state to its toxic oligomerized and fibrilized form.

Eventually, these aggregates can form an LB and lead to neurodegeneration.

1.B.5 Mouse models of a-synuclein toxicity and PD.

Since PD does not naturally occur in animals, its pathology needs to be artificially induced to
study its features in in vivo models. PD-like scenarios in rodents can be triggered by genetic
manipulation, either by loss of function or gain of function, or by exposure to toxins. Pesticides,
such as Paraquat and Rotenone, induce systemic PD-linked synucleinopathy**192-105 while focal
injection with PFFs cause local pathology that spreads to synaptically connected structures®>-4,
These toxins can induce a variety of the hallmarks of PD including dopaminergic neuron loss

and Lewy-like structure formation. Point mutations and other copy number variations in the a-

syn gene, SNCA, cause PD!%-!10, These mutations can be introduced into mice to recreate some
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of the PD-linked features, including decreased striatal dopamine signaling and olfactory

dysfunction!!!.

1.B.6 Issues in the study of a-synuclein.
Although much is known about a-syn, many aspects of this protein remain elusive. Outside of
the lack of definitive function and triggers of a-syn aggregation, the endogenous cell-specific
distribution of a-syn remains unknown. While immunostaining for a-syn to visualize the protein
is well established, since a-syn is a cytoplasmic protein, staining looks diffuse throughout the
brain, giving the impression that a-syn is uniformly present. This is likely not the case, as studies
looking at RNA in situ hybridization of Snca, and Snca-GFP knockin mice show patterns of .-
syn expression which are not brain wide!!'>!!3, leaving a major gap in our understanding of this
protein. To overcome the diffuse staining pattern elicited from endogenous a-syn, [ used a
recently developed mouse model, the Snca™M-5 mouse, as a reporter line to determine the locale
of a-syn '!*, These mice, which have a-syn localized to the nucleus by insertion of an NLS tag
into the Snca gene, show PD like motor deficits at 9 months of age, and cortical
neurodegeneration at 18 months, but are also able to clearly show the nuclear presence of a-syn
by condensing the protein to the nucleus of cells (Figure 3)''“. This thesis will expand upon the
study of nuclear a-syn with these mice by looking at the endogenous distribution of a-syn, using
nuclear o-syn as a reporter to determine the precise location and intensity of a-syn throughout
the brain, with the goal of identifying cells with differential levels of a.-syn, both in percentage
of cells that contain a-syn and the intensity of a-syn in these cell types. Considering the relation

of SNCA dosage to pathology®®!15116 it is possible that cells with increased o-syn are most
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susceptible to LB pathology, and therefore elucidating these cells as potential targets for

treatments and therapeutics is essential in our understanding of PD.
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2. HYPOTHESIS
Snca™s reporter mice will show region and cell-type specific protein levels throughout the brain,

giving insight into neuronal circuits and cells most vulnerable to synucleinopathy.

3. AIMS
1. Generate a brain-wide atlas of endogenous a-syn topography, distribution, and cells-of-origin

NLS

in Snca™ mice.

2. Determine the abundance of a-syn in defined PD-linked regions and cell types in the brain.

14



4. CONTRIBTIONS TO PROJECT

NLS mice was

Generation, characterization, genotyping, and colony maintenance of the Snca
completed by Haley Geertsma (Ph.D. Candidate, Rousseaux Lab, University of Ottawa). Dr.
Konrad Ricke (Post-doc, Rousseaux Lab, University of Ottawa) and Haley Geertsma assisted me
in training the machine learning program, ilastik, to detect nuclear a-syn. Haley Geertsma

assisted in the generation of Figure 3. All other experiments, data analysis and figure creation

were completed by myself.
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5. METHODS

5.1 COLLECTION OF MOUSE TISSUE AND SECTIONING
Ten Snca™*'MS mice were collected and used in all further analysis. Details of the mouse cohort
can be found in Table 1. Mice were anesthetized with 30 units of 120 mg/kg Euthanyl
(DIN00141704) before being perfused with 10 ml 1x phosphate buffered saline (PBS) and 10 ml
4 % paraformaldehyde (PFA). Brain tissue was collected and stored for 48 hours in 4 % PFA.
Brain tissue was then dehydrated in 10, 20 and 30 % sucrose solutions for 48 hours each before
being flash frozen in -40°C isopentane for 1 minute. Tissue was kept at -80°C until sectioned.
Brain tissue was then cryosectioned, both coronally and sagittally, at 20 pm and -21°C on the
Thermo Scientific HM 525 NX at the Louise Pelletier Histology Core at the University of
Ottawa, and stored free floating in 1x PBS + 0.02 % NaNj in a 24 well plate at 4°C until use. 12
sections of brain tissue were collected and placed in each well of the 24 well plate to ensure

uniform representation of brain structures throughout the mouse brains.

5.2 a-SYN ATLAS GENERATION

5.2.1 IMMUNOHISTOCHEMISTRY
Mouse brain tissue was stained using the Mouse IgG Vectastain ABC kit. Brains and spinal cord
tissues were incubated for 1 hour in blocking buffer (1.5 % Triton X-100, 5 % Vectastain Horse
serum in 1X PBS), 24 hours in primary antibody (1:1000 BD Biosciences Purified Mouse anti-o.-
synuclein (Synl), Cat 610787) in blocking buffer, and 1 hour in secondary antibody (1:500
Alexa Fluor 488) in blocking buffer. Following secondary antibody, sections were exposed to

Vectastain ABC solution (1:200 Solution “A”, 1:200 Solution “B”, made 30 minutes before use)
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Figure 2 : Pipeline for Snca™'S atlas generation. A. Schematic of approach used to generate atlas. B.
IHC staining for a-syn in Snca™¥"Stissue. C. ilastik segmentation of IHC stain for a-syn. D. Zoomed
in IHC staining for a-syn in the hippocampus of Snca M-S tissue. E. Zoomed-in ilastik segmentation of

IHC staining for a-syn.
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for 1 hour. Sections were then exposed to DAB KIT for 2 minutes, and excess DAB was washed
with 1x PBS. Tissue was washed 5x for 5 minutes in 1x PBS between each treatment and
mounted on superfrost slides. Sections were dehydrated in 50% EtOH, 70% EtOH, 95% EtOH
and 100% EtOH for 1 minutes each, then finally in 100% Xylenes for 5 minutes. Following
dehydration, slides were covered with Permount (Fisher Scientific Cat# SP15-100) and covered

with #1.5 coverslips.

5.2.3 IMAGING AND MICROSCOPY
All THC image acquisition was completed by the Louise Pelletier Histology Core at the
University of Ottawa. Images were whole brain slide scanned at 20x magnification on the Axio

Scan Z1 Slide Scanner and exported as .czi files for subsequent analysis.

5.2.3 ILASTIK AND ATLAS CONSTRUCTION
IHC images (as .czi files) were imported into FIJI as multichannel “composite” images. The area
around the brain sections was selected and background was cleared, then images were exported
as .tiff files. For analysis in ilastik, a new project was created under the “Pixel Classification”
pipeline. Three images (N=3) were inputted as training files, and features for ilastik to detect
were selected (color/intensity, edge, and texture: o= 0.7, 1.6, 5.0). To eliminate training bias,
three students (ZAF, HMG, KR) completed ilastik training to outline positive signal and
background on the same image. Classification of positive signal is indicated in red and
background in white (Supplementary Figures 1 and 2). Once training was completed to
encompass the variance between IHC stains, all .tiff files were inputted into ilastik under the

“Batch Process” function and exported as .tiff files.
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Export from ilastik was imported into FIJI as “colorized” images, and then LUT “greys” was
assigned to the images, followed by the “invert LUT” command. Images were exported as .jpg
files from F1JI, then imported into GIMP. To assign the final red color to atlas images, a layer
with the final atlas color was added as a screen, and background was set to “color to alpha”.
Images were then exported as .jpg files.

To construct the atlas, all serial sections were matched to the Allen Brain Atlas (ABA) and
assigned an ABA and Bregma coordinate. 8 representative images from the coronal atlas and 6
from the sagittal atlas, spaced throughout the brain, were chosen for Supplementary Figures 1

and 2 to best represent the distribution of a-syn throughout the brain.

5.3 ATLAS QUANTIFICATION

5.3.1 HEMOTOXYLIN STAINING FOR NUCLEI
Mouse brain tissue (N=3) was stained using the abcam H&E Staining Kit (ab245880). Tissue
was previously stored free floating in 1x PBS + 0.02% NaN3 in a 24 well plate at 4°C and was
washed in 1x PBS for 10 minutes before staining to remove NaNs. A 24 well plate was used for
staining, and one section of tissue was placed in each well. Hematoxylin was placed to cover the
tissue in each well and was left to incubate for 5 minutes. Tissue was then washed in two
changes of water, and blueing reagent was added for 15 seconds to each piece of tissue, then
washed again 2x in distilled water. The eosin portion of the Abcam kit protocol was omitted as
only nuclei staining with hemotoxin was necessary. Sections were then dehydrated in 50%
EtOH, 70% EtOH, 95% EtOH and 100% EtOH for 1 minutes each, then finally in 100% Xylenes
for 5 minutes. Following dehydration, slides were covered with Permount (Fisher Scientific Cat:

SP15-100) and covered with #1.5 coverslips.
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5.3.2 IMAGING AND ILASTIK
All hematoxylin image acquisition was completed by the Louise Pelletier Histology Core at the
University of Ottawa. Images were whole brain slide scanned at 20x magnification on the Axio
Scan Z1 Slide Scanner and exported as .czi files for subsequent analysis. .czi files were imported
to FIJI and exported as .tiff files, and inputted through the ilastik, FIJT and GIMP pipeline using

the same protocol as in Section 5.2.3.

5.3.2 REGIONAL QUANTIFICATION
Hematoxylin staining was matched to the appropriate ABA coordinate, and an N of 3
hematoxylin and a-syn atlas images were used in subsequent analysis at ABA sagittal level 14
(Bregma 1.35). To count the number of nuclei in each brain region of interest, in FIJI a region of
interest (ROI) was drawn matching the layers for the brain region according to the ABA (Figure
5). The “analyze particles” function in FIJI was used to count the number of cells over 5 pixels in
sizes, corresponding to a single nucleus. The number of nuclei per region in the hematoxylin
sections was averaged between the N of 3, and the percentage of a-syn positive nuclei per region
was determined as a percentage of the average number of hematoxylin positive nuclei per region.
ISH data from the ABA was extracted from Snca experiments 79904550 and 990 and averaged,

then used in Figure 6 to compare ABA ISH data to a-syn Atlas data®.
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5.4 CELL-TYPE AND REGION-SPECIFIC a-SYN OVERLAP

5.4.1 IMMUNOFLUORSENCE
Brain tissue obtained using the methods from section 5.1 was incubated for 24 hours in blocking
buffer (1.5 % Triton X-100, 10 % cosmic calf serum in 1X PBS), 24 hours in primary antibody
and 1 hour in secondary antibody with DAPI at 1:1,000 (Millipore Sigma, D9542-1MG). Tissue
was washed in 1x PBS 5 times for 5 minutes each between each treatment and mounted on
Fisherbrand Superfrost Plus slides. After drying for 24 hours, sections were covered with DAKO
mounting medium (Cat: S3023, Lot: 11347938) and #1.5 coverslips. Exact primary antibody
concentrations for each experiment as well as corresponding secondary concentrations can be

found in Table 2.

5.4.2 IMAGING AND MICROSCOPY
IF images were taken on the Zeiss AxioObserverZ1 LSM800 at the Cell Biology and Image
Acquisition core at the University of Ottawa. Images used in CellProfiler analysis were taken at
20x (0.8 numerical aperture [na]) objective with 8bit 1,024 x 1,024 resolution with a Z distance
of approximately 0.88 um per image. Representative images used in all IF figures (Figures 7-10,
12) were taken at 40x (1.3 na) oil objective with 8-bit 1,024 x 1,024 resolution and a Z distance
of approximately 0.47 um per image. Specific multichannel acquisition parameters used to detect

signal for each antibody can be found in Table 2.

5.4.3 F1JI ANALYSIS OF IMMUNOFLORESENCE DATA

IF images taken on the LSM800 were analyzed using FIJI. For the analysis on 40x images

(Figures 7-10, 12) .CZI files were inputted into FIJI as “colorized” images, then Z-projected at
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max intensity. Z-projected images were separated by channel and the brightness was set to
identical values for each comparison. Images were then merged and exported as .jpg files. For
the analysis on 20x images later used in CellProfiler, .CZI files were inputted into F1JI as
“colorized” images, then z projected at average intensity. Images were exported as .tiff files for

later use.

5.4.4 CELLPROFILER QUANTIFICATION OF a-SYN INTENSITY AND

NUMBER
Aiff files from FIJI were imported into CellProfiler. Image metadata was extracted, and images
with “C” matching 0 were assigned as cell type (either neurons, astrocyte, microglia, or
oligodendrocytes), 1 were assigned as DAPI, 2 assigned as aSyn. Cell type and a.Syn positive
cells were counted individually using the “IdentifyPrimaryObjects” feature (pixel size 20-50 for
a-syn, neurons, 30-50 for astrocytes and microglia, and 20-50 for oligodendrocytes). For
astrocyte signal, since immunostaining is not nuclear, Gfap/Aldh11 signal was assigned to a
DAPI positive cell using the “RelativeObjects” function, and the output from this was used in the
follow analysis to determine overlap between a-syn and cell types. To determine overlap
between a-syn and each cell type, the function “Threshold” and “MaskObject” to isolate cells
with a-syn signal over a certain intensity and create a mask of the cell type over the a-syn signal.
The “IdentifyPrimaryObjects” function was then used to count the output from the masked
threshold analysis, and the “MeasureObjectIntensity” function was used to determine the
intensity of a.-syn in cell types containing the protein. Data were then exported as a .xls/.pzfx file

and analysed in Excel and Prism, respectively.
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To determine the percentage of each cell type that a-syn occupies, the total number of o.-
syn positive cells was divided by the total number of each cell type and multiplied by 100
(Figure 7-10,12). To determine the intensity of a-syn in each cell type, the output of each
individual intensity point from cell profiler was inputted into Prism and plotted to visualize the
mean and distribution of the intensity of cells. To determine the variance between the means of
each group, a one-way ANOVA (post hoc Tukey’s multiple comparisons test) was conducted by
Prism, and a p value below 0.05 was considered as a significant difference in the mean intensity

between groups.
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6. RESULTS
6.1 Snca™ NS mice are a reporter of endogenous a-syn levels.
Although well characterized in structure and function, the topography of a-syn throughout the
brain remains elusive. Typical immunostaining results in a diffuse pattern (Figure 3B), making it
hard to clearly visualize the cells in which a-syn resides since this protein has a presynaptic
cellular locale (Figure 3C). To combat this, the Snca"SMS mouse was generated by the
Rousseaux Laboratory as a novel mouse line that localizes endogenous cytoplasmic a-syn to the

nucleus of neurons! !+

This phenomenon is possible by inserting a nuclear localization signal
(NLS), as well as a flag tag, into the C-terminus of the mouse Snca gene (Figure 3A), which
forces the majority of endogenous cytoplasmic a-syn into the nucleus of the cells (Figure 3C). In
turn, a-syn is targeted and concentrated to the cell’s nucleus, permitting precise visualization of
cells containing a-syn in the brain (Figure 3C). Initially generated to study the toxic effects of
nuclear a-syn, this mouse line can also be used as an o-syn reporter, as staining for a-syn results
in distinct nuclear signal, instead of the typical diffuse cytoplasmic signal seen in wild-type mice

(Figure 3C). We used this model for the rest of our analyses, allowing for the precise

visualization and mapping of a-syn throughout the brain.
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6.2 Visualization of nuclear a-syn throughout the brain allows for construction of an atlas
showing the precise distribution of this protein.
To assess the brain wide distribution of o.-syn, we stained serial Snca™"SN-S brain sections (both
sagittal and coronal) using IHC. We used ilastik to create a machine learning pipeline to identify
and distinguish nuclear signal from background and processed all brain sections (approximately
50 per brain, 6 brains total) using this program. Final ilastik output was aligned to the
coordinates and sections on the Allen Brain Atlas (ABA)®, and a brain wide atlas of a-syn
distribution was developed, hereby referred to as the Snca™* Atlas (Supplementary Figures 1, 2).
To best show the distribution of a-syn in the brain, 4 coronal sections and 1 sagittal section were
selected as representative sections and the visual intensity of a-syn per brain region was
quantified (Figure 4). This atlas shows clear differences between the amount of a-syn positive
cells in differential brain regions at the protein level from the previous developed atlas of ISH
data®®, (Figure 4, Supplementary Figures 1, 2). The regions with the highest visual o.-syn
intensity were the OB glomeruli, mitral layer, and granule layer, cortex layers 4-6, pyramidal
layer (PL) of the hippocampal formation (HCF), granule layer of the HCF, SN¢, LC, and granule
layer of the cerebellum. The regions with the lowest visual a-syn intensity were the cortex layer
1 (CTX1), Thalamus (TH), Caudoputamen (CP), and the stratum oriens (SO), stratum radiatum

(SR), polymorph layer (PO) and molecular layer (MO) of the hippocampus (HCF).
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Figure 4: Qualitative analysis of regional a-syn levels. Representative images of ilastik Atlas
images detecting nuclear a-syn in Snca"SMS mice. Brain sections are from the following ABA
and bregma coordinates (nm), respectively: Coronal, 25; 2.945, 44; 1.045, 79; -2.48, 114; -6.055,
Sagittal, 14; 1.35. Left side of coronal sections represents ilastik output aligned with ABA layers,
right side of A-D showed average cellular intensity of a-syn per regions. Abbreviations are listed

below. For more information on atlas serial sections, see Supplementary Figures 1 and 2.

Abbreviation Brain Regions (Figure 4)

ACB Nucleus accumbens LSX Lateral septal complex
AOB Accessory olfactory bulb MID Midbrain
AON Anterior olfactory nucleus ML Mitral Layer
arb Arbor vitae MO Molecular layer
BLA Basolateral amygdala MY Mendulla
CB Cerebellum opl Outer plexiform layer
Cp caudoputamen oT Olfactory tubercle
COA Cortical amygdalar area P Pons
CTX Cortex PAL Pallidum
EDp Endo piriform nucleus PIR Piriform cortex
CTX
Glo Glomeruli PL Pyramidal layer
GR Granule Layer SNc¢ Substantia nigra pars compacta
HCF Hippocampal Formation SNe¢ Substantia nigra pars reticulata
ipl Inner plexiform layer TH Thalamus
LC Locus coeruleus # Layer number
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6.3 Normalization of nuclear a-syn counts to total neuronal counts shows regional
differences in a-syn expression
To ensure the visual patterns of a-syn expression seen in Figure 4 were consistent with the
quantitative data, we normalized the total counts of a-syn to total nuclei counts based on
hematoxylin staining. We did this to remove any bias that may occur when qualitatively looking
at the levels of a-syn per brain region, as regions with higher cell density could be skewed
towards falsely reporting higher amount of a-syn positive cells. All hematoxylin staining was
subjected to the same ilastik pipeline as the a-syn IHC data to ensure identical classification of
positive cell signal and background (Figure 5). Comparison of identical (according to the ABA)
sections allowed for delineation of regions and layers (Figure 5), and by using FIJI to count the
cell numbers we were able to determine the percentage of cells per region and layer that contain
a-syn. Finally, we compared our data to two different experiments we extracted from the ABA
RNA ISH database® , averaged these values and normalized the Fragments per kilobase million
(FPKM) data to 100 to get a percentage of Snca RNA expression per region.
Quantification of the amount of a-syn per region showed that the regions with the highest
percentage of a.-syn, relative to the total amount of nuclei, are the SNc and the locus coeruleus
(LC), both differing from the results from the ABA RNA ISH data (Figure 6). The granule,
mitral and glomeruli layers of the OB (OB-Glo, ML and GL), motor cortex (MC) layers 2/3 and
5/6, pyramidal layer of the hippocampus (H - PL) and granule layer of the dentate gyrus (DG —
GL), and striatum (S) showed medium-to-high levels of a-syn correlating to the ABA ISH, all
with approximately 50-80% of cell containing a-syn (Figure 6B). The TH, midbrain substantia

nigra pars reticulata (SNr) and cerebellum all showed low levels of a-syn correlating to the

29



ABA ISH data (Figure 6 B, C) with under 40% of cells expressing a-syn. This cerebellum
quantification differs vastly from the visual quantification shown in Figure 4, proving the
importance of correcting a-syn cell counts to total nuclei per region. Finally, the outer plexiform
layer of the olfactory bulb (OB — OPL), MC layer 1, stratum oriens and stratum radiatum of the
hippocampus (H — SO, SR) and molecular and polymorph layer of the DG (DG — ML, PO)

showed striking less a-syn in our Snca™ts atlas than in the ABA ISH data (Figure 6C).

6.4 a-synuclein is differentially expressed in number and intensity in different brain cell
types and regions

After identifying the brain regions where a-syn is differentially abundant, we next looked at the
cell types a-syn occupies in each of these regions. We chose to do an in-depth analysis of a-syn
density in neurons, microglia, astrocytes, and oligodendrocytes in the CTX, HCF CA1 and OB.
All three regions selected had layers with high amounts of a.-syn protein (Figure 6), so we chose
to highlight those layers to see if there is a pattern to how a-syn occupies CNS cell types. Firstly,
we conducted our analysis to determine the amount of a-syn in neurons (Figure 7). We co-
stained for a.-syn with NeuN which localizes with the nuclei of neurons. We were able to
determine visually the overlap between a-syn and neurons (Figure 6A). We quantified the
amount of a-syn positive neurons by counting the number of neuronal nuclei, o.-syn nuclei, and
the number over overlapping cells (Figure 7A). This quantification of the amount of a-syn in
neuronal cells showed that o.-syn occupies 80-90% of all neurons in the CTX, HCF CAl and OB
(Figure 7B). Of these three regions, neurons in the hippocampus have the highest proportion of

o-syn positive neurons, with an average of 89% of all hippocampal neurons containing o-syn.
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To further our understanding how a-syn occupies neurons, we determined the intensity of a-syn
in each neuronal cell containing the protein through CellProfiler. One-way ANOVA showed that
hippocampal neurons contain significantly higher intensity of a-syn compared to the OB and
CTX. The difference in intensity between OB and CTX neurons containing c-syn was non-
significant (Figure 7C). We compared our results to Snca mouse brain RNA-sequencing (RNA-
Seq) data from the Brain-RNA-Seq database®, and saw that a.-syn was mostly expressed in
neurons, with a FPKM value of 74.97 £ 9.06. FPKM values are used to normalize RNA-Seq data
set values to compare the amount of RNA transcripts from a sample, and a higher FPKM value
corresponds to more RNA expression of a gene in a cell type. In the case of Snca in mouse
tissue, the highest FPKM value in the Brain-RNA-Seq data set was for neuronal populations

containing o-syn %,
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PL . MO

Figure 5: Comparison of nuclei counts to determine differential regional a-syn expression.
Representative images of IHC staining for a-syn (A) and hematoxylin (B) analyzed with ilastik. Images are
taken at 20x magnification of sagittal Snca™S"-5 mouse brains. Inset represents delineation of hippocampal
layers used for subsequent analysis (abbreviations; SR: Stratum Radium, PL: Pyramidal Layer, PO:

Polymorph Layer, GR : Granule layer, MO : Molecular layer).
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Figure 6: Regional quantification of a-syn levels. A. representative images from sagittal
sections of the SNc and surrounding areas from the Snca"™ Atlas and ABA ISH data. B.

Heatmap showing the average percentage of a-syn protein occupancy per region (SncaNLS Atlas)

compared to the relative RNA expression of Snca per region (ABA ISH). C. Correlation plot of
the relative o-syn amount per region in the Snca"™™ Atlas compared to ABA ISH data. Regions

with more synuclein in Snca"" Atlas than ABA ISH in green, less synuclein in Snca™"’ Atlas
than ABA ISH in purple. Abbreviations for brain structures: OB Glo — Olfactory bulb glomeruli,
OB OPL- Olfactory bulb outer plexiform layer, OB ML — olfactory bulb mitral layer, OB GL —
olfactory bulb granule layer, MC1- motor cortex layer 1, MC2/3 — motor cortex layer 2/3, MC
5/6- motor cortex layer 5/6, H SO — hippocampus stratum oriens, H PY — hippocampus
pyramidal layer, H SR — hippocampus stratum radiatum, DG ML — dentate gyrus molecular
layer, DG GL — dentate gyrus granule layer, DG PO — dentate gyrus polymorph layer, S —
striatum, T — thalamus, HT — hypothalamus, Mid — midbrain, SNc — substantia nigra pars
compacta, SNr — substantia nigra pars reticulata, LC — locus coeruleus, CB MO — cerebellum

molecular layer, CB GL — cerebellum granule layer.
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Figure 7: Visual distribution, density, and intensity of o-syn in neuronal cells. A.
Comparison of a-synuclein (Synl), neurons (NeuN) and overlap (merge) immunofluorescence
staining in the cortex (CTX), hippocampus (HC CA1) and olfactory bulb (OB) of Snca-SNES
mice. Images taken on the Zeiss LSMS800 at 40x magnification (1.3 na). Left inset in merge
column represents a neuron without a-syn ("), right inset represents a neuron with o-syn (*). B.
percentage of total neurons in the CTX, HC CA1 and OB that contain a-synuclein. C. Nested
averages of the intensity of a-syn in a-syn + neurons in the CTX, HC CA1, and OB. Differences
between groups analyzed using a one-way ANOVA with Tukey’s multiple comparisons test
(<>0.001 indicated by ****). B and C were analyzed on CellProfiler using 20xmagnification

confocal images (0.8 na) an N=6 animals.
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Next, we applied our analysis to astrocytes. We used Aldhll to stain for cortical astrocytes and
Gfap to stain for all other astrocytes in the brain and compared this staining to nuclear o.-syn IF
staining. Visually, we saw that a.-syn occupies far fewer numbers of astrocytes (Figure 8 A) than
neurons, which was unsurprising as the Brain-RNA-Seq FPKM value of expression was 6.03 +
1.58. Since neither of our astrocyte markers were nuclear, we used CellProfiler to assign each
astrocyte to a nucleus by looking at the DAPI co-stain, then determined the presence and
intensity of ai-syn colocalized with astrocytic DAPI. Quantification of the number of a-syn
containing astrocytes showed an average of 5% of cortical astrocytes, 12% of hippocampal
astrocytes, and 18% of OB astrocytes containing a-syn (Figure 8B). Interestingly, we saw that
while a-syn is present in the smallest number in cortical astrocytes, the intensity of a-syn in
these cells was significantly higher than in the OB or hippocampus, suggesting that while o.-syn
may be present in less cortical astrocytes than other regions of the brain, that these astrocytes
contain much more a-syn than other regional astrocytes (Figure 8C). The difference in a-syn
intensity of hippocampal and OB astrocytes was non-significant.

We then looked at another glial cell type in the brain, microglia. We co-stained for a-syn
with microglia marker Ibal, which labels the nucleus as well as axons of microglial cells (Figure
9A). We saw that an average of 17.2% of cortical microglia, 23.4% of hippocampal microglia,
and 23.3% of OB microglia contain a-syn (Figure 9B). This was higher than expected, as the
Brain RNA Seq data showed an FPKM value of 5.09 £ 0.68 of Snca in microglia. We saw a
significant increase in the intensity of a-syn in hippocampal microglia compared to the CTX and
OB, suggesting that this region has the highest number of microglial a-syn cells, and the highest

levels of a-syn in these cells (Figure 9C).
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Figure 8: Visual distribution, density, and intensity of a-syn in astrocytes. A. Comparison of
a-synuclein (Synl), astrocytes (Gfap and Aldhl1l) and overlap (merge) immunofluorescence
staining in the cortex (CTX), hippocampus (HC CA1) and olfactory bulb (OB) of Snca-SNES
mice. Images taken on the Zeiss LSM800 at 40x magnification (1.3 na). Left inset in merge
column represents an astrocyte without a-syn ("), right inset represents an astrocyte with o-syn
(*). B. percentage of total astrocytes in the CTX, HC CA1 and OB that contain a-synuclein. C.
Nested averages of the intensity of a-syn in a-syn + astrocytes in the CTX, HC CAl, and OB.
Differences between groups analyzed using a one-way ANOVA with Tukey’s multiple
comparisons test (p<0.001 indicated by ****). B and C were analyzed on CellProfiler using 20x

magnification confocal images (0.8 na) an N=6 animals.
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Figure 9: Visual distribution, density, and intensity of a-syn in microglia. A. Comparison of
a-synuclein (Synl), microglia (Ibal) and overlap (merge) immunofluorescence staining in the
cortex (CTX), hippocampus (HC CA1) and olfactory bulb (OB) of Snca"MS mice. Images
taken on the Zeiss LSM800 at 40x magnification (1.3 na). Left inset in merge column represents
a microglial cell without a-syn ("), right inset represents a microglial cell with a.-syn (*). B.
percentage of total microglia in the CTX, HC CA1 and OB that contain a-synuclein. C. Nested
averages of the intensity of a-syn in a-syn + microglia in the CTX, HC CA1l, and OB.
Differences between groups analyzed using a one-way ANOVA with Tukey’s multiple
comparisons test (p<0.001 indicated by ****). B and C were analyzed on CellProfiler using

20xmagnification confocal images (0.8 na) an N=6 animals.
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Finally, we looked at a-syn in oligodendrocytes. We co-stained for a-syn in tandem with Olig2,
a nuclear marker for oligodendrocytes (Figure 10A). We saw that on average, 11.3% of cortical
oligodendrocytes, 9.8% of hippocampal oligodendrocytes, and 11.6% of OB oligodendrocytes
contain a-syn (Figure 10B). This roughly corresponds to the Brain RNA Seq data, which showed
a KPMN of 6.16 + 1.29 in newly formed oligodendrocytes and 10.31 £+ 4.56 in myelinating
oligodendrocytes. The intensity of a.-syn in oligodendrocytes in the hippocampus was
significantly higher than that in the CTX and OB (Figure 10C).

Based on our co-staining analysis, a.-syn appears to be present mostly in neuronal cells, followed
by microglia, astrocytes and then oligodendrocytes. To see the difference in the intensity of a-
syn in these four groups per region, we plotted the regional intensity of a-syn and ran a one-way
ANOVA (Figure 11). In the cortex, a-syn intensity was significantly higher in astrocytes than in
all other cell types. Additionally, the intensity of neuronal a-syn was higher in the cortex than
microglial and oligodendrocyte a-syn. There was no significant difference in the intensity of a-
syn between microglia and oligodendrocytes (Figure 11). In the hippocampus, neuronal a-syn
intensity was higher than in all other cell types (Figure 11). Microglial and astrocytic a-syn was
significantly more intense than in oligodendrocytes. The difference in intensity of a-syn in
astrocytes and microglia was non-significant in the hippocampus. Lastly, we looked at a-syn
intensity in OB cells. In the OB, cortical a-syn intensity was significantly higher than microglial
a-syn, but not in astrocytes or oligodendrocytes. Astrocytic a-syn was significantly higher than
both microglial and oligodendrocytic a.-syn. There were no significantly differences in the

intensity of a.-syn in oligodendrocytes and microglia.

42



| m
| 3
* (@)
" T
%u c
o Na
= 3)
| i 1
Vo) o Y] o
W W < <Q
»n o o o o
.W (ne) sakooipuspobilo
m ul Ayisuajul uAs-o
°
= o
3
2 m
5 18
<
T_. | O
O
T
m.. x
(72}
w ThRt:
1 1 1 1 1
o o o o o o
o o0 © < N
X10 VO OH a0 (%) uAs-0 Bulueuo9

sa)hoolpuapobijo

43



Figure 10: Visual distribution, density, and intensity of a-syn in oligodendrocytes. A.
Comparison of a-synuclein (Synl), oligodendrocytes (Olig2) and overlap (merge)
immunofluorescence staining in the cortex (CTX), hippocampus (HC CA1) and olfactory bulb
(OB) of Snca™ M-S mice. Images taken on the Zeiss LSM800 at 40x magnification (1.3 na). Left
inset in merge column represents an oligodendrocyte without a-syn (), right inset represents an
oligodendrocyte with a-syn (*). B. percentage of total oligodendrocytes in the CTX, HC CA1l
and OB that contain a-synuclein. C. Nested averages of the intensity of a-syn in a-syn +
oligodendrocytes in the CTX, HC CA1, and OB. Differences between groups analyzed using a
one-way ANOVA with Tukey’s multiple comparisons test (p<0.001 indicated by ****). B and C

were analyzed on CellProfiler using 20x magnification confocal images (0.8 na) an N=6 animals.
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Figure 11: Comparison of cell type intensity of a-syn in the cortex, hippocampus, and
olfactory bulb. Intensity is measured using CellProfiler in arbitrary units (au). Differences
between groups analyzed using a one-way ANOVA with Tukey’s multiple comparisons test

(p<0.001 indicated by **** p<0.01 indicated by ***, p<0.05 indicated by *).
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6.5. a-synuclein is preferentially present in catecholaminergic neurons in regions
containing highest amounts of the protein.
Finally, we wanted to determine what region-specific cell types contain a-syn in areas of the
brain with highest amounts of the protein. Based on our quantification of the percentage of cells
containing a-syn per region (Figure 6), we determined that the SNc and LC both contained
highest amounts of a-syn and therefore should be further investigated. Both the SNc and LC are
affected by pathology in PD and contain primarily catecholaminergic neurons, DA neurons in the
SNc and noradrenergic (NA) neurons in the LC. To see the overlap between these neurons and
a-syn, we co-stained for a-syn with tyrosine hydroxylase (TH), rate limiting enzyme in the
synthesis of both dopamine and norepinephrine (Figure 12A). Interestingly, we saw that 100% of
DA neurons in the SNc and NA neurons in the LC contain a-syn, suggesting a.-syn might be
preferentially present in catecholaminergic neurons (Figure 12B). We saw no significant
difference in the intensity of a-syn in these two regions (Figure 12C), suggesting similar protein

characteristics in these two populations.
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Figure 12: Visual distribution, density, and intensity of a-syn in catecholaminergic
neurons. A. Comparison of a-synuclein (Synl), Tyrosine Hydroxylase producing cells (DA and
NA neurons, TH) and overlap (merge) immunofluorescence staining in the cortex, hippocampus
(HC CA1) and olfactory bulb (OB) of Snca™"SNS mice. Images taken on the Zeiss LSM800 at
40x magnification (1.3 na). Right inset in merge column represents a neuron with c-syn. B.
percentage of total neurons in the cortex, HC CA1 and OB that contain a-synuclein. C. Nested
averages of the intensity of a-syn in a-syn + neurons in the cortex (CTX), HC CAl, and OB.
Differences between groups analyzed using a T-test with Tukey’s multiple comparisons test
(p<0.001 indicated by ****). B and C were analyzed on CellProfiler using 20x magnification

confocal images (0.8 na) an N=6 animals.
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7. DISCUSSION
Previously, the endogenous topography and distribution of a-syn in the brain has been difficult
to pinpoint due to the diffuse staining pattern of a-syn. In this thesis, we describe the generation
of an atlas where we pinpoint the localization of cell types expressing a-syn throughout the brain
using Snca™VS mice as a reporter of protein topography. By compiling a brain wide atlas of
nuclear a-syn distribution, we were able to observe regional variations in a-syn topography and
distribution, and hypothesize the relation of these regions to PD. Here, we found five regions
with high levels and amounts of a-syn, analyzed both qualitatively (Figure 4) and quantitatively
(Figure 6) and saw patterns of a-syn distribution that were consistent in some cases and
inconsistent in others with previous ISH data. Below, I explore some of the regions of interest

identified in the initial iteration of the atlas and their relationship to PD pathogenesis.

Olfactory Bulb
The OB, primarily associated with olfaction and smelling, is heavily associated with PD. OB
dysfunction and anosmia is present in up to 90% of PD patients, and this dysfunction is an early

biomarker of PD!3:14.117.118

, sometimes present 10 years before the onset of motor dysfunction.
We found high amounts of a-syn in the OB, both visually and when quantified. Particularly, we
saw the most amount of a-syn in the OB layers containing the glomeruli, mitral cells, and
granule cells, which was not indicated in the ABA ISH data, improving on the complexity of
previously established data. The glomeruli, mitral and granule cells of the OB are all involved in
the GABAergic (inhibitory) and glutamatergic (excitatory) neurotransmitter release that is
essential for olfactory sensory processing, solidifying the importance of these cell types in OB

117

function''’. Therefore, it is likely that the high presence of a-syn in these cell types plays a role
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in the olfactory dysfunction present in PD. Also, the first stage in the Braak hypothesis includes
the presence of Lewy pathology in the OB'>%, so the increased levels of a-syn here are likely

involved in this pathological response.

Cortex

The cortex is heavily implicated in PD as the site of pathology that induces cognitive and motor
symptoms, as well as the final site of Braak staging!>. It is therefore unsurprising we saw large
amounts of a-syn in the cortex, particularly in the layers that contain primarily excitatory cells,
layers 2-6. It is possible that this large amount of a-syn positive cells is implicated in the prion
like spreading of a-syn that occurs in Braak staging. Additionally, when the same mouse model
used to create our atlas (Snca™*VtS) was used to study the toxic effects of nuclear a-syn, layer
5/6 cortical neuron loss was observed after 18 months of nuclear expression of a.-syn !4,
Therefore, it is possible that the increased amount of a-syn here is involved in this

neurodegeneration, showing a clear pathological connection between cortical a.-syn and PD.

Hippocampus

Both our Snca™tS Atlas and the ABA ISH data showed increased amounts of a-syn in the
hippocampus and dentate gyrus, however our analysis showed far larger amounts of a-syn in the
pyramidal and granule layers of these regions, with almost no a-syn in the surrounding layers.
This is unsurprising as a-syn and LB pathology have been well established in PD, specifically
during Stage 4 of the Braak staging system!'>%!!° In this Braak stage, we see Lewy neurites
forming in the hippocampus, which disrupts memory consolidation and leads to cognitive

defects!>?°, Moreover, additional studies have highlighted the importance of the hippocampus,
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specifically the CA2 and CA3, in neurodegeneration and cognitive defects in PD and other

119-

neurodegenerative diseases!!?~12!, It is likely the increased amount of a-syn in this region is

involved in its susceptibility to Lewy pathology and PD symptomology.

Midbrain

The midbrain contains the most essential brain structure to the development of PD pathology, the
SNc. Therefore, based on our hypothesis that increased levels of a-syn leads to increased
susceptibility to pathology, it was surprising that the AHA ISH data suggested the midbrain
contained low levels of a-syn. Our Snca™s atlas data conflicted with this, showing that the SN¢
was one of the brain regions with the highest amount of a-syn (Figure 6). Since midbrain DA
neurons signal from the SNc to the striatum, immunostaining for normal, mostly pre-synaptic, o.-
syn in mouse neurons was diffuse throughout the midbrain as SNc DAs extend into the striatum,
incorrectly implying a-syn was mostly diffuse throughout this entire region. Since we were able
to localize a-syn into the nucleus of cells, we were able to visualize the high abundance of a-syn
in the SNc compared to other midbrain regions. These high levels of a-syn could be explained
by the vast spread of the axonal arbors from the SN¢ DA neurons to the rest of the midbrain and
striatum!?2. It is likely that these widespread arbors cause the diffuse staining pattern of a.-syn in
a normal mouse, but by using the Snca™VS mice as a reporter we are able to see the cellular
origin of a-syn in the DA neurons of the SNc. Additionally, it is likely that this increased amount
of a-syn is involved with the hallmark DA cell neurodegeneration observed in this region in PD,
which has been supported by studies showing overexpression of a-syn in the SNc¢ lead to

increased neurodegeneration of DA neurons and decreased dopamine signaling in mice!%.
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Pons

We observed high levels of a-syn in the LC of the pons, conflicting with the ABA ISH data that
suggested the pons contained low levels of Snca. The Braak hypothesis suggests Lewy pathology
in this region as early as in Stage 2 of the disease!”, suggesting the importance of this region in
the development of Lewy pathology. There is a clear role of the NA neurons in this region in PD,
as reduction of the DA transporter, a protein involved in DA reuptake and essential for DA
processing throughout the brain, efficiency in LC NA neurons resulted in increased tremor

severity in PD pateints!?*

. It has also been suggested that increased loss of NAs might contribute
to increasing the severity of nigrostriatal damage in PD!%. Therefore, the increased levels of a-

syn in this region likely contribute to this role in PD pathology.

We saw low levels of a-syn in the thalamus and cerebellum, as well as any region of the brain
containing primarily inhibitory neurons (Motor CTX Layer 1, HC- SO, H-SR, OB — OPL, DG —
PO, DG- PL). This suggests that a-syn is primarily present in excitatory neurons and regions
associated with PD, consistent with previous findings in the literature!?®. While the cerebellum
and thalamus do show evidence of Lewy pathology in PD and are involved in PD
symptomology!?7128, the lack of a-syn in these regions suggests that another factor could be
involved in making these cell types susceptible to LB pathology, but these regions are less
important in the development of PD pathology. Additionally, in a related study using the Snca™*®
mice, we saw that decreased levels of a-syn in the thalamus compared to those in the cortex.

These anatomical findings correlated with a decreased susceptibility to BLA
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Figure 13: Summary of a-syn cell-type specific characteristics. Percentage occupancy and
intensity of a.-syn per cell type (neurons, microglia, astrocytes, and oligodendrocytes) in the

cortex, hippocampus CA1 (HC CA1) and olfactory bulb (OB).

lutamatergic signaling disruptions due to a-syn aggregation'?’, suggesting the lesser
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involvement of the thalamus in PD pathogenesis, compared to a-syn rich regions, like the cortex.

Beyond the lack of understanding of the cell types that natively express a-syn throughout the
brain, there is a lack of understanding in how this protein is dispersed throughout the major cell
types in the brain. Since these cell types in the brain have all been implicated in PD
pathogenesis, it is important we understand the role of a-syn in these cells. We know that a-syn
has been shown to induce a proinflammatory state in glial cells, and that cell to cell spread of a-
syn can occur between cell types, so it is important to quantify exactly how a-syn occupies these
cell types, and the roles this may play in PD7%139-132_ Additionally, a.-syn is known to cause GCIs
in oligodendrocytes, so mapping out this distribution of this protein in healthy cells could have

broader implications for other synucleinopathies. According to the sequencing data presented on
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brainrnaseq.org!}, Snca RNA is present in all the primary cell types in the brain (astrocytes,
neurons, OPCs, newly formed and mature oligodendrocytes, microglia, and endothelial cells)
however since this data was extracted from the cortex only, we do not know the intricacies of
how a-syn occupies these cell types in different regions throughout the brain. To observe if a-
syn is present in different cell types depending on the region, we determined the overlap between
a-syn and neurons, astrocytes, microglia and oligodendrocytes in the motor cortex, hippocampus
CA1, and olfactory bulb. All data on the percentage of a-syn positive cells per cell type and

intensity of a.-syn in each cell type can been seen summarized in Figure 13.

Neurons

We used IF to stain for neurons and a-syn positive cells and visually observed the amount of
overlap between these cells. We saw that in all three regions, a-syn appears to be present in at
least 80% of cells, suggesting a heavy presence of neuronal a-syn. This correlated with the
brainrnaseq.org data, which showed neurons having the highest expression of Snca!*. This is
unsurprising as all three of these regions are implicated in neuronal LB pathology, and the high
number of a-syn positive cells in these regions could be contributing to this. Beyond the number
of cells containing a-syn, we saw a significant increase in the intensity of a-syn in hippocampal
neurons compared to in the OB and cortex. This increase in intensity could perhaps contribute to
the regional staging in the Braak hypothesis, perhaps making the hippocampal neurons more

susceptible to Lewy pathology in stage 4 before cortical neurons in stages 5 and 6'5%°,
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Astrocytes

Astrocytes play a smaller role in the pathogenesis of PD than neurons, which correlates to the
levels of a-syn containing astrocytes we observed. Under 20% of all astrocytes in the cortex,
hippocampus and OB contain a-syn. We saw the astrocytes in the cortex contain significantly
more o-syn than their counterparts in the hippocampus and OB. In PD, astrocytes are involved in
dysfunction of the BBB, so the increase in astrocytic a-syn in the cortex could have to do with
the increased BBB and vascular innervation in this area!*2!34 Moreover, astrocytes are able to
clear some formed of aggregated a-syn, suggesting a beneficial role of astrocytes in clearing

131

pathological a-syn and therefor, incentive for these cells to contain a-syn'>". Our results

correspond to the brainrnaseq.org data, as they also saw a low amount of Snca in astrocytes!>.

Microglia

Microglia can have detrimental and helpful roles in neurodegeneration and PD. Microglia are
known to participate in the inflammatory response to PD pathology and promoting a-syn
aggregation and cell to cell transfer'*>137. However, microglia can also be neuroprotective and

138 Therefore, we wanted to see the

involved in the clearance of aggregated neuronal a-syn
amount of microglia that contained a-syn, and how much a-syn was in each cell. We found
microglia contain o-syn in smaller amounts than neurons, and larger percentages than astrocytes.
The intensity of microglia a-syn was higher in the hippocampus, suggesting a-syn may play a
larger role in the microglia inflammatory response in PD in this region. Our results were similar

133

to the brainrnaseq.org data, which showed low amounts of Snca in microglia'~>. Considering the

role of microglia in PD and the low number of a-syn positive cells, it is possible that the high
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intensity of ai-syn we saw in certain microglial populations could be contributing to the

involvement of these cell types in PD.

Oligodendrocytes

Oligodendrocytes and oligodendrocyte precursor cells (OPCs) are both clearly involved in the
pathogenesis of PD and other synucleinopathies, as dysfunction of these cell types has been
linked to increased neurodegeneration!*-!#!, For this study, we looked at mature
oligodendrocytes and saw a low percentage of cells containing o-syn, and a low intensity of a-
syn in these populations. This was surprising, as o.-syn aggregation in the cytoplasm of
oligodendrocytes is the driving pathological hallmark of MSA, so we expected to see higher
levels of a-syn in these cell types. Our data, however, does correspond with the brainrnaseq.org

data as oligodendrocytes contained less Snca RNA than other cell types, with an FPKM value of

10.31133,

Finally, since the loss of DA neurons in the SNc is the primary hallmark of PD, we looked at the
levels of a-syn in these cells, as well as NA neurons in the LC. We saw that 100% of DA and NA
neurons in these regions contained a-syn, solidifying the important role of this protein in PD
neurodegeneration. We observed the intensity of a-syn in these neurons were not significantly
different, suggesting these two populations of cells behave similarly regarding PD. This would
explain the importance of DA loss in the development of PD, and how NA loss in the LC can

worsen this neurodegenerative response.
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Taken together, in this study, we mapped out the specific regions and cell types in the mouse
brain that contain high and low amounts of a-syn. Considering our hypotheses that higher levels
of a-syn lead to protein aggregation and eventual toxicity, we have highlighted cell types that are
potentially most vulnerable to pathogenesis. Further analysis into the regions and cell types
containing high amounts of a-syn could uncover new cell types with an association to PD and
solidify the importance of cells known to play a role in PD disease progression. Since a-syn is

142" it will be valuable to

known to spread pathologically along anatomically connected networks
also interpret this data in the context of network connectivity and see how endogenous a-syn
levels are connected to this spread. Alternatively, it is possible that the cell types containing less
a-syn could be equally susceptible to PD pathology, as these cells may not have the proper
machinery and clearance methods to deal with increased a-syn. Therefore, spread of pathological
a-syn into these regions could stress cells to a diseased state, similarly to the in the PFF
model®>**. Further studies into these cell types with increased or decreased a-syn are needed to
fully elucidate the cell type specific role of a-syn in PD, and one potential study for this could
include conditional genetic manipulation of a-syn levels, either through knockout or
overexpression of Snca, in cell types we have shown to have high or low levels to see the
phenotypic effect a-syn level has on the body. These cell types of interest could be starting
points for the development of PD treatments, as therapies could be developed to target and
modify a-syn in vulnerable cell types. Additionally, to confirm the role of these cell types in PD
pathogenesis, studies could be conducted to see how a-syn changes in these cell types over time,

or when exposed to PD-linked stimuli. Finally, it would be valuable to study the distribution of

a-syn in the peripheral nervous system, GI tract and other peripheral organs, since
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synucleinopathy has been linked to these regions. In all, this atlas can be used as a tool to

elucidate the brain and body-wide location and role of a-syn in PD.

Limitations

Our study and the use of the Snca™MS mice has limitations. Firstly, the Snca™*SVES reporter
mice were used as a reporter of endogenous nuclear a-syn, so it is important to consider that the
location of a-syn could potentially be influenced by the nuclear localization of the protein in this
mouse line. Second, the amount of a-syn detected in the nucleus and used in the intensity
analysis for cell type specific a-syn distribution could be influenced by the physical limitations
of forcing the protein into the nucleus. Since the nucleus is smaller in area than the cytoplasm,
we see a marked decreased in o-syn levels in the Snca™-MS reporter mice'', so it is possible
that oi-syn expression might compensate for these physical limitations and produce less
synuclein than in its wt state. Finally, there are some observed PD-linked phenotypes in the

14 5o there is

Snca"S'NES from the toxic effects of nuclear a-syn expression at 9 and 18 months
potential for the toxic effects of nuclear a-syn to impact its distribution. To overcome this, we
did all our analysis on mice around the age of 3 months, however it is possible that nuclear o.-syn
expression could have a neurotoxic effect at this age.

In the context of our cell type specific analysis, some limitations surrounding antibody
specificity can complicate data interpretation. For example, the antibody typically used to label
astrocytes, Gfap, does not label cortical astrocytes, so we had to use a different antibody, Aldh111

to label these astrocytes!4*!44, Since we used two different markers, there is a potential variance

in how a-syn is being detected, and the characteristics of this protein we observed here.
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Finally, our analysis covered a large range of sections of the brain and determined the relative
expression of a.-syn in these regions, however we did not analyze every section and layer of the
brain to determine a-syn content. Future studies should expand upon our atlas and selected brain
regions to determine an absolute brain wide expression map of a-syn. Additionally, we are in the
process of developing a 3D render of nuclear a-syn throughout the brain to accompany our 2D

atlas here.
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8. CONCLUSIONS
In this thesis, we mapped out the endogenous distribution of a-synuclein in Snca™VES mice. We
used ilastik to automate detection of a-syn in IHC stained tissue and generated a whole brain
atlas of the distribution of this protein, corresponding to the ABA. We were able to detect
differences in the amount of a-syn in different brain types and showed that regions associated
with PD and PD symptoms have higher amounts of a.-syn, and therefore likely to be more
susceptible to its toxicity. We showed that the visual intensity of a-syn per brain region differed
from nuclei specific quantification, adding a second layer of information — and complexity — to
our analysis. Building on the Snca™'S Atlas, we found that a-syn occupies all types of brain cells
(neurons, astrocytes, microglia, and oligodendrocytes) in differing amounts and intensities per
brain region. Finally, we found that all DA and NA neurons in the SNc¢ and LC contain o-syn.
This thesis shows the variability and complexity of the distribution and characteristic of
endogenous a-syn throughout the brain. While we were able to elucidate some of the
characteristics of this protein, much is left to be uncovered about a-syn and the part it plays in

the development of PD.
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Supplementary Figure 1: Sagittal Snca™® Atlas. 6 representative images from Snca™-SNES

mice stained for a-syn using IHC. Images are representative of Snca Atlas of approximately 50
sections per mouse. Images were aligned to the nearest ABA level and Bregma coordinate.
Coordinates are as follows: A; Bregma +2.725 mm, ABA 7, B; Bregma +2.15 mm, ABA 10, C;
Bregma +1.35 mm, ABA 14, D; Bregma +1.1 mm, ABA 15, E; Bregma +0.675 mm, ABA 17, F;

Bregma +0.475 mm, ABA 18
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Supplementary Figure 2: Snca™'* Coronal Atlas. 8 representative images from Snca™5NLS

mice stained for a-syn using IHC. Images are representative of Snca Atlas of approximately 100
sections per mouse. Images were aligned to the nearest ABA level and Bregma coordinate.
Coordinates are as follows: A; Bregma +3.045 mm, ABA 24, B; Bregma +1.645 mm, ABA 38,
C; Bregma +1.045 mm, ABA 44, D; Bregma -1.255 mm, ABA 66, E; Bregma -2.48 mm, ABA
79, F; Bregma -3.18 mm, ABA 85, G; Bregma -6.055 mm, ABA 114, H; Bregma -7.255 mm,

ABA 126.
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11. TABLES

Table 1: Characteristics of the Snca' " mouse cohort used in all analysis.

Orientation Age Sex Mouse ID
Sagittal P95 Male SLF528
Sagittal P96 Female SLF549
Sagittal P96 Female SLF550
Sagittal P140 Female SLF702
Sagittal P210 Female SLF666
Sagittal P210 Female SLF668
Coronal P96 Male SLF537
Coronal P96 Female SLF554
Coronal P96 Female SLF650
Coronal P126 Female SLF524
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Table 2: Antibody information for all cell-type and region-specific IF.

Antibody Target Host Concentration Manufacturer Catalog# Secondary

Synl A-syn Mouse 1:1000 BD Biosciences 610787  AF 568

GFAP astrocytes Gineau Pig  1:1000 Synaptic Systems ~ 172004(SY) AF 488
Thermo Fisher 19H14L.20

ALDHIL cortical astrocytes  Rabbit 1:400 Scientific AF 488

IBA1 microglia Rabbit 1:1000 WAKO Chemicals 019-19741 AF 647
Thermo Fisher

NeuN Neurons Rabbit 1:2000 Scientific 26975-1-AP AF 488

Olig2 Oligodendrocytes ~ Goat 1:200 R&D Systems AF2418 AF 488

Th DAs Rabbit 1:1000 Millipore Sigma AB152 AF 488
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Abstract

A growing body of evidence suggests that nuclear alpha-synuclein (aSyn) plays a role in the pathogenesis of Parkinson’s disease (PD). However, this question
has been difficult to address as controlling the localization of asSyn in experimental systems often
requiresproteinoverexpression,whichaffectsitsaggregationpropensity.Toovercomethis,weengineeredSnca™s mice,whichlocalize endogenous aSyn to the
nucleus. We characterized these mice on a behavioral, histological and biochemical level to determine whether the increase of nuclear aSyn is sufficient to
elicit PD-like phenotypes. Sncas mice exhibit age-dependent motor deficits and altered gastrointestinal function. We found that these phenotypes were
not linked to aSyn aggregation or phosphorylation. Through histological analyses, we observed motor cortex atrophy in the absence of midbrain
dopaminergic neurodegeneration. We sampled cortical proteomes of Snca™* mice and controls to determine the molecular underpinnings of these
pathologies. Interestingly, we found several dysregulated proteins involved in dopaminergic signaling, including Darpp32, Pde10a and Gng7, which we further
confirmed was decreased in cortical samples of the Snca™ mice compared with controls. These results suggest that chronic endogenous nuclear aSyn can
elicit toxic phenotypes in mice, independent of its aggregation. This model raises key questions related to the mechanism of aSyn toxicity in PD and provides
a new model to study an underappreciated aspect of PD pathogenesis.

Introduction binding (23,24) or histone modification (17) to alter transcription,
and in DNA repair (25). Although these studies support a link

between nuclear aSyn and PD, its specific role in disease—whether
deleterious or beneficial—remains clouded due to the reliance on

Alpha-synuclein (aSyn) is a protein notorious for its involvement in
Parkinson’s disease (PD) pathogenesis. For one, it is a primary

constituent of Lewy bodies and Lewy neurites, pathological its overexpression or exogenous stressors, making it difficult to

hallmarks of PD (1). Moreover, copy number variations and parse out the driver of toxicity in the absence of aSyn aggregation.

missense mutations in the aSyn gene, SNCA, cause genetic forms To directly test the consequence of chronic aSyn mislocalization

of PD, further reinforcing its involvement in disease etiology (2-8). to the nucleus in vivo, without resorting to protein overexpression,

aSyn was first described as a presynaptic and nuclear protein (9). we engineered a mouse model to endogenously express aSyn with
a C-terminal NLS-Flag tag driving its mislocalization to the nucleus.
We extensively characterized these mice at the behavioral,

histological and biochemical level to assess whether chronic

However, nuclear aSyn has largely been overshadowed by a focus
on its cytoplasmic/synaptic form, likely due to the cytoplasmic
localization of Lewy bodies. Despite this, several studies have

linked nuclear aSyn to PD on multiple levels: in cell (10-14) and nuclear localization of aSyn causes age-dependent phenotypes

animal (6,15-18) models of PD, as well as in brain tissue from resembling PD or related aSyn proteinopathies.

individuals with aSyn pathologies [synucleinopathy; (19— 21)].
These studies examined the role of nuclear aSyn by overexpressing Results
it together with mutations or a nuclear localization signal [NLS; Effective nuclear targeting of aSyn in Snca"'S mice

(12,15,17,18,22,20)], or upon toxin exposure (16), hintingatarole  To study if nuclear aSyn is sufficient to elicit age-related behavioral
for nuclear aSyn in disease pathogenesis by its involvement in DNA and pathological phenotypes, we generated a
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mouse line that targets endogenous aSyn to the nucleus
via the knockin of an NLS-Flag tag on aSyn (Snca*s). The
NLS-Flag construct was targeted to the 3’ end of the Snca
coding sequence with the modified Snca-NLS-Flag gene
predicted to transcribe a fusion protein of wildtype a«Syn
with a C-terminal NLS-Flag tag (Fig. 1A). After generat-
ing and backcrossing mice (see Materials and Methods
and Supplementary Material, Fig. S1), we confirmed the
knockin via sequencing (Supplementary Material, Fig.
S1B) and were able to distinguish between the genotypes
via a PCR band shift (Fig. 1B) and a larger protein size
via western blot (Fig. 1C). Mice were born at expected
Mendelian ratios (Supplementary Material, Fig. S1C), con-
firming that insertion of this tag did not pose major
developmental deficits.

To examine the efficiency of the NLS-Flag tag, we
cultured primary cortical neurons for 7 days in vitro
and quantified the level of nuclear «Syn through
immunofluorescent microscopy. We observed a 3-fold
increase in nuclear aSyn in SncaV'N'S and a 1.5-fold
increase in Snca'%* compared with Sncat/* (wildtype)
cells (Fig. 1D). This trend was consistent in stained adult
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mouse brain tissue at both 2- and 18-months where
we found a 2-5-fold increase in nuclear «Syn in the
cortex (Fig. 2A), dentate gyrus (Fig. 2B) and substantia
nigra (Fig. 2C). Importantly, this roughly corresponds to
the 2.5-3-fold increase of nuclear «Syn, which we and
others have previously observed in post-mortem brain
tissue from individuals with PD or other animal models
of synucleinopathy, suggesting the model displays
a disease-relevant increase of nuclear «Syn (6,15
19).

Increased nuclear «Syn leads to an
age-dependent motor decline

To test whether chronic nuclear accumulation of aSyn
is sufficient to elicit PD-like phenotypes over time, we
subjected Snca™NS mice and littermates to a battery
of behavior tests at 3-, 9- and 18-months of age. We
found that the Snca™+ and SncaV*M° mice performed
similarly to wildtype at 3-months of age (Fig. 3A). By
9-months, however, the Snca™>N'S mice displayed a
significant motor deficit in rotarod (Fig. 3B) as well as
a delayed time to contact their forepaws in the adhesive
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test (Fig. 3C). Interestingly, Snca**/+ mice also exhibited
a significant deficit on the rotarod test—suggestive
of a dominant phenotype. This rotarod deficit was
not observed when testing Snca~/~ mice at 9 months
(Supplementary Material, Fig. S2), suggesting it is due
to the accumulation of nuclear «Syn and not a loss-of-
function of pre-synaptic «Syn. Surprisingly, after aging
the Snca¥s mice to 18 months, we observed milder
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motor phenotypes relative to wildtype controls; likely
due to the 18-month wildtype mice showing increased
difficulty at performing these tasks when comparing
their motor ability with that at 3- and 9-months of age
(Supplementary Material, Fig. S3).

With increasing awareness around non-motor symp-
toms in PD, we also measured cognition, anxiety and
overall wellness in the SncaV'* line. We found that
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motor phenotypes relative to wildtype controls; likely due to the 18-
month wildtype mice showing increased difficulty at performing
these tasks when comparing their motor ability with that at 3- and
9-months of age (Supplementary Material, Fig. S3).

With increasing awareness around non-motor symptoms in PD,
we also measured cognition, anxiety and overall wellness in the
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of an hour. We found that 18-month-old SncaV'/Nts mice excretions
contained significantly less water than their wildtype counterparts
(Fig. 3D). Lastly, we observed a trend for early lethality in the
SncaNts/Ns mice, whereby 37% of SncatS/NLS mice died by 20 months
of age, compared with 14% of wildtype littermates (P=0.1081, Fig.
3E). Taken together, the SncaM/N's mice display age-dependent
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SncalSline. We found that SncaVtNts and Sncalts/+ mice performed
similarly to their wildtype littermates in non-motor behavior tests at
all timepoints (Supplementary Material, Figs. S4— S6). In addition to
motor decline, people living with PD often experience
gastrointestinal difficulties such as constipation (26,27). To measure
constipation in our mice, we examined fecal excretions in the span
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motor and gastrointestinal dysfunction reminiscent of PD.

Snca™/V'S mice exhibit cortical atrophy, independent of

aSyn aggregation or dopaminergic neurodegeneration
Many studies suggest that aSyn toxicity is intrinsically tied to its
aggregation, as the two are often associated in humans with PD
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and in animal models of the disease (1,28,29). However, models of
aSyn toxicity often rely on the introduction of synthetically derived
misfolded aSyn fibrils (30,31) or overexpression of aSyn (15,32),
thereby potentiating its aggregation in vivo.Given that the Sncats
mice display age-dependent behavioral phenotypes, yet do not
rely on aSyn overexpression, we asked whether accumulation of
endogenous aSyn in the nucleus leads to its aggregation and
thusly contributes to its toxicity. We examined both the solubility
of aSyn as well as its pathologically linked phosphorylation at
serine residue 129 (pS129) by biochemical fractionation of brain
samples of SncaVt/NLS mice compared with littermates. We used
the mThy1-SNCA (‘line 61’) transgenic and Snca knockout (Snca—-)
mouse lines as positive (32) and negative (33) controls,
respectively. To our surprise, we found that the accumulation of
nuclear aSyn does not lead to aggregation (Fig. 4A), nor does it
become phosphorylated at S129 (Fig. 4A, B), and in fact total aSyn
levels are reduced in these mice (Fig. 4A—C). These findings were
further supported by histology,which showed no marked increase
in pS129 in aged SncaM'/N'S mice compared with their respective
littermates (Fig. 4D). This suggests that nuclear accumulation of
aSyn confers neuronal dysfunction independent of aggregation.

A hallmark of PD is nigrostriatal degeneration. Because of the

relatively high expression of aSyn in dopaminergic neurons [Fig.
2C; (34)], we hypothesized nuclear aSyn could be acutely toxic to
dopaminergic neurons, causing their death and ultimately leading
to the observed behavioral deficits in SncaV* mice. To our
surprise, we found that young and aged SncaVt/NtS mice had intact
nigrostriatal tracts, when evaluated by striatal tyrosine
hydroxylase (TH) fiber density and stereological estimation of
dopaminergic cell number in the SNc at 3- and 18-months of age
(Fig. 5A and B,
Supplementary Material, Fig. S4E). Moreover, HPLC (high-
performance liquid chromatography) analysis of mouse striata
revealed that 18-month-old mice across genotypes exhibit similar
levels of dopamine and its metabolites (DOPAC, HVA and 5-HIAA;
Fig. 5C).

Since SncaMs/NLs mice exhibit motor defects without
nigrostriatal degeneration nor aSyn aggregation, we took a step
back to ask whether nuclear aSyn may impact other areas of the
brain, thus contributing to PD-like phenotypes. Cortical
involvement has long been linked to several synucleinopathies
including PD, dementia with Lewy bodies (DLB) and PD with
dementia [PDD; (29,35-37)]. We therefore explored higher order
cortical areas to determine whether SncaMS/NiS mice exhibit
neurodegenerative features outside of the SNc. We conducted
gross anatomical studies using hematoxylin and eosin (H&E) and
toluidine blue staining and found significant anterior cortical
thinning in the motor cortex (Fig. 6A) and a marked increase in
pyknotic cells (Fig. 6B) throughout the cortex of 18-month-old
SncaNts/NLs mice. We further stained cortical sections with NeuN
[Neuronal nuclei antigen, a.k.a. RNA Binding Fox-1 Homolog 3
(Rbfox3)] and found a significant decrease in neurons in layers
V/VI of 18-month-old SncaVts/NLS  mice compared
withtheirlittermates(Fig.  6C).Thus,nuclearaSyncauses cortical
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30
dysfunction in the absence of its aggregation or nigrostriatal
degeneration.

Unbiased proteomic analysis uncovers reduced Darpp-32,
Pde10a and Gng7 levels in Snca"*/M> mice

We followed an unbiased strategy to uncover the molecular
mechanisms underlying the behavioral and histological phenotypes
of the SncaM/N'S mice via quantitative proteomic analysis on
cortices from 9-monthold mice. At this age, SncaVS/NS mice exhibit
behavioral abnormalities (Fig. 3), allowing identification of early
molecular changes that drive the late-stage cortical atrophy
exhibited in these mice and in PD. To quantify proteomic differences
in wildtype and SncaV'/N's mice, we performed pooled TMT10plex
labeling for 5 wildtype and 5 SncaV/NiS mouse cortices followed by
mass spectrometry to identify differential proteomic changes (Fig.
7A). This approach yielded a list of nearly 1800 proteins, of which
114 had a Log; fold-change of +1 relative to wildtype (Fig. 7B). Of
these 114 hits, 66 were downregulated and 48 were upregulated
(Supplementary Material,Table S2).Gene ontology term analysis
revealed a significant enrichment for biological processes that are
disturbed in PD, including regulation of GPCR signaling (Fig. 7C). To
increase the stringency of our list, we filtered these hits using a
statistical cut-off (Mann—-Whitney Pvalue <0.05).From this,we
identified 10 high-confidence hits (Fig. 7D). Interestingly, among
these 10 hits we noticed a few proteins of particular importance in
DA signaling and have been associated with PD, such as Cacnale,
Darpp-32 [dopamine- and cAMP-regulated neuronal
phosphoprotein a.k.a. protein phosphatase 1 regulator inhibitor
subunit 1b (Ppplrlb)], Fgfl, Gng7 (G Protein Subunit Gamma 7),
Pdel0a (Phosphodiesterase 10A) and SerpinAla (38-45). We
confirmed overall trends in reduction of Darpp-32, Pdel0Oa and
Gng7 in the 9month-old SncaLS/NS mice using western blot (Fig. 7E),
thereby validating our proteomics approaches. Collectively, these
data suggest that disrupted dopaminergic signaling pathways may
be an early event of nuclear aSyn toxicity.

Discussion

The mechanisms underlying aSyn toxicity have been difficult to pin
down. We and others have previously shown that nuclear aSyn is
increased in the PD postmortem brain and in animal models
harboring SNCA mutations (6,13,20,19,46). Nonetheless, previous
studies examining the role of nuclear aSyn in PD pathogenesis have
yielded conflicting results, ranging from neurodegenerative
(13,15,17,46) to neuroprotective (20,25) phenotypes. This may be
in part due to the degree of overexpression of aSyn or the choice of
read-out in these models. Our study sought to overcome this by
answering if the nuclear accumulation of native aSyn is sufficient
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to cause PD-like phenotypes in mice. We engineered a mouse model
with an NLS-Flag knockin on Snca to characterize the effects of
chronically increased nuclear aSyn. We found that SncaVts/Nts mice
reveal PD-like phenotypes including age-dependent motor decline,
as well as cortical dysfunction.The cortical atrophy we observed
draws parallels to the cell loss seen in synucleinopathies with
cortical involvement like DLB and PDD (29,35-37). Moreover, the
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anatomical location of this cell loss dovetails with the motor deficits
seen in these mice and may shed light onto how nuclear aSyn in PD
may be linked to cortical dysfunction and disease manifestation.
When examining the proteomic profile of the SncaS/NS mice, we
found a few high-confidence hits that have been previously
associated with PD. Among these, we identified Pde10a, Darpp-32
and Gng7. Although we found no significant decrease in striatal
dopamine, it is interesting to note that these proteins are all
involved in dopamine signaling, hinting at a potential mechanism by
which nuclear aSyn causes dysfunction via perturbing intracellular
signaling (38,42,47-55). Importantly, Gng7 knockout mice exhibit
significant age-dependent motor deficits, particularly in the rotarod
test which was the motor assay with which the SncaV* mice
exhibited the most
difficulty(49).Inaddition,onestudylookingatpatientswith
schizophrenia found reduced Pdel0a and medial prefrontal cortex
thinning, another aspect observed in the SncaMsS mice (55).
Together, these changes in protein levels hint at a possible
mechanism whereby nuclear aSyn elicits dopaminergic signaling
defects, in the absence of overt dopaminergic neurodegeneration.
Although characterizing SncaV'/N'S mice, we consistently noted
how this mouse line diverges from
Snca-/- mouse phenotypes (Supplementary Material, Fig. S2),
cementing that SncaV'/N's mouse phenotypes are likely gain-of-
function. To wit, Snca—/- mice exhibit mild synaptic deficits in the
absence of gross motor or non-motor deficits (33,56), likely due
to compensation by B-synuclein and, to a lesser extent, y-
synuclein (57-59). Indeed, the motor phenotypes appear to be
dependent on the local dose of nuclear aSyn as even the SncaVt/+
mice exhibit some motor behavior deficits— albeit to a lesser
extent than their SncaV'/Nis [ittermates, suggesting that they are
due to a gain-of-function of nuclear aSyn and not a loss-of-
function of synaptic aSyn. Nevertheless, we cannot exclude a
model in which partial loss of synaptic aSyn combined with
increased nuclear aSyn may drive the age-dependent behavioural
and pathological phenotypes seen in Sncas mice. Strikingly,
behavioral and histological phenotypes in SncaV'* mice occur
independently from aSyn aggregation and pathogenic
phosphorylation. Indeed, overall levels of aSyn are reduced in
Sncals mice—potentially by some regulatory mechanism or
feedback loop—therefore suggesting that these aSyn-mediated
phenotypes occur despite its aggregation or phosphorylation. This
suggests

82

220242qwa1daseouo1san3AqoES0E£59/SE02epp/SWy/E60T 0T /I0p/2|2114e-2dueApe /3wy /wod dnodjwapede//:sd1iywoljpapeojumoq



O

SncaNLS/NLS

NeuN DAPI

Merge

NeuN + cells/mm2

Human Molecular Genetics, 2022, Vol. 00, No. 00

SncaNLS/NLS

Layer II/11

4000
3000
o

2000+

1000

o
o
0 e==2
$ °
S o

LsN-°

1250~ *k
8om® o I
z 10004 "= agd o
@ 750 ° oso
2
§ 500
S
250
0 S
¥ B
caNLS s
500 *ok
» 400- | °
3
S 300- °
=
£ 2004
E‘ o
* 100 ° o
3B K °
gl—2
| L
NLS NLS/N
SN ncd
Layer V/VI
4000 -
& *k
£ 3000 l—l
2 g*g ")
8 2000 f==o
+
4
3 1000
=
: S
s
gnc?

~n

[e]o)

Figure 6. Aged Snca-/N'S mice exhibit cortical atrophy. (A) H&E staining with quantification of the motor cortex thickness (n=7-9). (B) Toluidine blue staining with quantification of
pyknotic cells from the motor cortex (n=7-9). White arrows denote select pyknotic cells. (C) NeuN staining of wildtype (left) and SncaV's/Ms (right) measuring NeuN+ cells in motor
cortex layers 11/1ll and V/VI. One-way ANOVA with Bonferroni multiple comparison (A, B) or unpaired, two-tailed t-test (C): ns, =+ denote P>0.05 and <0.01, respectively.

a heretofore underappreciated role of soluble, nuclear aSyn in the
pathogenesis of PD.

The cellular mechanisms that drive the nuclear accumulation of
aSyn and its subsequent sequelae in PD remain elusive. Whether
active or passive mechanisms bring aSyn to the nucleus is unknown.
Native aSyn does not possess an NLS, therefore, it may be driven
into the nucleus by passive mechanisms [it can traverse the nuclear
pore complex due to its small size; (60)] and could be retained by
interaction with nuclear components (e.g. histones or DNA)

(16,17,20,24,25,61)

or

uncharacterized

modifications.

Alternatively, active mechanisms such as its interaction with TRIM28
(19) or RAN (14) may be key in regulating its nuclear import.
Moreover, aSyn likely has an important native role in the nucleus,
particularly during
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Figure 7. Mass spectrometry reveals proteomic alterations in the SncaV'/Ms mice. (A)

Mass spectrometry scheme for quantitative comparison of proteome between 9-month

wildtype and SncaM/NS cortices (n=5). (B) Heat map of all proteins identified through mass spectrometry with values results withwithin +1 Log+21fold-change. (Log, fold-change
highlighting significantly upregulated proteins in red and downregulated in blue. (C) Table of enriched gene ontology pathways among the +1 Log? fold-change hits. (D) Volcano
plot of mass spectrometryE) Western blot of cortical mouse brain tissue from 9-month mice probing for Darpp-32 (upper), Pde10a (upper middle), Gng7 (lower middle) and Gapdh

(bottom) with quantification
(right). Unpaired, two-tailed t-test: « denotes P<0.05.

mouse embryonic development, where nuclear aSyn constitutes
up to 40% of its total cellular distribution, compared with 3-15%
of total cellular distribution in adult mice (20). There, aSyn is
suggested to bind both DNA and histones to modulate gene
expression (16,17,24,25,61-64). In wildtype mice, nuclear aSyn

was shown to be neuroprotective by binding to DNA and
colocalizing with DNA damage response elements to protect
against DNA damage (25). Whether the increase in nuclear aSyn
observed in PD—modeled in the SncaV* mice—causes a gain of
this normal developmental function or a neomorphic function will
be important to establish, to facilitate future therapeutic
development.
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Materials and Methods Mouse

design and engineering

Mouse engineering

To generate the SncaV's mice, Cas9 protein was complexed to a
sgRNA targeting the 3" locus of Snca (sgRNA target sequence: 5'-
TTGGTAGCCTTCCTAATATC-3"); and, together single-
stranded oligodeoxynucleotide  (ssODN) template
(sequence: 5'-CACTGTGAAGC-
AGACAGTTGATATCTGTCACTTCACTGACAAGGCATGCTGTTATTATTT
TCTTTTTCTGATATTAGGAAGGCTACCAAGACTATGAGCCTGAAGCCG
ACTACAAGGACGACGACGACC-
AAGTAAGAATGTCATTGCACCCAATCTCCTAAGATCTGCCGGCTGCTCT
TCCATGGCGTACAAGTGCTCAGT-3"; IDT Ultramer), were injected
and implanted into pseudopregnant FVB female mice (65). Three
founder mice were generated and backcrossed onto a ~99.75%
pure C57BI6/J background (Taconic 1450 SNP analysis, sequencing

with a
repair

and subsequent backcrossing; see Supplementary Material, Fig.
S1A and B), before being expanded onto a mixed C57BI6/J;
C57BI6/NCrl background. One line was selected for subsequent
extensive characterization and is being made available through the
Jackson Laboratory (RRID:IMSR_JAX:036763).

Genotyping

A small (~1 mm) tail sample is digested prior to PCR amplification
using primers outside of the sequence covered by the ssODN used
for the initial mouse
TTTTATCTGATTGAAATGATGAGC-3"; Reverse: 5n-
ATGACTGGGCACATTGGAA-3". PCR protocol: 95-C for 2 min, (95-C
for 30's, 56-C for 30 s, 72-C for 30 s) repeated for 35 cycles, 72-C for
5 min. Mutant allele:

273 bp; Wildtype allele: 225 bp.

line. Forward: 5r-

Mouse husbandry

All mice were housed with up to 5 mice per cage on a 12 h light—
dark cycle. Mice were fed ad libitum and all husbandry was
performed by the uOttawa Animal Care and Veterinary Services
staff. All animal work was done under the approved breeding
(CMMb-3009 and CMMb3654) and behavior (CMMe-3091)
protocols approved under the uOttawa Animal Care Committee. All
mice were handled daily for 1 week prior to all behavior testing and
both male and female mice were used in all experiments.

Behavior

Open field

Lighting in the behavior room was set to 100 lux and mice were
habituated for 60 min prior to testing. Mice were placed into the
open field box (45 cm3) for

10 min with their movement recorded/analyzed with Ethovision
software (Noldus Information Technology).
dx.doi.org/10.17504/protocols.io.b5qzq5x6.

Fecal pellet output

Upon completion of the Open Field test, the number of fecal pellets
excreted during the 10 min trial were quantified.

Beam break
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Single mice were placed into a clean cage with access to food and
water ad libitum for 24 h at the standard 12 h light—dark cycle with
their movement recorded/analyzed via Fusion software.

Nesting: Directly following Beam Break testing, one square of
nestlet (5 cm2 cotton pad) was placed in each Beam Break cage for
17-19 h. Following this, the nestlets were scored on a scale of 1-5
as described in Deacon 2006 (66), with 1 and 5 representing
minimal and maximal nest quality,
dx.doi.org/10.17504/protocols. io.b5g2qg5ye.

respectively.

Y maze forced alternation

Mice were provided with extra-maze (irregular black cue with
squared edges on right wall, black triangle on left wall) and intra-
maze (Arm 1 has solid black rectangle, Arm 2 has horizontal bars
and Arm 3 has diagonal stripes) cues. The room was set to 60 lux
and mice were habituated for 60 min prior to testing. During the
first 5 min trial, Arms 2 and 3 were alternately blocked. Following
the 30 min inter-trial interval, the mice were placed back into the Y
maze apparatus for 5 min without any blocked arms and their
movements were recorded/analyzed with EthoVision software.
dx.doi.org/10.17504/ protocols.io.b5smq6c6.

Adhesive test

After a 60 min habituation, the home cage of the mice was lightly
wiped to remove all bedding material. The mice were individually
placed back into the emptied home cage for a 1 min habituation.
Next, a 1 cm?2 of medical adhesive was placed on each forepaw and
the mice were placed back into the wiped home cage where the
time to remove adhesive was measured up to a 2 min maximum.
dx.doi.org/10.17504/protocols.io.b5sng6de.

Pole test

Following a 60 min habituation, mice were placed on a textured
metal pole (8 mm diameter, 55 cm tall) ~3 cm from the top facing
upwards. The mice were given up to 1 min to turn around (facing
downwards) and up to 1 min to descend the pole.
dx.doi.org/10.17504/protocols.io.b5 sqg6dw.

Rotarod

Following a 60 min habituation, mice were placed on a rod (lITC Life
Sciences) rotating from 4 to 40 revolutions per minute over 5 min
for 4 trials per day with a 10 min inter-trial interval. This was
repeated for 3 days total. dx.
doi.org/10.17504/protocols.io.b5srq6d6.

DigiGait

Following a 60 min habituation, mice were placed in the DigiGait
treadmill (Mouse Specifics Inc.). The treadmill ran at 22 cm/s (3-
and 9-months timepoints) or 18 cm/s (18-month timepoint) with a
0O-incline. 3 s of continuous movement was recorded using DigiGait
Imager software and was then analyzed with DigiGait Analysis
software. dx.doi.org/10.17504/protocols.io.b5stg6en.

Fear conditioning
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Naive age- and sex-matched mice were used to obtain the optimal
intensity of foot shock. On Day 1 of testing, mice were placed into
the Fear Conditioning apparatus (Noldus Information Technology)
for 6 min during which time the mice experienced 3 tone-shock
pairings (30 s tone co-terminated with a 2 s foot shock). On Day 2,
mice were placed into the same Fear Conditioning apparatus for
6 min with no tone or foot shock. On Day 3, mice were placed into
a different Fear Conditioning apparatus, now altered into a
triangular shape with solid floor and a vanilla scent for 3 min with
no tone then 3 min with the same 30 s tone but no foot shock.
Freezing was measured/analyzed with EthoVision on all 3 testing
days. dx.doi.org/10.17504/protocols.io.b5sug6ew.

Fecal pellet composition

Mice were placed in a clean cage and their fecal pellets were
collected over a 1 h period. These pellets were weighed (wet
weight) then desiccated at 65-C for 19 h and reweighed (dry
weight). The differences were calculated between these values to
determine the water
doi.org/10.17504/protocols.io.b5svq6e6.

content.dx.

Histology
See Supplementary Material, Table S1 for a comprehensive list of
antibodies used in this study.

Perfusion

Miceweresedatedwith120mg/kgEuthanyl(DIN00141704) then
perfused with 1X phosphate buffered saline (PBS) then 4%
paraformaldehyde (PFA). Brains were then extracted and incubated
in 4% PFA for 72 h prior to a 3-step sucrose dehydration with 10, 20
and 30% sucrose (24 h each). Next, brains were flash frozen for 1
min in
-40-C isopentane and dx.doi.

cryosectioned at 40 um.

org/10.17504/protocols.io.b5swqéfe.

Immunofluorescent staining

Cryosectioned tissue was mounted on a slide then blocked with
blocking buffer (0.5% X-100, 10%
normalhorseserumin1XPBS)thenincubatedinprimary  antibody
overnight at 4-C. Next, the sections were incubated in secondary
antibody before drying at room temperature for 2 min. The
sections were then covered with #1.5 coverslips and fluorescent
mounting medium (Dako cat# $3023).
dx.doi.org/10.17504/protocols.io.b5s5 q6g6.

Triton

Quick decapitation, fixation

Mice were euthanized by isoflurane inhalation followed by
decapitation and brains were quickly extracted.Brains were then
submerged in 10% buffered formalin for 72 h prior to paraffin
embedding and sectioning at 5 um. dx.
doi.org/10.17504/protocols.io.b5szq6f6.

Diaminobenzidine (DAB) staining

Paraffin-embedded sections were deparaffinized in serial baths of
xylenes and ethanol prior to a sodium citrate (10 mm sodium

citrate, 0.05% Tween-20, pH 6) antigen retrieval (20 min at 95-C)
and 0.9% H,0; treatment (10 min). Next, sections were blocked in
blocking buffer (0.1% Triton X-100, 10% normal horse serum in 1X
PBS) then incubated in primary antibody overnight at 4-C.The
following day the sections were incubated in secondary and tertiary
antibody solution before exposure to DAB, dehydrating in baths of
ethanol and xylenes and covering the tissue with Permount (Fisher
Scientific cat# SP15-
100)and#1.5coverslips.dx.doi.org/10.17504/protocols.io.

b5s9g6h6.

Toluidine Blue and H&E staining

Staining was performed by the Louise Pelletier Histology Core
facility at the University of Ottawa on paraffinembedded 5 um
sectioned mouse brain tissue using the Leica Autostainer XL. Briefly,
the sections were deparaffinized and exposed to Toluidine Blue for
10 min. For H&E, sections were deparaffinized, exposed to
hematoxylin for 7 min and eosin for 30 s. Then, sections were
dehydrated and covered with #1.5 coverslips. Two serial sections
for each were analyzed by an investigator blinded to the genotypes.

Stereology

Stereology was performed as previously described (19). Briefly, for
each mouse, 8  cryosections
THandquantifiedusingStereolnvestigatorsoftware(version
11.06.2). The sections (40 um) began at the outer limit of the
substantia nigra (SNc) and every 6th section was used (Bregma
-2.54 to -3.88 mm). Mean section thickness was determined
during counting at a frequency of 10 frames (roughly three
measurements per hemisphere). The SNc was sampled by
randomly translating a grid with 150 um x 150 um squares in the
outlined SNc and applying an optical fractionator consisting of a 75
um x 75 um square. All stereological analyses were performed by
an investigator blinded to genotypes
dx.doi.org/10.17504/protocols.io.b5ynq7ve.

were stained for

TH densitometry

For each mouse, 4 cryosections were stained for TH and imaged
with Zeiss Axio Imager M2 and analyzed in Imagel (version
2.3.0/1.53f). The sections (40 um) began at the outer limit of the
striatum and every 12th section was used (Bregma 1.18 to —0.22
mm). Brightfield images were captured at 10X magnification and
converted to greyscale. To analyze, an investigator blinded to
genotypes averaged 20 intensity measurements within the
dorsolateral striatum and normalized to the average of 5 intensity
measurements in the corpus callosum (background staining
control). All 4 cryosections per mouse were averaged and represent
1 datapoint on the graph
dx.doi.org/10.17504/protocols.io.b5u4q6yw.

Primary cortical neurons

Micro Coverglass #1.5 (Electron Microscopy Sciences) coverslips
were pre-coated with poly-d-lysine (50 ug/ml) for at least overnight
at 37-C, then washed with distilled water twice and air dried at
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room temperatue for 2 h. Primary neurons were harvested from
E13.5 to 15.5 pups and seeded at ~1 x 10° cells per coverslip and
cultured for 7 days in vitro. Cells were fixed in 4% PFA for 20 min,
washed in 1X PBS, then blocked (10% serum +0.1% Triton X-100) for
1 h. Coverslips overnight (see
immunofluorescent staining method)
org/10.17504/protocols.io.b5ubgbze.

above
dx.doi.

were stained

Immunofluorescent imaging

Images for Figures 1 and 2 were obtained on a Zeiss AxioObserverZ1
LSM800 Confocal Microscope. Primary neuron images (Fig. 1) were
obtained at 40X (oil) magnification at 8bit 1024 x 1024 resolution
through a Z distance of ~10 um per image using optimal 0.27 um
spacing. acquisition was performed using
excitation/emissions: AF488 (Synl) 493/517 nm (710V);
DAPI353/465nm(750V);AF647(Map2)653/668nm(865V) and AF594
(aSyn) 280/618 nm (700V). Images from tissue sections (Fig. 2)
were obtained at 20X magnification (0.8x zoom) at 16bit 1024 x
1024 resolution through a range of 10 um per image using optimal

Multichannel

0.5 um spacing. Multichannel acquisition was performed using
excitation/emissions(laserintensity);AF488(aSyn)493/517nm
(630V for Cortex and DG, 620V for SNc); DAPI 353/465 nm

(650V for Cortex and DG, 630V for SNc); AF647 (TH) 653/668 nm
(600V). Allimages were processed and analyzed in Imagel2 (version
2.3.0/1.53f) using the 3D project and Maximum Z project functions
for primary neuron and tissue sections, respectively. Images for
Figure 6C were obtained on a Zeiss Axio Imager M2 at 5X
magnification and were analyzed in ImageJ2 (version 2.3.0/1.53f).

Nuclear aSyn quantification

Primary cortical neurons were imaged using confocal imaging and
all cells in the frame of view were used to quantify the extent of
aSyn nuclear localization using ImageJ2 (version 2.3.0/1.53f). First,
the nuclei were delineated with DAPI then aSyn intensity was
measured within the delineation. This data is shown as the level of
aSyn nuclear enrichment relative to wildtype littermates. Cortex,
DG and SNc were analyzed in a similar manner. Briefly, 11-35 cells
were sampled per animal using Imagel2 (version 2.3.0/1.53f),
nuclei were defined with DAPI and relative intensity of nuclear aSyn
versus cytoplasmic aSyn (immediately adjacent to the nucleus) was
measured.

NeuN analysis

Photomicrographs analyzed using Imagel2 (version
2.3.0/1.53f). Briefly, NeuN positive structures (neuronal nuclei)
were counted in a 200 uM x 200 uM frame (Layer

were

11/111) or 350presented as NeuNuM x 350+ neuron #/mmuM frame
(Layer V/VI) and then,. Values represent the average from sampling
three distinct sections per brain (n=6 per genotype) and were
analyzed by an investigator blinded to the genotypes.
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Biochemistry

See Supplementary Material, Table S1 for a comprehensive list of
antibodies used in this study.

Serial extraction

A 0.79 mm3 punch (1 mm thick slice, 1 mm i.d. punch) of cortical
brain tissue from 18-month-old mice was homogenized and
resuspended in a series of increasingly stringent buffers beginning
with 100 ul of TSS Buffer (140 mm NaCl, 5 mm Tris—HCl), then 100
ul TXS Buffer

(140 mm NaCl, 5 mm Tris—HCl, 0.5% Triton X-100), then 100 ul SDS
Buffer (140 mm NaCl, 5 mm Tris—HCI, 1% SDS), as previously
described (67). Total protein levels were measured using the
Pierce™ BCA Assay Kit (Thermo Fisher cat# 23225).
dx.doi.org/10.17504/protocols.io.b5 vvq666.

Western blot

Protein samples were loaded into a 12% polyacrylamide gel and
subsequently transferred to a 0.2 um nitrocellulose membrane.
Membranes were blocked in a 10% milk solution then incubated in
primary antibody (diluted in 2% bovine serum albumin) overnight
at 4-C. Next, the membrane was incubated in a horseradish
peroxidaseconjugated secondary antibody diluted in 10% milk
solution. Then, the membrane was rinsed with ECL Clarity solution
(Bio-Rad cat# 1705061) and imaged with a GE ImageQuant LAS
4000. dx.doi.org/10.17504/protocols.io. b5wkqg7cw.

RNA extraction and real-time quantitative PCR:

RNA was extracted from mouse brain homogenate using Trizol-
Chloroform extraction (Invitrogen™ User Guide: TRIzol Reagent
version B.0). Briefly, mouse brains were homogenized in 3 ml of
PEPI Buffer [5 mm EDTA, 1X protease inhibitor (GenDEPOT cat#
P3100-020),in 1X PBS] using a dounce homogenizer. 3% of
homogenate was added to 1 ml of TRIzol Reagent (Fisher Scientific
cat#f 15-596-026) and RNA was isolated following the user guide
referenced above. cDNA was synthesized using 5X All-in-One RT
Master Mix Kit (Bio Basic cat## HRT025-

10). Real-time quantitative PCR was performed using Green-2-Go
gPCR Master Mix (Bio Basic cat# QPCR004S) with 25 ng cDNA per
reaction and primers targeting mouse Gapdh (Forward: 5'-
GGAGAGTGTTTCCTCGTCCC3",
ATGAAGGGGTCGTTGATGGC-3"), Hprt1
(Forward: 5'- TGATAGATCCATTCCTATGACTGTAGA-3", Reverse: 5'-
AAGACATTCTTTCCAGTTAAAGTTGAG-3"), and Snca (Forward: 5'-
GAAGACAGTGGAGGGAGCTG-3", Reverse: 5n-
CAGGCATGTCTTCCAGGATT-3"). Reactions were run on BioRad
CFX96 thermocycler (protocol: 95-C for 5 min, 40 cycles of 95-C for
15 s and 60-C for 60 s, then melting curve). Snca Ct values were
standardized to the average of Hprtl Gapdh
dx.doi.org/10.17504/ protocols.io.b5wmq7cé.

Reverse: 5n-

and
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Dopamine and metabolite measurement via liquid
chromatography-mass spectrometry/mass spectrometry (LC—
MS/MS)

Striatal punches (2 mm i.d., 3 mm thick section) were extracted
from 18-month-old mouse brains and weighed prior to submitting
to The Metabolomics Innovation Centre (TMIC). Fifty microliter of
tissue extraction buffer was added to each sample tube followed
by homogenization and centrifugation. Supernatant was used for
LC— MS/MS analysis to get concentrations in the unit of uM. TMIC
staff applied a targeted quantitative metabolomics approach to
analyze the samples using a reverse-phase LC—-MS/MS custom
assay. This custom assay, in combination with an ABSciex 4000
QTrap (Applied Biosystems/MDS Sciex) mass spectrometer, can be
used for the
targetedidentificationandquantificationofdopamine(DA),
homovanillic acid (HVA), 5-hydroxyindoleacetic acid (5HIAA) and
3,4-dihydroxyphenylacetic acid (DOPAC). The method combines
the derivatization and extraction of analytes,and the selective
mass-spectrometric detection using multiple reaction monitoring
(MRM) pairs. Isotopelabeled internal standards and other internal
standards are used for metabolite quantification.The custom assay
contains a 96 deep-well plate with a filter plate attached with
sealing tape, and reagents and solvents used to prepare the plate
assay. First 14 wells were used for 1 blank, 3 zero samples, 7
standards and 3 quality control samples.For all metabolites except
organic acid,samples were thawed on ice and were vortexed and
centrifuged at 13000xg. Ten microliter of each sample was loaded
onto the center of the filter on the upper 96-well plate and dried in
a stream of nitrogen. Subsequently, phenylisothiocyanate was
added for derivatization. After incubation, the filter spots were
dried again using an evaporator. Extraction of the metabolites was
then achieved by adding 300 ul of extraction solvent. The extracts
were obtained by centrifugation into the lower 96-deep well plate,
followed by a dilution step with MS running solvent.

For organic acid analysis, 150 ul of ice-cold methanol and 10 ul
of isotope-labeled internal standard mixture was added to 50 ul of
sample for overnight protein precipitation.Then it was centrifuged
at 13000xg for 20 min. Fifty microliter of supernatant was loaded
into the center of the wells of a 96-deep well plate, followed by the
addition of 3-nitrophenylhydrazine (NPH) reagent. After incubation
for 2 h, BHT stabilizer and water were added before LC-MS
injection.

Mass spectrometric analysis was performed on an ABSciex 4000
Qtrap® spectrometry (Applied
Biosystems/MDS Analytical Technologies,

Foster City, CA) equipped with an Agilent 1260 series UHPLC system
(Agilent Technologies, Palo Alto, CA). The samples were delivered
to the mass spectrometer by a LC method followed by a direct
injection (DI) method. Data analysis was done using Analyst 1.6.2.
TMT10plex™ proteomics via liquid chromatography-mass
spectrometry

tandem mass instrument

Whole mouse cortex was dissected from 9-monthold mouse brain
and peptides were isolated using the EasyPep™ Mini MS Sample
Prep Kit (Thermofisher cat# A40006) following manufacturer

88

instructions. These samples were labelled with the TMT10plex™
Isobaric Label Reagent Set (Thermofisher cat# 90406) then
combined into a single tube and fractionated into 12 samples using
the Pierce™ High pH Reversed-Phase Peptide Fractionation Kit
(Thermofisher cat# 84868). Fractions 2, 3, 9, 10, 11 and 12 were
combined due to low protein concentration (combined to have a
consistent protein concentration with other fractions) and the 6
final fractions were submitted for liquid chromatography-mass
spectrometry (LC—MS) to the Ottawa Hospital Research Institute
Proteomics Core Facility. LC-MS was performed using Orbitrap
Fusion Lumos mass spectrometer with UltiMate 3000 RLSC nano
HPLC (Thermo Scientific). Proteowizard MS-CONVERT was used to
generate peak lists for preliminary qualitative analysis using
MASCOT software version 2.7.0 (Matrix Science, UK). Protein
identification and quantitative analysis was performed using
MaxQuant (Tyanova, Nature Protocols 2016, 11:2301). The
reference proteome for peptide spectrum matching was
UniProt/Mus musculus (version 2020-1006). The MaxQuant results
were exported to Scaffold Q+S (Proteome Software, USA) for
further analysis and viewing. The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium via
the PRIDE (68) partner repository with the dataset identifier
PXD032065 and 10.6019/PXD032065.

Statistical analyses

All statistical analyses were performed using GraphPad Prism
(version 9.1.2) using the appropriate statistical test, either
Student’s t-test for simple comparisons or one- or two-way analysis
of variance (ANOVA) followed by Bonferroni post-hoc analysis for
multiple comparisons. The survival curve was analyzed using a log-
rank Mantel-Cox test. The Mann—-Whitney test with Benjamini—
Hochberg correction was used with Scaffold (version 5.0.0) to
analyze the TMT10plex™ mass spectrometry dataset. Chi squared
test was used to compare actual and expected Mendelian ratios of
the genotypes. Statistical tests used, sample sizes, and Pvalues are
delineated in each figure legend. All graphs plot the mean with the
standard error of the mean (SEM). All figures and their
quantification have been public
(doi.org/10.5281/zenodo0.6082270).

made

Supplementary Material

Supplementary Material is available at HMG online.
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Abstract The presynaptic protein a-synuclein (aSyn) has been suggested to be involved in the pathogenesis
of Parkinson’s disease (PD). In PD, the amygdala is prone to develop insoluble aSyn aggregates, and it has
been suggested that circuit dysfunction involving the amygdala contributes to the psychiatric symptoms. Yet,

how aSyn aggregates affect amygdala function is unknown. In this study, we examined aSyn in glutamatergic
axon terminals and the impact of its aggregation on glutamatergic transmission in the basolateral amygdala

(BLA). We found that aSyn is primarily present in the vesicular glutamate transporter 1- expressing (vGluT1*)
terminals in the mouse BLA, which is consistent with higher levels of aSyn expression in vGluT1* glutamatergic
neurons in the cerebral cortex relative to the vGluT2* glutamatergic neurons in the thalamus. We found that
aSyn aggregation selectively decreased the cortico- BLA, but not the thalamo- BLA, transmission; and that
cortico- BLA synapses displayed enhanced short- term depression upon repetitive stimulation. In addition,
using confocal microscopy, we found that vGluT1* axon terminals exhibited decreased levels of soluble aSyn,
which suggests that lower levels of soluble aSyn might underlie the enhanced short- term depression of
cortico- BLA synapses. In agreement with this idea, we found that cortico- BLA synaptic depression was also
enhanced in aSyn knockout mice. In conclusion, both basal and dynamic cortico- BLA transmission were
disrupted by abnormal aggregation of aSyn and these changes might be relevant to the perturbed cortical
control of the amygdala that has been suggested to play a role in psychiatric symptoms in PD.

Editor's evaluation

The manuscript by Chen et al., examines the synapse- specificity of a-synuclein aggregation and corresponding
circuit dysfunction in the amygdala. Using confocal microscopy and slice electrophysiology, along with a-
synuclein knockout mice and preformed fibrils, the authors demonstrate that cortico- amygdala, but not
thalamo- amygdala, inputs are more vulnerable to a-synuclein aggregation

and corresponding synaptic dysfunction. This has important implications for the etiology of psychiatric deficits that are common in Parkinson's

disease.
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Introduction

a-synuclein (aSyn) is a soluble protein abundant at presynaptic axon terminals, where it regulates the dynamics of synaptic vesicles through
interaction with synaptic proteins and presynaptic membranes (Burré et al., 2010; Runwal and Edwards, 2021; Vargas et al., 2017). aSyn is also
prone to form insoluble cytoplasmic aggregates, which are the major protein component of Lewy pathology seen in synucleinopathies like
Parkinson’s disease (PD) (Mezey et al., 1998; Spillantini et al., 1997). Increasing evidence supports the notion that pathologic aSyn propagates
between synaptically interconnected brain regions and underlies PD progression (Angot et al., 2010; Luk et al., 2012; Uemura et al., 2020).

The amygdala is a key limbic structure for emotion regulation (Janak and Tye, 2015). Compelling clinical evidence indicates that cortical control
of the amygdala activity is impaired in PD, leading to an inappropriate encoding of emotion valence or deficits in linking emotion to behavior (Bowers
et al., 2006; Hu et al., 2015; Yoshimura et al., 2005). Moreover, the amygdala shows selective vulnerability to Lewy pathology (Harding et al., 2002;
Nelson et al., 2018; Sorrentino et al., 2019), thus an impaired amygdala network function has been proposed to underlie the disrupted emotion
processing in PD patients (Harding et al., 2002). Still, the normal function of aSyn and how its aggregation can impair amygdala circuit function
remain poorly understood. Here, we show that aSyn is primarily present in vesicular glutamate transporter 1-expressing (vGluT1 *) cortical axon
terminals, and, by contrast, is barely detectable in vGluT2* thalamic axon terminals in the basolateral amygdala (BLA). In an aSyn preformed fibrils
(PFFs) model of synucleinopathies, aSyn pathology decreases vGluT1* cortico- BLA glutamatergic transmission, without affecting the vGIluT2*
thalamo- BLA neurotransmission. Furthermore, we demonstrate that a partial (secondary to aSyn aggregation) or complete (Snca KO mice) depletion
of soluble aSyn from the axon boutons promotes short-term depression at corti co- BLA synapses in response to prolonged stimulation, leading to
an impaired gain control of cortical inputs to the BLA. Therefore, we conclude that both gains of toxic properties and loss of normal function of aSyn
contribute to the input- specific disruption of cortico- BLA synaptic connectivity and plasticity in synucleinopathies. Our data support clinical
observations of an impaired cortical control of the amygdala activity that could contribute to psychiatric deficits in PD patients.

Results aSyn localizes preferentially in vGluT1* axon terminals in mouse brain

Compelling evidence from PD patients suggests that the amygdala exhibits an impaired responsiveness to sensory stimuli, arising mainly from the
cerebral cortex and the thalamus (Bowers et al., 2006; Hu et al., 2015). Thus, we examined the presence of aSyn in vGluT1* and vGluT2* axon
boutons in wild type (WT) mouse brains, which mainly come from cortical and thalamic regions, respectively (Fremeau et al., 2001; Kaneko and
Fujiyama, 2002; Vigneault et al., 2015). Figure 1 shows that aSyn immunoreactivity colocalizes with vGluT1* puncta but is absent where there are
vGIuT2* puncta, in the BLA, the cerebra