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Abstract

Parkinson’s disease (PD) is the most common neurodegenerative movement disorder worldwide,
with a greater prevalence in men than women. The etiology of PD is largely unknown, although
environmental exposures and neuroinflammation are linked to protein misfolding and disease
progression. Activated microglia are known to promote neuroinflammation in PD, but how
environmental agents interact with specific innate immune signaling pathways in microglia

to stimulate conversion to a neurotoxic phenotype is not well understood. To determine

how NF-xB signaling dynamics in microglia modulate neuroinflammation and dopaminergic
neurodegeneration, we generated mice deficient in NF-xB activation in microglia (CX3CR1-
Cre::IKK2/fl) and exposed them to 2.5 mg/kg/day of rotenone for 14 days, followed by a
14-day post-lesioning incubation period. We postulated that inhibition of NF-xB signaling in
microglia would reduce overall inflammatory injury in lesioned mice. Subsequent analysis
indicated decreased expression of the NF-xB-regulated autophagy gene, sequestosome 1 (p62),
in microglia, which is required for targeting ubiquitinated a.-synuclein (a-syn) for lysosomal
degradation. Knock-out animals had increased accumulation of misfolded a-syn within microglia,
despite an overall reduction in neurodegeneration. Interestingly, this occurred more prominently
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in males. These data suggest that microglia play key biological roles in the degradation and
clearance of misfolded a-syn and this process works in concert with the innate immune response
associated with neuroinflammation. Importantly, the accumulation of misfolded a.-syn protein
aggregates alone did not increase neurodegeneration following exposure to rotenone but required

the NF-xB-dependent inflammatory response in microglia.
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Introduction

Parkinson’s disease (PD) is the leading motor disorder and second most prevalent
neurodegenerative disease in aging populations (Tysnes and Storstein, 2017; Marras et

al., 2018). PD is characterized by progressive stages, which are clinically manifested

by both non-motor and motor symptoms. In the prodromal stage of the disease, non-
motor symptoms can occur decades prior to the appearance of motor symptoms and
include anxiety, depression, gastrointestinal dysfunction, and anosmia (Fasano et al., 2015;
Schrag and Taddei, 2017; Tarakad and Jankovic, 2017). Subsequent motor manifestations
are characterized by tremor, rigidity, postural instability, masked facies, and general
bradykinesia (Sveinbjornsdottir, 2016; Opara et al., 2017). Pathologically, PD is associated
with a decrease in dopaminergic neurons (DAN) in the substantia nigra pars compacta
(SNpc), activation of glial cells, and accumulation of misfolded a-synuclein (a-syn) protein
aggregates, known as Lewy bodies, within surviving DAn soma.

Alpha-synuclein constitutes one percent of total cytosolic protein in the brain and is
primarily expressed in the synaptic terminals of neurons. The physiologic function of
a-syn remains largely unknown, but the regional expression of this protein increases in
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the diseased state and is a major component of Lewy bodies (Spillantini et al., 1997,
Wakabayashi et al., 2007; Wakabayashi et al., 2013). During neuronal stress or injury,

a-syn is thought to act in a prion-like manner, whereby misfolded forms of the native
protein can ‘seed’ the formation of additional aggregates in neighboring cells (Nonaka et
al., 2010; Lashuel et al., 2013). Clearance of protein aggregates by astrocytes and microglia
is important to limiting the interneuronal spread of misfolded a.-syn and therefore serves

as a critical modulator of the progression of PD (Scheiblich et al., 2021). Recent studies
demonstrated that selective autophagy of a-syn aggregates in microglia requires interactions
between sequestosome 1 (p62) interactions and ubiquinated a-syn (Choi et al., 2020).
Expression of p62 is regulated by NF-xB and is therefore linked to activation of innate
immune signaling pathways in microglia that respond to unfolded protein stress, such as
damage and pattern recognition receptors, including the Toll-like and Nod-like receptors
(Fiebich et al., 2018; Wang et al., 2020). This suggests that NF-xB may have a dual function
in microglia, whereby initial activation of innate immune signaling pathways promotes
clearance of a-syn protein aggregates, but chronic unfolded protein stress might trigger a
reactive M1 state and the overproduction of neurotoxic inflammatory factors that further
promote neuronal injury (Fernandez et al., 2021).

Microglia are specialized myeloid cells derived from the embryonic yolk sac that function
as the primary innate immune cell of the central nervous system (CNS) (Masuda et al.,
2022). These cells dynamically and readily respond to changes in the microenvironment of
the CNS to identify and mitigate damage- and pathogen-induced stresses (Kraft et al., 2009;
Kirkley et al., 2017). Upon activation, these cells undergo morphological changes from non-
quiescent ramified states to ameboid, apparent through reductions in branch length, branch
number, and junction number. The existence of exclusive M1 and M2 populations is highly
debated, and it is now thought that there is a spectrum in which these cells dynamically
adapt morphometrically in response to surrounding environmental signals (Hanisch and
Kettenmann, 2007; Ransohoff, 2016; Leyh et al., 2021). Nonetheless, activated microglia
are associated with prototypic inflammatory responses resulting in increased release of
inflammatory cytokines and oxidative/nitrative compounds with subsequent recruitment of
resident and peripheral immune cells (Jurga et al., 2020; Borst et al., 2021).

Chronic activation of microglia is implicated in the progression of many neurodegenerative
diseases including multiple sclerosis, stroke, Alzheimer’s Disease (AD) and PD (Gonzalez-
Scarano and Baltuch, 1999; Block and Hong, 2005; Minghetti et al., 2005; Glass et al.,
2010). These cells were first implicated in PD pathology in 1988, where enrichment

of reactive microglia was observed in post-mortem substantia nigra (SN) samples from

PD patients (McGeer et al., 1988; Badanjak et al., 2021). Nuclear factor x B (NF-xB)
inflammatory signaling pathways in microglia have been recognized as potential drivers

of the inflammatory cascade where pan-inhibition of NF-xB in brain reduces a.-syn

spread and neurodegeneration (Dutta et al., 2021). However, it remains unknown how cell-
specific inhibition of NF-xB in microglia alters morphometric, functional, and inflammatory
behavior in these cells relevant to neurodegeneration and PD.

Here we used the mitochondrial complex one inhibitor, rotenone, to model the
neurodegenerative and inflammatory features of PD in wildtype mice and in animals with
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cell-specific deletion of IKK2/NF-xB in microglia. We demonstrate that microglia-specific
knockout of NF-xB in rotenone-exposed mice have sex-dependent effects on the function
of microglia, with more prominent microcytosis and chemotaxis of resident and peripheral
immune cells in male animals. Reduction in activated astrocytes was also more apparent

in KO male animals. NF-xB-deficient microglia had an increase of phosphorylated a.-syn
(p129*) due to prevention of the p62-dependent autophagy pathway in male animals.
Increases in p129* were also detected in DAn within the SNpc in KO mice, but despite
this accumulation of p129* in microglia and DAn, overall neurodegeneration was reduced
in microglia-specific NF-xB knockout males compared to wildtype controls. These results
suggest that neuroinflammatory responses of microglia, rather accumulation of p129, is the
primary driver of neurodegeneration in rotenone-exposed mice.

Materials and Methods

Generation of microglia-specific IKK2-NF-xB knockout animals

All animal protocols were approved by the Institutional Animal Use Committee at Colorado
State University (IACUC), mice were handled in compliance with PHS Policy and Guide
for the Care and Use of Laboratory Animals and procedures were performed in accordance
with National Institutes of Health (NIH) guidelines. Mice were housed in microisolator
cages (3—4 animals per cage), kept on a 12-h light/dark cycle and had access to both food
and water ad /ibitum. Male and female heterozygous B6J.BN6(Cg)- Cx3cr1imL.1(cre)lung 1
(CX3CR1-Cre) mice were obtained from the Jackson Laboratory (Stock No. 025524, Bar
Harbor ME) and bred to homozygosity. These were then paired with homozygous IKK 2/l
mice (Kirkley et al., 2019) and heterozygous CX3CR1-Cre*/~::IKK2f/f*/~ |ittermates were
crossed to obtain homozygosity for both alleles resulting in CX3CR1-Cre*/*::IKK2fl/fl +/+
(KO). IKK 2Vl +/+ \ere utilized at wild-type (WT) animals throughout the studies.

Isolation of primary glial cells

Mixed glial cultures from midbrain were prepared from neonatal PO-P1 WT and KO animals
using previously described methods (Carbone et al., 2009; Kirkley et al., 2017). In brief,
mouse pups were euthanized under isoflurane anesthesia and decapitated. Whole brain
extraction from calvarium was rapidly performed and was placed in ice-cold Minimum
Essential Medium with L-glutamine (MEM, Gibco/Invitrogen). Meningeal layers were
gently removed from underlying brain tissue and were discarded. Tissue was completely
digested with Dispase Il (1.5 units/mL, ThermoFisher Scientific) and mechanical disruption.
Single cell suspensions were then plated in T75 flasks with MEM media supplemented with
10% heat-inactivated fetal bovine serum (FBS) and penicillin (0.002 mg/mL), heomycin
(0.001 mg/mL) and streptomycin (0.002 mg/mL) antibiotic mixture, PNS. The cells were
allowed to grow to confluency under the conditions of 37°C and 5% CO, for ~10-14 days.

Genotyping of microglia-specific NF-xB knockout mice

Genomic DNA was extracted using Qiagen DNeasy Blood and Tissue Kits and
was analyzed for concentration and purity using a Nanodrop spectrophotometer
(ThermoFisher Scientific, Waltham, MA USA). Primer sets spanning a single loxP
site proximal to exon3 (Forward Primer 5’~-CCTTGTCCTATAGAAGCACAAC-3’,
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Reverse Primer 5’-GTCATTTCCACAGCCCTGTGA-3’) and primer sets specific

to the insertion site of Cre-recombinase in B6J.B6N(Cg)-Cx3cr1tm1.1(cre)Jung/;

(Mutant Forward Primer 5’-GACATTTGCCTTGCTGGAC-3’, WT Forward Primer

5’- CCTCAGTGTGACGGAGACAG-3’, and Common Cre Reverse Primer 5’-
GCAGGGAAATCTGATGCAAG-3’) were ordered from Integrated DNA Technologies
(IDT, Coralville, IA USA). Amplicons for Cre-recombinase and LoxP insertion were
generated using RT-gPCR with CYBRFast Master Mix (Tonbo) and were verified through
melt curve analysis and gel electrophoresis with ethidium bromide (EtBr) staining and
subsequent fluorescence imaging of both EtBr and CYBERfast Green intercalating dye.
Mixed glial cultures were purified into respective astrocyte and microglial specific
populations by magnetic immunoseparation as previously described (Kirkley et al., 2017)
and validated through flow cytometric analysis. Microglial ionized calcium binding adaptor
molecule 1 (IBA1; 1:50; Abcam, ab5076) and astrocytic glial fibrillary acidic protein
(GFAP; 1:500; Abcam, ab4648) in WT and KO populations were co-stained with anti-IKK2
(1:1000; Cell Signaling, #2684) and immunofluorescence intensity analysis was performed
on an Olympus VS200 (Evident, Waltham, MA USA) fully automated scanning microscope
equipped with a Hamamatsu ORCA-Fusion camera (Hamamatsu Photonics, Shizuoka,
Japan) and imaged with at 200X and 600X resolution using an extended apochromat

X-line 20X air (0.8 N.A.) and 60X oil objective (1.42 N.A.), to obtain high magnification
representative images and quantify total protein levels of IKK2 (Figure S1).

Rotenone preparation and dosing

Rotenone was prepared as previously described (Rocha et al., 2022). In brief, a 2.5
mg/kg/day dosage of 2 pL/gram body weight of rotenone was made where diluent
compromised 98% medium chain-triglyceride, miglyol 812 (Cannon et al., 2009) and 2%
DMSO. Male and female mice (/7=9/group) were injected daily for 14 days with a dose of 2
uL/g body weight. Mice were weighed daily prior to injection to determine the appropriate
dose volume. The rotenone/miglyol solution was measured using a 50 uL. Hamilton syringe,
which was then transferred to an insulin syringe with a fixed (29 gauge) needle and
administered via intraperitoneal injection. Control animals received only miglyol injections.
Hamilton syringes were cleaned every-day after use to prevent precipitation buildup within
the needle. The barrel of the syringe and the plunger were submersed in 10% bleach for ten
minutes, followed by aspiration of 70% ethanol then sterile water. The plunger was removed
from the barrel and the syringe was allowed to air dry for 24 hours. The dosing period of 14
days was followed by a lesioning period of another 14 days. Animals were observed daily to
determine morbidity or mortality.

Real-time gait analysis and open field behavioral assessment

Locomotor function by analysis of gait was investigated by recording nonrestrictive
movement patterns along a one-meter fixed trackway equipped with contrasting illumination
pattern allowing for pawprint visualization and pressure sensing (Hammond et al.,

2018; Damale et al., 2021). Mice were acclimated to the trackway 24 hours prior to
experimentation. One hour before the first dose of rotenone/miglyol, baseline (0 DPI)
measurements were collected for each animal. Parameters measured included run duration,
diagonal stance support for each forelimb-hind limb combination, and four-point stance
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support. Data is reported as a change from 0 DPI measurement. Open field activity was
measured using the Versamax behavioral system with an infrared beam grid detection

array (Accuscan Instruments, Inc., Columbus, OH USA). Mice were placed within
individual chambers and were monitored for five minutes under low ambient light in the
presence of white noise. Animals were pre-conditioned to the chambers the day before

the experimentation started. The animals were recorded one hour prior to the first dose

of rotenone (0 DPI) to obtain a baseline measurement of movement. Several behavioral
parameters were obtained and analyzed using Versadat Software (Accuscan Instruments,
Inc., Columbus, OH USA) including change in total distance moved and the change in
overall time spent moving. We have previously reported that these locomotor parameters are
accurate determinants of basal ganglia function associated with decreased striatal dopamine
(DA) and loss of dopaminergic innervation of the caudate/putamen (Kirkley et al., 2019;
Hammond et al., 2020). Data is reported as change from 0 DPI behavioral assessment
measurements.

Quantification of catecholamines and monoamines

Determination of striatal catecholamine concentrations was assessed as previously described
(Hammond et al., 2020). Briefly, brain tissue was rapidly removed after decapitation

under isoflurane anesthesia. Gross dissection of dorsal and ventral striatum (ST) was
performed with the aid of a brain block and immediately flash frozen in liquid nitrogen,
where the entire process from the time of anesthesia to flash freeze point lasted

no longer than five minutes. Flash frozen striatal tissue samples were process using
high-pressure liquid chromatography (HPLC) coupled with electrochemical detection to
quantify the concentrations of DA, norepinephrine (NE), 3-methoxytyramine (3-MT), 3,4-
dihydroxphenylacetic acid (DOPAC), homovanillic acid (HVA), serotonin (5-HT), and
5-Hydroxyindoleacetic acid (5-HIAA). Samples were analyzed using the Neurochemistry
Core at Vanderbilt University’s Center for Molecular Neuroscience Research (Nashville, TN
USA), with randomized numerical labeling applied to all samples. All parameters obtained
were normalized to overall protein concentration of each sample.

Histological evaluation and pathological scoring of brain tissue

Perfusion-fixation was performed under isoflurane anesthesia utilizing 20 mL of 0.1 M
phosphate buffered-saline sodium cacodylate buffer supplemented with heparin followed by
20 mL of 4% paraformaldehyde. Brain tissue was then carefully removed and post-fixed

in 10% neutral buffered formalin (NBF) for two weeks at room temperature. Each tissue
specimen was then trimmed according to consistent anatomical coordinates and placed in
cassettes for histological processing. Paraffin embedded brain tissue was sectioned at four
and 6um thickness and mounted to poly-ionic slides (Histotox Labs, Boulder, CO USA).
Sections were deparaffinized and stained with hematoxylin and eosin on a fully automated
Leica Bond RX staining robot. Each section was analyzed at 10X and 40X magnification
using an Olympus 1X71 microscope (Evident, Waltham, MA USA) with Retiga 2000R
(Qimaging, Surrey, BC, Canada) and Qcolor3 (Evident, Waltham, MA USA) camera and
Slidebook software (v6.0, Intelligent Imaging Innovations, Inc., Denver, CO USA) for image
analysis. Full brain montage and high magnification images were acquired on an Olympus
VS120 scanning microscope (Evident, Waltham, MA USA) equipped with a Hamamatsu
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ORCA-R2 (Hamamatsu Photonics, Shizuoka, Japan) camera. Two sections per animal
were analyzed by a single board certified veterinary pathologist and scored according to
the following parameters: 0-unremarkable pathology; 1-more than 3-15 pyknotic neurons
(up to 7 neurons) with perivascular clearing and prominent branched capillaries with
mildly increased gliosis; 2-Relatively prominent gliosis on lower power magnification with
multifocal clustering of apoptotic neurons and prominent vascular branching; 3-Laminar
apoptosis where the affected area is greater than one 40X high power field and marked
gliosis; 4-Marked neuronal apoptosis and resection from the neuropil accounting for >60%
of the total SN with marked gliosis; 5-Marked neuronal apoptosis and resection from the
neuropil accounting for 280% of the total SN with marked gliosis.

Automated high-throughput immunofluorescence staining of tissue sections

Paraffin embedded brain tissue was sectioned at either 4 um or 6 um thickness and

mounted onto poly-ionic slides (Histotox Labs, Boulder, CO USA). Tissue sections were
deparaffinized and immunofluorescently labeled using a Leica Bond RX,, automated robotic
staining system (Leica Biosystems, Lincolnshire, IL USA). Antigen retrieval was performed
by using Bond Epitope Retrieval Solution 1 for 20 minutes in conjunction with heat
application. Sections were then incubated with primary antibodies diluted in 0.1% triton-X
containing phosphate buffered saline (PBS): rabbit anti-tyrosine hydroxylase (TH; 1:500;
Millipore, AB152), chicken anti-tyrosine hydroxylase (TH; 1:200; Abcam, ab76442), mouse
anti-neuronal nuclei (NeuN; 1:200; Abcam, ab279296), mouse anti-glial fibrillary acidic
protein (GFAP; 1:1000; Abcam, ab4648), rabbit anti-S100 Calcium Binding Protein B
(S100B; 1:750; Abcam, ab41548), rat anti-complement component 3 (C3; 1:250; Abcam,
ab11862), goat anti-ionized calcium binding adaptor molecule 1 (IBA1; 1:50; Abcam,
ab5076), mouse anti-a-syn phosphorylation at serine position 129 (p129; 1:100; FUJIFILM
Wako Chemicals, 015-25191), and guinea pig anti-sequestosome 1 (p62; 1:500; Progen,
GP62-C). Sections were stained for DAPI (1:5000; Millipore Sigma, H3570) and mounted
on glass coverslips in ProLong Gold Antifade hard set mounting medium (Fisher Scientific;
P36930) and stored at 4°C until time of imaging.

Unbiased stereological analysis of neurons

Quantification of neurons was adapted from previously reported methods (Tapias and
Greenamyre, 2014; Sadasivan et al., 2015; Bantle et al., 2019; Rocha et al., 2022). In brief, a
1:29 sampling fraction was used, resulting in six sections per animal being counted spanning
the entire SN. Neuronal counts were conducted blindly by a single investigator. Images were
captured using an automated Olympus BX63 fluorescence microscope (Evident, Waltham,
MA USA) equipped with a Hamamatsu ORCA-flash 4.0 LT CCD camera (Hamamatsu
Photonics, Shizuoka, Japan) and collected using Olympus CellSens software (v3.2, Evident,
Waltham, MA USA). Quantitative analysis was performed on dually labeled fluorescence
images generated by montage imaging of the entire coronal brain section by compiling
single 100X magnification images acquired by using an Olympus X-Apochromat 10X

air objective (0.40 N.A.). One hemisphere of the section was quantified by creating
anatomically specific regions of interest (ROIs) based on TH immunolabeling and reference
to a coronal atlas of the mouse brain (Allen Brain Atlas; Allen Institute for Brain Science;
Seattle, WA USA). All images were obtained and analyzed under the same conditions
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for magnification, exposure time, LED intensity, camera gain and filter settings. For
quantitative assessment, TH* and NeuN* soma from the selected areas determined by the
ROI parameters were semi-automatically counted by adaptive thresholding in the Count and
Measure feature on the Olympus CellSens platform. Object filters for cellular perimeter
size, minimum and maximum area, and shape factor thresholding were applied. Quantitative
stereology analysis using the motorized stage method was performed as descried (Tapias and
Greenamyre, 2014).

Caudal striatal sections containing dorsal ST and globus pallidus (GP) were dually or
tri-stained including TH as the main marker of interest. All slides were stained and imaged
simultaneously using consistent exposure times and CCD gain and binning parameters to
reduce variability in intensity measurements. Whole brain montaging was performed using a
10X Olympus X-Apochromat air objective (0.04 N.A.). ROIs specific to the individualized
striatal brain regions were applied and total average fluorescence intensity was determined
by manual threshold masking within the CellSens platform. Representative whole brain
montage images were generated using the 10X air objective and high magnification inserts
were acquired using the Olympus Plan Fluorite 100X oil objective (1.30 N.A.).

Morphological and phenotypic evaluation of microglia

Morphometric analysis was performed using Imaris for neuroscientists image analysis
software (v9.8.2; Bitplane Imaris; South Windsor, CT USA). Three to five randomized 400X
images spanning the entirety of the substantia nigra pars reticulata (SNpr) and SNpc were
taken using an Olympus X-Apochromat 40X air objective (0.95 N.A.). Filament tracing
modules were used to identify IBA1* microglial processes. Somal modeling and background
reduction thresholding was applied to trace and map processes associated with individual
microglial cells. Total sum of processes per cell (filament length (sum)), branch number

per cell (filament number of dendrite terminal points), and overall volume of processes

per cell (filament volume (sum)), were utilized to determine morphometric changes present
within each animal. Individual cell validation was conducted by DAPI positive nuclei co-
localization with IBA1 cytoplasmic staining.

Three-dimensional renderings of glial cells were performed by using Imaris software
(v9.8.2; Bitplane Imaris; South Windsor, CT USA) utilizing 100X high magnification
deconvolved and mean-z projection images from 4-6 um thickness tissue sections. Filament
tracing was used to identify projection start and end points unique to individual cells based
on maximal IBA1" staining intensity. Nuclei were added to renderings by spot detection
determined by maximal DAPI staining intensity.

Identification and quantification of invading monocyte populations in the basal midbrain

Tissue sections were processed for immunohistochemical analysis on a fully automated
Leica Bond-111 RX,, (Leica Biosystems, Lincolnshire, IL USA). Epitope retrieval was
performed by addition of Leica Bond Epitope Retrieval Solutions 1 and 2 for a duration
of 30 minutes at 37°C. Cellular identification of monocyte lineage cell types was
achieved by staining with rabbit anti-IBA1 (1:500; Abcam, ab178847) followed by 3,3’-
Diaminobenzadine (DAB) chromogen. Nissl counterstain was applied for identification
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of cellular nuclei. Microglia were discriminated from infiltrating peripheral macrophages
by a previously established protocol that differentiates based on size and morphological
differences (Smeyne et al., 2016; Bantle et al., 2021; Rocha et al., 2022). In brief, IBA1
staining outlining morphometric characteristics of each cell were scrutinized where small
nuclei in combination with long thin processes denoted resting microglia, enlarged nuclei
paired with shorter/thickened processes denoted activated microglia, and spherical atentril
cells were peripherally invading macrophages. All quantification was performed blinded by
a single investigator.

Deep learning and artificial intelligence-based quantification of glia within the substantia
nigra and striatum

Two total sections per animal were selected for glial counts based on anatomical region

and proximity to slides that were used to quantify DA neuron values. The studies

described herein were performed blinded by a single investigator. Images utilized for
quantification were captured using an automated BX63 fluorescence microscope equipped
with a Hamamatsu ORCA-flash 4.0 LT CCD camera and collected using Olympus CellSens
software (v3.1; Evident, Waltham, MA USA). Quantitative analysis was performed on

dual or triple-labeled fluorescent images through acquisition of full brain montage scans.
Each montage consisted of compiled individual 100X images taken using an Olympus
X-Apochromat 10X air objective (0.4 N.A.). Dual hemispherical analysis was performed on
active ROIs determined by anatomical structures identified by immunofluorescent labeling
using the coronal mouse brain atlas for anatomical reference (Allen Brain Atlas; Allen
Institute for Brain Science; Seattle, WA USA). All slides were imaged and scanned using the
same conditions of exposure time, binning, magnification, lamp intensity and camera gain.

For identification of GFAP™* cells, positive staining soma and projections within the
manually drawn ROIls were detected using semi-automated cell counting software on the
CellSens platform. Total area of GFAP reactivity compared to the total area sampled

per animal was used to accurately quantify the amount of GFAP* astrocytes. IBA1*

cell populations were identified by using deep learning artificial analysis software on the
Olympus Deep Learning Platform. Optimization of neural networks was based on similarity
scores =0.8. Manual thresholding was then applied on the probability segmentation layer

to obtain total IBA1* cell counts for each specified ROI analyzed using optimized neural
networks.

Fully automated deep learning neural networks were also trained to identify S100p* cells.
This was then applied to all images across all animals within the study using batch macro-
analysis to sequentially analyze up to 150 images per Al run. S100B events were then
converted to ROIs and the intensity of C3 positivity was interrogated on a cell-by-cell
basis for the most accurate representation of Al reactivity within the SNpc, SNpr and ST.
Manual thresholding within the Count and Measure module of CellSens was applied to
batch analysis macros for mean intensity measurements of C3.
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Immunohistochemical staining and quantification of protein aggregates

Sections were processed for histology and immunohistochemistry using a Leica Bond-1II
RXm (Leica Biosystems, Lincolnshire, IL USA) automated staining system as described
above. Reactive a-syn cell/cell aggregates were stained using mouse monoclonal anti-
phosphorylated Ser129 (p129) antibody (1:100; FUJIFILM Wako Chemicals, 015-25191).
Full-brain montage images were captured by using brightfield imaging on an Olympus
VS120 equipped with a Hamamatsu ORCA-R2 camera. Quantification of p129 positive
staining was performed by using manual HSV thresholding within the Count and Measure
features of CellSens, specifically adapted for RGB files. Thresholds were kept consistent
throughout all images and object filters that spanned size and signal intensity were applied.
Total positive staining area and object count were plotted against overall brain region
specific ROI area sampled from individual sections to obtain animal-to-animal comparisons.

Quantification of p129 protein aggregates and autophagy markers

Multi-factorial analysis was performed to determine p129 presence within two sections
per animal. Overall regional intensities were measured from 10X full brain montages with
the count and measure module of CellSens (v3.1; Evident, Waltham, MA USA), where
manual thresholding in the channel of interest was applied to obtain mean fluorescence
intensity. Five total images per section, up to 10 total per animal depending on anatomical
variation, were obtained using an Olympus X-Apochromat 40X (N.A. 0.16) magnification.
Cell specific gaiting parameters were applied on microglia (IBA1) and DAn (TH) where
average intensity of p129 was measured per cell within each section using manual and
adaptive thresholding strategies within the count and measure module of CellSens (v3.1;
Evident, Waltham, MA USA). Overall intensity of p62 within IBA1* cells was performed
with manual thresholding set to consistent parameters to obtain average fluorescent intensity
per IBAL* event.

Detection of misfolded a-synuclein in serum via Enzyme Linked Immunosorbent Assay

(ELISA)

Terminal blood samples were collected by cardiac puncture of the right atrium under deep
isoflurane anesthesia. Blood was centrifuged at 845 x g for 10 minutes. Serum was then
collected from the upper phase of the samples and frozen at —80°C until quantification.
Serum samples were removed from the freezer and diluted 1:100 in 1X phosphate buffered
saline (PBS). Protein concentration was then determined by using the Pierce BCA Protein
Assay Kit (ThermoFisher Scientific, 23227). A final volume of 50 pL of 0.01 pg/uL serum,
diluted in carbonate-bicarbonate buffer, was added to each well of the ELISA plate (MG
Scientific, T428-12). Adhesion of the target proteins to the well surface was allowed for

1 hour at 37°C. Blocking was then performed with superblock (ThermoFisher Scientific,
37515) for 1 hour at 37°C. Primary p129 (FUJIFILM Wako Chemicals, 015-25191) was
directly conjugated to horse-radish peroxidase (HRP; Abcam, ab102890) and was diluted at
a 1:2,000 in 1X PBS. 100 pL of this was placed in each well and allowed to incubate at
37°C for 1 hour. Three wash steps with 0.05% PBS containing Tween 20 were performed
between each antibody incubation. One-Step Ultra 3,3°,5,5’-Tetramethylbenzidine ELISA
Substrate Solution (ThermoFisher Scientific, 34028) was used to develop ELISA plates for
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five minutes at ambient temperature. Reactions were quenched using 0.5 M sulfuric acid.
Absorbance was measured at 450 nm on a BMG LabTech POLARstar Omega microplate
reader (BMG Labtech, Ortenberg, Germany) to obtain total absorbance values.

gRT-PCR array analysis

Tissue from the basal midbrain consisting primarily of SN was homogenized using a
BeadBug 3 Position Head Homogenizer (Thomas Scientific, Swedesboro, NJ USA) using
2.8 mm stainless steel beads submersed in RLT buffer from the Qiagen RNeasy Mini

Kit (Qiagen, Hilden, Germany). This buffer was supplemented with B-mercaptoethanol at
a 1:100 dilution per sample. RNA extraction was then carried out following the Qiagen

kit instructions and resulting RNA was analyzed on a Nanodrop One Spectrophotometer
(ThermoFisher Scientific, Waltham, MA USA) for concentration and purity. A total of
1000 ng of RNA was used to make cDNA with iScript RT Supermix (Biorad Laboratories,
1708841). iQ SYBR Green (Biorad, 1708882) and 50ng of cDNA was subsequently loaded
into each well of the QuantiNova LNA PCR Focus Panel specific for mouse inflammatory
response and autoimmune gene expression profiles (Qiagen, Hilden, Germany). Relative
expression (272¢7) and fold change (2722€7) methodology was used to determine
expression changes compared to the reference genes of B-actin and p-2-microglobulin.

One step in-house arrays were also used to identify specific genes of interest associated
with diseased state. RNA was isolated as previously described and was used as template

in a one-step Tagman probe reaction with 1X reverse-transcriptase containing master mix
and 20X RTase (Tonbo, 31-5243-0300R), 400 nM primers directed at the genes of interest,
200 nM of each probe, and 200 nM primers corresponding to the reference gene (B-actin).
Sequences (Table S1) were validated individually and together within the same well prior
to usage based on 90-110% efficiency and R2>0.99. Primer and probe sequences were
ordered from Integrated DNA Technologies (IDT, Coralville, IA USA) where the probe
sequences synthesized were Prime Time Probes featuring individual reporter dyes with one
or two quencher molecules to achieve higher signal-to-noise ratio. Delta cq and delta delta
cq fold change methodology was applied to the resulting data to determine transcriptional
regulation.

Gene expression profiling and analysis

Relative expression (272¢7) and fold change (2722€7) values were analyzed for outliers
using ROUT testing, and full dataset analysis was performed on outlier excluded values
using ClustVis (Metsalu and Vilo, 2015). Clade clustering was determined by cluster
similarity in a correlation analysis method followed by Ward linkage. Unit variance
scaling was applied and SVD with imputation settings were utilized for the generation

of PCA plotting. Collapse of individual subjects into overall groups was applied for heat
mapping with row centering. Fold regulation values greater than 2 (up-regulation) and
less than -2 (down-regulation) were then analyzed by the programming software STRING
(v.11.5; (Szklarczyk et al., 2021)) where full STRING networks were generated based

on confidence with high interaction determination (0.700). Confidence was determined
through textmining, experiments, databases, co-expression, neighborhood, gene fusion and
co-occurrence parameters and was ultimately visualized though line thickness. Cluster
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differentiation within all significantly up or down-regulated genes was calculated from
k-means resulting in six possible clusters, of which were then analyzed through STRING
to determine appropriate GO Term associations. Radar graph generation was performed
on Python (v3.9.7; Python Software Foundation, Fredericksburg, VA USA) software with
JupyterLab computational platform where fold change values were input as data points.

Statistical analysis

All data was presented as mean +/— SEM, unless otherwise noted. Experimental values from
each group were analyzed with a ROUT (alpha=0.05) test to identify significant outliers

and validate exclusions. Differences between three-parameter variables were determined by
three-way ANOVA with subsequent Tukey post hoc multiple comparisons testing. Variance
differences between two-parameter variables were identified using a two-way ANOVA
followed by a Sidak post hoc multiple comparisons test. All individual variables within

the same timepoint or biological sex were analyzed for variance differences using an
unpaired one-way ANOVA. Significance was identified as *p<0.05, **p<0.01, ***p<0.001,
***4n<0.0001. All statistical analysis was performed using Prism (version 9.1.0; Graph Pad
Software; San Diego, CA USA).

Results

Behavioral and locomotor changes are exposure, genotype, and sex dependent

To identify locomotor deficits caused by sub-acute exposure to rotenone, mice were
evaluated by real-time gait analysis and open field behavioral monitoring. Real-time gait
analysis of cadence and paw placement patterns of animals freely moving along a fixed
trackway, revealed changes in diagonal support that varied by sex alone and the combination
of rotenone exposure and genotype in male animals (Figure 1a,b,f). Differences in four-point
support (Figure 1c,g) and run duration (Figure 1le,i) also varied by sex and rotenone
exposure, where male WT animals exposed to rotenone had a wider base of support
(Figure 1d) resulting in longer run durations (Figure 1e) to cover the same distance

when compared to male animals within other genotypes and toxin exposures, or when
compared to female animals. Behavioral analysis in open-field chambers was utilized to
determine anxiety-like behavior and to assess additional indices of locomotor dysfunction
relevant to PD throughout the course of exposure. Heat map and x,y,z plane coordinate
line tracking was used to represent the overall movement of animals during five minute
runs (Figure 1j—-m). There was an increase in the total distance traveled in male knockout
control mice relative to wild type control mice (Figure 1n), as well as a decrease in

the number of rearing movements in rotenone-treated wildtype males (Figure 1p). Total
movement time in male and female animals was timepoint dependent (Figure 10,r), where
only male animals displayed variance in the total time moved with respect to genotypic
difference (p=0.0184, F(1,18)=6.714). Male microglial-specific IKK2 knock-out animals
showed decreased movement time at 2 WPI (Figure 10). Rearing number decreased within
WT male rotenone exposed animals at 1 WPI, with no changes detected in female animals
between groups at any timepoint evaluated (Figure 1p,s).
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Microglia-specific knockout of NF-xB alters rotenone-induced changes in striatal
neurotransmitters.

Neurochemical changes within the ST were assessed to determine relative deviations of
catecholamines and monoamines in response to rotenone treatment, genotype, and sex.
Quantification of catecholamines within striatal tissue revealed no significant changes

in DA or 3-MT between genotype, exposure group, or sex (Figure 2a,c). DOPAC was
decreased in male KO rotenone-exposed animals compared to male KO miglyol-exposed
animals, where an overall effect was observed between sex, genotype and rotenone exposure
(0=0.0127, F(1,47)=6.046) (Figure 2b). Levels of the DA metabolite, HVA, were decreased
in rotenone-exposed KO male mice compared to rotenone-exposed WT male mice (Figure
2d). The ratio of DOPAC to DA (DOPAC/DA) was not different between groups based

upon 3-way ANOVA multiple comparisons, but showed a strong trend toward an exposure
effect (p=0.06, F(1,40)=3.747) (Figure 2e). Likewise, the ratio of DOPAC+HVA/DA showed
no significance between any groups (Figure 2f). 5-HT levels were decreased in WT male
mice between the control and rotenone-exposed groups, with a significant genotype effect
(0=0.05, F(1,46)=4.011) (Figure 2g). NE was decreased in WT male mice exposed to
rotenone compared to male WT controls and to KO rotenone-exposed males (Figure

2h). There were significant alterations in NE with effects detected between the following
variables: sex, genotype, and exposure (p=0.0374, F(1,47)=4.589); sex and rotenone
exposure (p=0.0538, F(1,47)=3.921). 5-HIAA was also decreased in male WT mice exposed
to rotenone compared to WT control and to KO rotenone-exposed males (Figure 2i).

IKK2 knock-out selectively increases microcytosis in male animals

The number of microglia in the SNpc, SNpr and ST was determined in control and rotenone-
exposed mice by immunofluorescence microscopy and whole-brain montage imaging for
IBAL* cells (Figure 3). Representative images of immunostaining for IBA1* cells in control
and rotenone-exposed WT and KO male mice are depicted for the SN (Figure 3a—d) and ST
(Figure 3e-h). Changes in the morphology of microglia between exposure groups, sex, and
genotype were determined using Imaris software to quantify alterations in cellular processes
including branch length per cell, number of branches per cell, and the number of junctions
per cell. High magnification images of microglia within the SN were converted to binary
form and skeletonized in addition to generating three-dimensional rendered images along
the z-axis (Figure 3 i-lI). An increase in the number of microglia was observed in the

SNpc and SNpr in male WT and KO mice exposed to rotenone, compared to male KO
control animals. Both the SNpc and SNpr showed and effect on the number of microglia
with respect to the following variable combinations: rotenone exposure and genotype;
rotenone exposure and sex; and sex as a single parameter (Figure 3m,n). Multiple parameter
comparisons between groups in the ST for changes in the number of microglia (Figure 30)
were not significant but there was a clear effect observed for the combination of exposure,
genotype, and sex (p=0.0559, F(1,51)=3.828). Decreased maximum branch length per cell
was observed in WT and KO male mice exposed to rotenone, whereas females only showed
rotenone exposure differences in WT animals. Reduction in branch length was also observed
in male and female KO control animals when compared to WT control animals (Figure

3p). Total branches per microglial cell revealed male only changes with reduction in WT
rotenone exposed animals and KO control animals (Figure 3g). However, when comparing
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genotype, there was an increase in the total number of branches in rotenone-exposed KO
males compared to KO controls (Figure 3q). The total volume of individual microglial cells
was reduced in male animals in the WT rotenone-exposed and KO control groups when
compared to the WT control group (Figure 3r).

Differential astrocytic phenotyping and populational quantification show decreases in
astrocytic activation and proliferation post-rotenone exposure in microglial IKK2 knock-out

animals

The involvement of astrocytes in progressive neurodegeneration after rotenone exposure was
analyzed through cellular phenotyping and regional shifts in population dynamics in the SN
and ST (Figure 4). Whole brain scanning microscopy was used to evaluate the phenotype
of astrocytes co-expressing GFAP, S1008, and C3 as markers for inflammatory activation.
Representative montage images of male WT and KO control and rotenone exposed mice
are shown for the SN (Figure 4a—d) and ST (Figure 4e-h), respectively. High magnification
insets and 3D rendering from the SN depict increased GFAP immunoreactivity and C3
protein expression within S100p* soma and GFAP* processes in rotenone-exposed mice
WT animals and KO controls (Figure 4a—d). In addition, there was substantial hypertrophy
of astrocyte soma and processes in both control and rotenone-treated KO mice (Figure

4b, d). Expression of GFAP in the SNpc was selectively increased in male WT mice
exposed to rotenone and in KO control animals, compared to WT control animals (Figure
4i). Interestingly, there were decreases in the expression of GFAP in male KO rotenone
exposed animals compared to the KO controls. There were no significant differences
between groups in female mice. Multiple group comparisons of GFAP in the SNpc
revealed differences based on the following combination of variables: sex, genotype and
rotenone exposure (p=0.0083, F(1,57)=7.484); genotype and rotenone exposure (p=0.0305,
F(1,57)=4.925), and genotype alone (p=0.0023, F(1,57)=10.15). Within the SNpr, there
were no statistically significant observations made with regards to GFAP expression (Figure
4j). Analysis of GFAP expression in the ST showed increases in GFAP* immunolabeling

in male KO control animals when compared to WT controls, as well as in the KO

rotenone exposure group. There was also a decrease in GFAP expression in KO rotenone
exposed male animals compared to the WT rotenone exposure group. There were no
statistically significant observations made within the female populations. Overall, the
following combination of variables led to significant variance: sex and rotenone exposure
(0=0.0008, F(1,57)=12.65); sex and genotype (p=0.0191, F(1,57)=5.823); and genotype
alone (p=0.0090, F(1,57)=7.319) (Figure 4K).

The subcellular distribution of C3 in astrocytes was assessed by co-immunolabeling of C3
in astrocyte soma (S100B) and in processes (GFAP) to quantify the relative intracellular
distribution of C3* puncta (Figure 41-w). Male WT and KO animals, along with female
WT animals, exposed to rotenone showed increases in process associated C3 (Figure 4I,m),
whereas female KO animals exposed to rotenone had a reduction of process associated C3
(Figure 4m). Importantly, KO animals of both sexes, irrespective of exposure, had an overall
reduction of C3 in astrocytic processes (Figure 41,m). Somal C3 in the SNpc was increased
in male WT animals exposed to rotenone and decreased in male KO animals exposed to
rotenone (Figure 4r). There was no genotype associated difference with C3 expression in
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the soma observed for female animals (Figure 4s). In contrast to C3 expression patterns
observed in astrocytic processes, overall increases in somal C3 were prominent in KO
control and rotenone exposed male animals (Figure 4r).

Analysis of C3 expression within the SNpr revealed increases in GFAP* processes in male
WT and KO animals exposed to rotenone, consistent with what was observed within the
SNpc (Figure 4n). However, female WT and KO animals exposed to rotenone had reduced
levels of C3 in astrocytic processes and soma (Figure 4o,u). Male WT and KO animals
exposed to rotenone also showed decreases in somal C3 expression (Figure 4t). Similar to
the SNpc, KO male and female animals, irrespective of exposure, had reduced C3 expression
in processes in the SNpr (Figure 4n,0). Male KO control animals and female KO rotenone-
exposed animals also had reduced C3 in soma within the SNpr, whereas female KO controls
had increases in somal C3 (Figure 4t,u).

Identification of astrocytic C3 cellular localization in the ST showed decreases in C3 foci
within GFAP* processes in male KO and female WT animals exposed to rotenone (Figure
4p,q). Where, again, consistent with the SNpc and SNpr, there were genotypic associated
reduction in overall process associated C3 within male and female animals (Figure 4p,q). C3
within astrocytic soma in the ST was decreased in male WT and KO animals and female
WT rotenone exposed animals (Figure 4v,w). Akin to the process associated C3 in the SNpc,
SNpr, and ST, there were genotypic reduction of somal C3 within male and female animals,
irrespective of exposure, within the ST. This finding was unlike the somal C3 observed in
the SNpc and SNpr (Figure 4r-w).

Inhibition of NF-xB in microglia decreases dopaminergic neurotoxicity in the SNpc

Degeneration of DAn within the SNpc and projecting fibers to the ST were analyzed in

WT and KO mice exposed to rotenone by immunofluorescence imaging and quantitative
stereology (Figure 5). Representative montage images and high magnification insets of male
WT and KO mice in control and rotenone exposed groups are depicted for the SN (Figure
5a—d) and ST (Figure 5e—h). Morphologic features of injury are evident in neurons in both
male WT and KO groups, including atrophy of neuronal perikarya and decreased intensity
of TH* immunostaining within neuronal soma in WT rotenone exposed animals compared
to WT controls (Figure 5i). These phenotypic changes in neuronal soma were also evident in
male KO animals exposed to rotenone but were not significant compared to the KO control
group. No changes in the number of TH* neurons were detected in female mice. There

was a similar decrease in the total number of NeuN* neurons in male WT mice exposed

to rotenone compared to control, with no changes detected in control or rotenone-treated
female mice of either genotype (Figure 5j). Quantification of TH* immunoreactivity of
dopaminergic terminals in the ST indicated decreases in male and female KO control
animals when compared to WT controls (Figure 5k). Male KO rotenone exposed animals
had less TH intensity when compared to WT rotenone exposed animals, but significantly
more than that of male KO control animals. The overall changes between groups within the
ST varied with respect to the combination of the following: genotype and rotenone exposure
(0=0.0160, F(1,104)=5.993); genotype and sex (=0.0557, F(1,104)=3.745; and genotype
alone (p<0.0001, F(1,104)=32.03) (Figure 5k).
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Regional analysis indicate that microglial cells function to clear misfolded a-synuclein

aggregates

Immunohistochemical staining of the SN (Figure 6a—d) and ST (Figure 6e-h) show sex-
and genotype dependent variance with respect to the total number of p129* immunoreactive
foci in these brain regions in rotenone-treated mice. Male KO rotenone-exposed animals
show more p129* objects within the SNpc, when compared to male WT mice exposed

to rotenone. Inversely, female WT rotenone exposed animals had more p129* objects
detected than females in the KO rotenone-exposed group in the SNpc (Figure 6i). The
maximal percentage of p129* area within the SNpc was greater in male KO rotenone-
exposed animals than in WT rotenone-exposed animals (Figure 6j). Ratio analysis for
aggregate determination based on maximal p129* area to p129* object count, show

that rotenone exposure and biological sex, independently, are drivers in the variation of
aggregation of p129 observed within the SNpc (Figure 6k). There was a decrease in

the number of p129* immunolabeling events in the SNpr in male WT mice exposed to
rotenone compared to WT controls (Figure 61). Female WT rotenone-exposed animals

had higher p129* object counts when compared to female KO mice exposed to rotenone
(Figure 6l), where genotype was a statistical driver of variance between groups (£=0.0249,
F(1,73)=5.247). The total area of p129* objects within the SNpr was increased in female
WT rotenone exposed tissue when compared with female KO rotenone exposed tissue.
Genotype was also the driver for statistical variance in total area within the SNpr (p=0.0026,
F(1,74)=9.708) (Figure 6m). Ratiometric analysis of p129* area to p129 total object

count within the SNpr showed increases within male WT rotenone exposed animals when
compared to control counterparts, indicating larger aggregates within this region. The

same observation was present for female KO rotenone exposed animals in comparison to
female KO control animals (Figure 6n). Statistical deviation within the SNpr for ratiometric
determination of aggregate presence was driven by the following variable combinations: sex,
genotype, and rotenone exposure (p=0.0424, F(1,57)=4.312); rotenone exposure (p=0.0064,
F(1,57)=8.026).

Analysis of p129* immunostaining events in the ST revealed increases in the number

of p129* object counts in male WT mice exposed to rotenone compared to WT control
males. WT rotenone exposed females had decreased amounts of overall p129* objects when
compared to WT control and KO rotenone exposed females (Figure 60). The total p129*
area occupied within the ST was increased in WT rotenone exposed and KO control male
animals, where WT rotenone p129* area decreased in females when compared to same sex
WT control. The decreases observed in the WT rotenone exposed females were significant
when compared to the increases observed in the KO rotenone females (Figure 6p). Ratio
analysis of p129™ area to object count of p129™ foci, showed no significant deviations in
variance for females, however, there were significant increases in ratio values in KO control
male animals when compared to WT control and KO rotenone of the same sex (Figure

6q). This indicated larger aggregate accumulation within KO control animals and smaller
order accumulation of p129 in KO rotenone exposure in the ST. The combination of sex,
genotype and rotenone exposure (p=0.0386, F(1,63)=4.465), sex and rotenone exposure
(0=0.0007, F(1,63)=12.56, rotenone exposure alone (p=0.0030, F(1,63)=9.501, and sex
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(0<0.0001, F(1,63)=47.64) were contributing factors towards the variance observed within
p129* aggregation formation in the ST.

Inhibition of NF-xB in microglia leads to increased misfolded a-synuclein within
dopaminergic neurons of the substantia nigra

The prevalence of misfolded a-syn in the SNpc and SNpr was determined both regionally
and within individual DAn (Figure 7). High magnification images of p129 are depicted for
DAn and IBAL* cells in male WT control (Figure 7a), WT rotenone-exposed (Figure 7b),
KO control (Figure 7c), and KO rotenone-exposed mice (Figure 7d). The appearance of
p129* puncta was noted in both IBA1* microglia and TH* neurons in WT mice exposed

to rotenone (Figure 7b), as well as in KO mice in both control and rotenone-exposed

groups (Figure 7c,d). Analysis of maximal regional staining intensity in the SNpc showed no
significant changes in males, whereas there was a decrease in p129 immunoreactivity in the
SNpc between KO control and KO rotenone-exposed females (Figure 7e). The combination
of rotenone exposure, genotype and sex were all driving factors of statistical variance
between groups (0=0.0387, F(1,107)=4.383) (Figure 7¢). Similar sex associated trends were
observed for overall immunoreactivity of p129 in the SNpr, with minimal changes detected
in males, in contrast to decreased p129 staining in rotenone-exposed females for both WT
and KO animals (Figure 7f). There was increased p129 intensity in TH* soma in both WT
and KO males, as well as in WT and KO females exposed to rotenone (Figure 7g). Levels
of p129 in serum were determined by ELISA and showed decreases in male WT mice
exposed to rotenone, compared to WT control mice, as well as in KO controls compared to
WT controls (Figure 7h). KO males exposed to rotenone had higher serum levels of p129
compared to KO controls. The only changes in serum levels of p129 observed in female
mice was a decrease in KO rotenone-exposed mice compared to KO controls. (Figure 7h).

p62 mediated autophagy in microglia is reduced with NF-xB knock-out and leads to
subsequent reduction in peripheral dissemination of p129 in males

Because p62 is an NF-xB-regulated gene that is critical for initiation of autophagy in
microglia (Choi et al., 2020), we examined expression of this protein in microglia in both
WT and KO mice following exposure to rotenone (Figure 8). Three-dimensional renderings
of microglia within the SN were performed using Imaris software to reconstruct z-plane
images, revealing differential amounts of p62 and p129 co-localizing in microglia in male
mice (Figure 8a—d). Both p62* (green) and p129* (red) puncta were detected in soma and
cytoplasmic processes of microglia in the SNpc. Genotype comparisons between WT and
KO mice exposed to rotenone indicated a greater increase in p62* puncta in WT microglia
in the SNpc than in KO microglia both in male and female mice (Figure 8e,f). Notably,
baseline levels of p62 were greater in KO microglia compared to WT microglia in control
male mice, a trend that was not detected in female mice. p129 intensity within WT males
exposed to rotenone is significantly greater than the male WT control counter parts, which
increases within the KO animals exposed to rotenone, showing an inverse relationship

with the amount of p62 present within microglial cells (Figure 8g). WT females also have
increased amounts of p129 within microglia when exposed to rotenone. However, KO
animals show decreased amounts of p129 in microglial cells, significantly less than in WT
females exposed to rotenone (Figure 8h).Principal component analysis (PCA) of p62 (Figure
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8i) and p129 (Figure 8j) represent dimensionally reduced projection patterns of biological
sex, rotenone exposure, and genotype where the total explained variance corresponding to
principal component 1 (PC1) is 35.9% and 39.6%, and principal component 2 (PC2) is 15%
and 10.2% for p62 and p129, respectively. Prediction ellipses are such that with a probability
of 0.95 an observation within the same grouping will fall within the ellipse.

Transcriptional analysis of NF-xB mediated inflammatory genes reveals sex-dependent
changes in expression of genes for local inflammation and immune cell recruitment

Expression of inflammatory and innate immunity gene transcription was examined using
gRT-PCR arrays to analyze total RNA isolated from the basal midbrain encompassing

the SN from WT and KO mice of both sexes within control and rotenone exposed

groups (Figure 9). Analysis of transcript levels by heat map comparison indicated sex-
dependent differences in patterns of gene expression, as well as enrichment of transcripts
associated with inflammatory activation of microglia (Figure 9a). Differential expression
of genes to control animals using cluster analysis was analyzed by radar plots in male

and female mice of WT rotenone-exposed (Figure 9b), KO control (Figure 9c) and KO
rotenone-exposed animals (Figure 9d), where cluster differentiation is as follows: Cluster
1- Regulation of toll-like receptors (TLRs) by endogenous ligand; Cluster 2 - Neutrophil
and monocyte chemotaxis; Cluster 3 -TNFR2 non-canonical NF-xB pathway; Cluster 4

- Astrocyte, monocyte, and T-cell chemotaxis; Cluster 5 — Jak/Stat signaling; Cluster 6

- Complement and coagulation cascades. Male WT animals exposed to rotenone show
increases in gene regulation involving the Jak/Stat pathways and TNFR2-mediated non-
canonical NF-xB signaling (Figure 9b). Male control KO animals had increased expression
of genes associated with regulation of TLRs and TNFR2 non-canonical NF-xB signaling,
whereas female mice displayed increased levels of transcripts for neutrophil and monocyte
chemotaxis (Figure 9c). Male KO rotenone-exposed animals showed enhanced differential
regulation of genes for TLRs, neutrophil and monocyte chemotaxis, TNFR2 non-canonical
NF-xB signaling, Jak/Stat signaling and chemotaxis of monocytes and T-cells, whereas
female mice had greater upregulation of genes for complement and coagulation pathways
(Figure 9d). Venn-diagram mapping of unique and shared upregulated genes in rotenone
treated animals identify 9 inflammatory genes that are unique to male WT and male

KO animals (Figure 9e). Male animals exposed to rotenone shared 20 upregulated genes,
irrespective of genotype. STRING mapping of these and corresponding GO-terms identified
enrichment of transcript levels of genes corresponding to chemotaxis, inflammatory
cascades, microglial activation, and neutrophil recruitment as potential drivers of pathology
(Figure 9f).

Differential gene expression indicates microglia are key drivers of peripheral immune cell
recruitment and inflammation following rotenone exposure in male mice

Heat map comparison of gene expression in male (Figure 10a) and female (Figure 10d)
mice revealed distinct transcriptional regulation of inflammatory genes that varied with sex,
genotype, and exposure. STRING association mapping of differentially expressed genes in
male and female mice are depicted for WT (Figure 10b,e) and KO (Figure 10c,f) rotenone-
exposed animals, respectively. Differences in the fold-change expression of individual
inflammatory genes indicated increases in //13 (Figure 10g) and /nfy (Figure 10h) in
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male WT rotenone-exposed animals, which were significant compared to WT control and
KO rotenone-exposed animals. In contrast, females showed a reduction in these two genes
with rotenone exposure and genotype. In addition, there were increases in transcripts for
recruitment of peripheral immune cells in male KO rotenone-exposed animals. There were
no significant changes observed in these genes in female animals (Figure 10i—k). The
complement deposition protein, C4b, was also selectively increased in male KO controls,
with no changes observed in female mice (Figure 10I).

Discussion

The contribution and importance of microglia-mediated inflammatory processes in the
progressive pathology of neurodegenerative diseases has been increasingly demonstrated
(Hickman et al., 2018). Activation of these cells from the resting/ramified state to the
amoeboid/activated state results in stimulation of NF-xB inflammatory signaling cascades
that increase production of cytokines and chemokines, leading to enhanced immune
responses in parenchymal glial cells and in infiltrating lymphocytes. Selective genetic or
pharmacological inhibition of NF-xB can reduce the accumulation in spread of misfolded of
a-syn, as well as decrease the activation of glial cells and the loss of DAn (Bellucci et al.,
2020), making this pathway an attractive target for therapeutic intervention. Despite this, it is
unclear how NF-xB activation in individual glial cell subtypes contributes to the progression
of PD. Here, we demonstrate for the first time, that microglia-specific knockout of NF-xB

in the rotenone model of PD increases accumulation p129 in both DAn and microglial cells
selectively in male mice, as well as reducing microglial clearance and dissemination of
p129 into the blood. However, despite the increased cellular burden of p129, there was not
an increase in neurodegeneration in the SNpc, underscoring the importance of microglial
activation and autophagy as a key modulator of pathological outcomes in PD.

Altered patterns of neurobehavioral function were observed selectively in male mice in both
WT and microglia-specific NF-xB KO animals following exposure to rotenone (Figure 1).
Initial impairments observed in WT rotenone exposed males were not observed in females,
and behavioral parameters were not different in KO females compared to those observed in
WT females (Figure 1). The primary changes observed in male mice were associated with
gait (Figure 1b, c, d, diagonal and four-point support) and varied with rotenone exposure,
whereas the only notable group variance amongst female mice was associated with genotype
(Figure 1i). Neurochemical alterations were observed in male animals for NE, HVA and

the serotonin metabolites 5-HT and 5-HIAA (Figure 2). This is consistent with data from
studies of PD patients, where alterations in NE and 5-HT coincide with or precede changes
in DA (Espay et al., 2014; Caligiore et al., 2021). Fluctuations in noradrenergic outputs from
the locus coeruleus influence early changes in dopaminergic projections to the ST (Paredes-
Rodriguez et al., 2020). Notably, NE is thought to maintain DA signaling and resulting
changes in NE may contribute to the progression of injury in DAn (Paredes-Rodriguez et
al., 2020). Clinical data and animal models also demonstrated that alterations in serotonergic
signaling significantly impact both motor and non-motor neurological manifestations of

PD in non-linear progression patterns that are not consistent with observed DA loss and
often occur earlier (Politis and Niccolini, 2015; Caligiore et al., 2021). This suggests an
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important link between microglial signaling and bio-chemical and cellular responses that
lead to early-stage neurochemical initiation of PD in males.

Microglia function as the primary innate and adaptive immune cell of the brain, providing
immune surveillance and continual sampling of the CNS microenvironment (Lehnardt,
2010; Lenz and Nelson, 2018; Zengeler and Lukens, 2021). It has long been apparent

that inflammation and the appearance of dystrophic, disease-associated microglia parallels
aggregation of a-syn and precedes degeneration of DAn in PD (Braak et al., 1996;
Ferreira and Romero-Ramos, 2018). Neuropathological examination of post-mortem tissue
consistently reports microgliosis and microcytosis in areas of a-syn accumulation involving
the SNpc irrespective of the presence or absence of cell death (Hunot et al., 1996;

Knott et al., 2000; Imamura et al., 2003; Doorn et al., 2014; Ferreira and Romero-

Ramos, 2018; Smaijic et al., 2022). We found that increases in microglia in the SNpc,

SNpr and ST were dependent upon rotenone exposure, genotype, and sex, with male

KO rotenone-exposed animals displaying the highest numbers of microglia (Figure 3).
Morphometric characterization of microglia is a reliable parameter for identification of
reactive, intermediate and quiescent states relevant to disease, based on several cellular
parameters including cellular area, branch complexity, sphericity, number of branches per
cell, branch length and volume (Heindl et al., 2018; Fernandez-Arjona et al., 2019).
Rotenone exposure in male animals resulted in reduction of branch length per cell and
number of branches per cell, as well as the total volume of branches. Inhibition of NF-xB
in females showed reduction in branch length in control animals, of which was not observed
with rotenone exposure. In comparison, inhibition of NF-xB in male animals resulted in

a constitutively more reactive microglial phenotype, but upon rotenone exposure in KO
animals, microglia retained more branches per cell, characterized by small projections
consistent with filopodia or lamellipodia (Franco-Bocanegra et al., 2019) (Figure 3).
Comprehensively, these data support microglial structural remodeling aids in motility and
recruitment towards chemoattractant signals that originate from rotenone induced injury,
resulting in microgliosis, microcytosis, and increased pathological scoring (Figure S2).

In concert, this data also importantly shows that inhibition of NF-xB does not obstruct
microglial morphometric remodeling, rather the remodeling, migration, and inflammatory
activation of microglial cells is a response to the crosstalk between neurons-microglia and
astrocytes-microglia (Baxter et al., 2021).

Glial-glial crosstalk is a known modulator of neuroinflammation in neurodegenerative
diseases. Activated microglia secrete pro-inflammatory cytokines such as IL-1a, TNF and
Clga which together are sufficient in inducing reactive phenotypic switching of astrocytes
(Liddelow et al., 2017). Interestingly, knockout of NF-xB in microglia resulted in overall
increases in regional GFAP immunoreactivity in male animals (Figure 4), consistent with
observations that the density of GFAP* cells within the mesencephalon increases with the
severity of DAnN loss (Damier et al., 1993; Middeldorp and Hol, 2011). Further classification
of astrocytes based on C3 expression in soma (S100p*) indicated that astrocytes within
the SNpc of male WT mice displayed a more reactive phenotype following exposure to
rotenone. However, astrocytes in male KO control mice had higher basal levels of C3*
puncta in soma compared to WT mice, which decreased following exposure to rotenone
(Figure 4). C3 localization to the soma of female astrocytes was inverse that of males in
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WT SNpc and SNpr, and process associated C3 was inverse that of males in KO SNpc,

and in both genotypes within the SNpr and ST (Figure 4l-w). Ultimately, inhibition of
NF-xB signaling by microglia reduced the prevalence of C3 protein in astrocytic processes
(GFAP*) and increased C3 in astroglia soma (S1008™) surrounding DAN. The exact function
of astrocytic C3 (intracellular or secreted) are not unequivocal, are context-dependent, and
may have pro-inflammatory or neuroprotective effects (Pekna and Pekny, 2021), drawing
attention to the importance of C3 cellular positioning, accumulation, and subsequent release
and recognition.

Neurodegeneration of the DAn within the SNpc is a pathological hallmark of PD (Antony
et al., 2013; Raza et al., 2019). Male animals exposed to rotenone experienced a significant
loss of DAN within the SNpc along with trending reduction of TH intensity within the ST
(Figure 5). KO male animals exposed to rotenone presented with less severe neuronal loss
within the SNpc and comparable ST TH intensity loss (Figure 5i—k). TH immunolabeling
is a common technique used to identify dopaminergic neurons, however other factors can
alter activity of this enzyme including the aggregation of a-syn, which has been shown to
alter phosphorylation of TH and subsequent DA synthesis (Bezard et al., 2003; Dunkley et
al., 2004; Alerte et al., 2008; Tokuoka et al., 2011). Furthermore, gene ablation of TH in
adult mice results in TH protein loss in somal bodies within the SNpc faster than the loss
that is observed within the ST, comparable to the results observed within this study (Figure
2, Figure 5) (Tokuoka et al., 2011). Despite the reduction of TH* soma and projecting
terminals, there was not an observed reduction in the levels of DA protein within the ST
(Figure 2, Figure 5). Although interesting, the persistence of DA protein in parallel to overt
TH loss has been previously observed and documented, where a striking 50% loss of TH
protein was not sufficient enough to induce notable DA protein reduction (Kobayashi et

al., 1995; Tokuoka et al., 2011). Increases in misfolded insoluble a-syn are capable of
increasing DA synthesis, leading to reactive neurotoxic DA metabolites (Perez et al., 2002).
This is a possible explanation for the reduction of TH* terminals observed within the male
KO control animals due to the increase in higher order p129 (Figure 5, Figure 6). It is also
known that neurodegeneration can be mediated by pathways associated with dysregulation
of microglial housekeeping genes include 7remZ2, Cxcrl and progranulin, which act as
immune checkpoints to keep microglial inflammatory responses under control and promote
clearance of injurious stimuli (Hickman et al., 2018). Peripheral infiltration of immune
cells along with systemic inflammation from the gut-microbiome can also alter progressive
pathology, supporting that NF-xB inhibition in microglia reduce not only local inflammation
that may lead to compromised blood brain barrier (BBB) integrity and selective degeneration
of DAn, but also reduces invading monocyte populations through tight-junction retention
and reduction of astrocyte activation (Figure 4, Figure 5, Figure 9, Figure S3).

Accumulation of misfolded a.-syn in surviving DAn in the SNpc is another key
neuropathological feature of PD (Antony et al., 2013; Dickson, 2018). It has remained
unclear if the accumulation of this protein is a driver of pathology or if it is a result

of progressive neurodegeneration. In synucleiopathies, multiple conformational strains can
‘seed’ and self-propagate further protein aggregates with numerous conformational isoforms
that vary in seeding capacity based on structural integrity, size, and ability to form fibrils
(Mecucci et al., 1982). Misfolded conformations that are unable to fibrilize are not capable
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of inducing neurodegeneration within DAn of the SNpc (Winner et al., 2011). Analysis

of immunolabeled p129* objects and total p129* area indicated that WT rotenone-exposed
males had larger p129 aggregates compared to those in rotenone-exposed KO males (Figure
6). Inhibition of NF-xB in microglia in male animals resulted in decreased regional
immunofluorescent intensity of p129 immunolabeling in the SN, but increased intensity
within individual DAn (Figure 7). Taken together, this data show that rotenone exposure
induces a.-syn misfolding, potentially through specific stabilization of the amyloidogenic
partially folded conformation of the protein (Breydo et al., 2012). Inflammatory mediators
produced by microglial cells could also influence protein misfolding of a-syn during
rotenone exposure, particularly by inducing a more oxidative microenvironment (Lashuel
etal., 2013).

Impairment of the lysosomal pathway has been observed in familial and sporadic PD,
enhancing the importance of the functional ability to degrade and clear misfolded proteins
(Zheng and Zhang, 2021). Clearance of misfolded a.-syn by microglia is dependent

on p62-mediated protein autophagy that targets misfolded a-syn for ubiquitination and
lysosomal fusion (Lamark et al., 2009; Choi et al., 2020). WT rotenone-exposed animals
had high levels of p62 within microglial cells and inversely low levels of p129, whereas
KO male animals had decreases in p62 immunoreactivity in individual microglial cells
and correspondingly greater accumulation of p129 (Figure 8). This supports the role

of p62-mediated autophagy in the degradation and clearance of p129 in microglia cells
during rotenone-induced neurodegeneration. Misfolded p129 is a known ligand of TLR
receptors, which activate MyD88-IRAK complexes leading to phosphorylation of IxBa
and translocation of active NF-xB/p65 to the nucleus where it serves as a transcriptional
regulator for p62 (Liu et al., 2017). Thus, deletion of /kk2in microglia decreases expression
of p62 and thereby impairs autophagy, leading to increased accumulation of p129 in
rotenone exposed mice (Figure 8).

Increased research efforts geared toward biomarker identification in PD have focused on
detection of a.-syn in cerebral spinal fluid (CSF) and serum of PD patients (Gao et al., 2015;
Chang et al., 2019). Analysis of p129 in serum of male mice indicated that rotenone-exposed
WT mice had decreased serum p129 compared to controls, whereas KO mice had increased
serum p129 compared to KO control animals (Figure 7h). In female KO mice, there was
less serum p129 in rotenone-exposed animals compared to controls, whereas no differences
were detected in WT female mice with respect to rotenone-exposure and serum p129
fluctuations. It is possible that the decreased levels of p129 in serum observed in rotenone-
exposed animals is in part due to the specific conformation of p129 detected, where various
oligomeric a-syn species can display different patterns of aggregate formation /7 vivo and
in vitro (Lashuel et al., 2013). The extent of conformation-dependent tertiary structure of
misfolded a.-syn is not fully known, however, studies have shown that three PD-linked
mutations in SNCA (A30P, E46K, and A53T) accelerate a-syn oligomerization, but only
two of those (E46K and A53T) induce the ability of the protein to form fibrils (Conway

et al., 1998; El-Agnaf et al., 1998; Lashuel et al., 2013). Increased total a-syn has been
reported in serum of PD patients, but the various conformational subtypes have yet to be
determined (Chang et al., 2019),. The data herein provides compelling evidence to suggest
that the phosphorylation event at serine 129 on a-syn is not the predominant misfolded
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form present in serum fractions of terminal blood. Other markers capable of identifying
different conformational sites and post-translational modifications may be of better usage in
the determination of circulating misfolded a-syn.

Numerous inflammatory genes are implicated in PD, including //6, /118, Tnfa, Nr4a2
(Nurrl), Tir2, Tir6, Tir4, Inf, Snca, Mapk, p62, Nirp3, and Cxcr2 (Glass et al., 2010; Jiang
et al., 2019; Giovannoni and Quintana, 2020; Pajares et al., 2020; Serdar et al., 2020;

Tan et al., 2020; Li et al., 2021). Here we used gRT-PCR multiplex arrays to examine
expression of a focused set of genes associated with innate immunity and inflammatory
activation of microglia and astrocytes (Figures 9 and 10). These data revealed increases in
genes associated with neutrophil and monocyte chemotaxis, non-canonical NF-xB signaling,
astrocyte and T-cell chemotaxis and Jak/Stat signaling in male WT and KO animals exposed
to rotenone, whereas KO females exposed to rotenone showed increases in genes associated
with complement and coagulation cascades. There was a marked down-regulation of key
inflammatory genes in KO male mice exposed to rotenone, suggesting that IKK2-dependent
inflammatory signaling was critical to the observed loss of DAN. Importantly, rotenone
upregulated nine distinct genes in WT mice, nine distinct genes in KO mice and 20
common genes in male WT and KO groups. The common upregulated genes segregated

to groups for positive regulation of generalized chemotaxis, NF-xB signaling pathways,
microglial cell activation and neutrophil chemotaxis. Distinct differences in the nine unique
upregulated genes in WT males exposed to rotenone harbored Cc/17, Ccl22, Ccr3and
Prgs2 (Figure 9). Cc/17and Ccl22have been implicated as potent activators of microglial
cells capable of inducing ameboid morphology, whereas knock-out of Cc/Z7results in the
reduction of microglial density (Fulle et al., 2018). CCR3 is found on astrocytes and when
activated by Ccl26 has been shown to induce pro-inflammatory events that resulting in tissue
damage and BBB impairment (Shou et al., 2019). Increases in Pfgs2 Cox2 expression in the
brain have been shown in both clinical PD cases along with MPTP mouse models. These
finding provide evidence that increases in COX-2 contribute to the formation of the reactive
dopamine-quinone intermediate, which has been implicated in idiopathic PD (Teismann et
al., 2003; Minghetti, 2004).

Inhibition of microglial NF-xB in males resulted in downregulation of the pro-inflammatory
genes, //2Band /nfy, and upregulation of Nos2, Fasl, Ccl11, 116, Tir4, Ccl4, Nfkbl, 11174,
and Kngl, which are genes associated with TLR and non-canonical NF-xB signaling
(Figure 9). It is known that there are dynamic interactions between neurotoxic TNFR1

and neuroprotective TNFR2 signaling pathways, where TNF-induced activation of TNFR2
signaling promotes cell survival in neurogenerative diseases (Yang et al., 2018; Orti-Casan
etal., 2019). Indeed, we observed increases in TNFR2-regulated genes such as Nfkb1,
Nr3c1, Nr4a2and Bcl6, in male KO rotenone animals (Fig. 9B-D, cluster 3 genes), likely
a response to rotenone-induced stress. The observed increases in TNF in male KO rotenone
animals, in concert with increases in TNFR2 signaling, provide evidence for microglial
IKK2-mediated neuroprotection through activation of this pathway, in contrast to TNFR1
signaling associated with neurodegeneration (Figure 9, Figure 10, Figure S4). Furthermore,
microglial mediated autophagy of a-syn requires TLR4 that, when activated, subsequently
upregulates p62 through the NF-xB signaling pathway (Choi et al., 2020). Results observed
for TLR4 transcription in p129* p62* microglia in male KO rotenone exposed animals

Glia. Author manuscript; available in PMC 2024 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rocha et al.

Page 24

support a TLR4-dependent effect of p129 a-syn that is impaired in KO animals, resulting
in decreased autophagy (Figure 8, Figure 9, Figure S4). FasL is constitutively expressed
on astrocytes and is upregulated on activated microglial cells. The interaction of glial FasL
with cells that express Fas, leads to apoptosis and elimination of effector immune cells.
Collectively, it is believed that regulation through Fas-FasL glial mediated apoptosis is a
critical intrinsic regulatory mechanism that controls neuroinflammation and the development
of autoimmunity (Wang et al., 2013; Sonar and Lal, 2015). It is plausible that upregulation
of anti-inflammatory genes, such as TNFR2 and TLRs, could be responsible for the
observed reduction in rotenone driven pro-inflammatory genes, /23 and /nfy, and the
accompanying decrease in neurodegeneration in male KO animals (Figure 5, Figure 9,
Figure 10, Figure S4).

Sex differences in the brain result from both short-term and long-term epigenetic affects
induced by gonadal hormones (Stephen et al., 2019; Caceres et al., 2020; Davis et al., 2020).
Additionally, glial cell expression of hormone receptors fluctuates with age, sex, and under
pathological conditions (Liu et al., 2007; Astiz et al., 2014; Chowen and Garcia-Segura,
2021). Models of traumatic brain injury have shown that selective GPER1 agonists exert
anti-inflammatory effects and reduce microglial reactivity in males and ovariectomized
females, but not in females with intact ovaries (Pan et al., 2020). Male microglia are
inherently more mobile than female microglia and present with more reactiveness in
physiological conditions, where female microglia express more phagocytic cups and higher
levels of cellular repair and inflammatory control genes. These biological sex-differences

in microglial cells are likely due to hormone stimulation in pre- and post-neonatal
developmental stages that permanently alter microglial transcriptional differentiation
throughout adulthood (Yanguas-Casas, 2020). In support of this, sex dependent classification
of transcript levels revealed rotenone induced increases in chemokine driven recruitment
(Cxcrl, Cxcr3, Cxcr2, Cxcl3, Cxcl2, Cerd4, Ccl3) and microglial proliferation (CsfZ and //7)
(Figure 10). In contrast, transcripts isolated from female rotenone exposed animals were
tightly regulated regarding inflammation (Figure 10).

Collectively, these results enhance and highlight the complexity and importance of
investigating biological-sex, cell-specific reactions, and behavior in the pathophysiology of
neurodegeneration. Microglial knock-out of canonical NF-xB in male animals exposed to
rotenone resulted in increased presence of microglia and accumulation of p129* a-syn in
microglia and DAN of the SNpc. Despite this, there were reduced levels of C3 in astrocytes
and an overall reduction in neurodegeneration, consistent with other recently published
findings on microglial IKK2 impairment and resulting neurodegeneration (Wang et al.,
2022). These findings effectively identify male microglial cells as key determinants of
neurodegeneration in rotenone-exposed mice through primary activation of canonical NF-xB
inflammatory signaling.
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Main Points:

Microglial NF-kappaB modulates rotenone-induced pathological progression
that is highly sex-dependent.

Reduction of neurodegeneration, despite excessive misfolded alpha-synuclein
accumulation, link glial inflammation to PD disease outcome.
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Figure 1. Behavioral analysis of rotenone-exposed mice identifies sex- and genotype-dependent
neurological impairments.

(a) Specific gait parameters in freely moving animals were analyzed through image
processing of digital video captured using a trackway-based system. Neurobehavioral
changes in male WT and KO mice were determined for diagonal support (b), four-point
support (c), diagonal support:four point support ratio (d), and run duration (€). Altered
neurobehavioral function in WT and KO female mice was likewise determined for
diagonal support (f), four-point support (g), diagonal support:four point support ratio (h),
and run duration (i). Open field behavioral data are shown as both linear and heatmap
representations for male mice in the WT control (j), WT rotenone-exposed (k), KO control
(1), and KO rotenone-exposed (m) groups. Quantitative analysis of open field data is
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presented for male WT and KO mice for change in total distance moved (n), total time
spent moving (0), and rearing number (p) recorded during the five-minute analysis window.
Data for female WT and KO mice were also analyzed for in total distance moved (q), total
time spent moving (r), and rearing number (s). Trackway analysis: 77=9 per group. Open
field analysis 77=6 per group. *p<0.05
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Figure 2. Neurochemical alterationsin male animals arerescued in microglia-specific IKK 2
knockout mice.
Analysis of catecholamines and monoamines in male and female animals within WT and

KO control and rotenone-exposed groups for (a) DA, (b) DOPAC, (c) 3-MT, (d) HVA,

(e) DOPAC:DA ratio and (f) DOPAC+HVA:DA ratio, (g) 5-HT, (h) NE, and (i) 5-HIAA.
Significant changes in the metabolism of DA and 5-HT were detected only in WT male
mice and were prevented by microglia-specific deletion of IKK2. 7=9 per group. *p<0.05,
**p<0.01, ***p<0.001.
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Figure 3. Microglial IKK2 knock-out in male animals exposed to rotenone resultsin increased
microglial recruitment, regional cell density and morphometric indices of activation.

Representative hemispheric 10X montage images from male mice are depicted for the basal
midbrain encompassing the SN (a-d) and the ST (e-h) with immunostaining for microglia
(IBA1, cyan) and DAnN (TH, green). To analyze microglia morphology, single-cell high
magnification images (insets) were collected from the SN and three-dimensional renderings
constructed along with binary and skeletonization representations using Imaris Bitplane
(i-1). Quantification of regional counts of IBA1* cells per area were analyzed for the SNpc
(m), SNpr (n), and ST (0). Phenotypic and morphometric discrimination of microglia was
determined by analyzing maximal branch length (p), branch number per cell (q), and branch
volume per cell (r). 7=9 per group. *p<0.05, **p<0.01, ****p<0.0001.
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Figure 4. Knockout of IKK2in microglia selectively reduces populations of reactive astrocytes
in male mice exposed to rotenone and decreases expression of complement C3 preferentially in
astrocytic processes.

Representative hemispheric 10X montage images from male mice are depicted for the basal
midbrain encompassing the SN (a-d) and the ST (e-h) with immunostaining for astrocytes
(GFAP, red) and DAN (TH, green), with 100X high-magnification images and accompanying
three-dimensional renderings of reactive astrocytes (GFAP, red, cyan; S100p, yellow; and
C3, red). Immunostaining was quantified for each brain region and the maximum expression
of GFAP (% per regional area) was analyzed for the SNpc (i), SNpr (j), and ST (k).
Maximal C3 expression in GFAP* processes in male and female mice was determined
within the SNpc (I, m), SNpr (n, 0), and ST (p, q), respectively. Maximal C3 expression in
S100B* soma in male and female mice is shown for the SNpc (r, s), SNpr (t, u), and ST (v,
w), respectively. 7=9 per group. *p<0.05, **p<0.01, ***p<0.001, ****p < 0.0001.
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Figure 5. Microglial-specific | KK 2 knockout reduces loss of dopaminergic neuronsin male
animals.

Montage representative hemispheric images of male mice within the basal ganglia are shown
for the SN (a-d) and ST (e-h), with immunostaining for DAn (TH, green) and total neurons
(NeuN, cyan), with 100X high-magnification insets. (i) Dopaminergic soma were decreased
in male WT rotenone-exposed animals, which was prevented in KO males. Pan-neuronal
staining shows decreases in overall neuronal soma within the SNpc in male WT rotenone-
exposed animals, which was also recovered in KO rotenone-exposed animals (j). Intensity
measurements for projecting TH* dopaminergic fibers in the ST showed decreases in TH
intensity in both female and male animals. There were also decreases in TH* terminals
within male KO rotenone-exposed animals when compared to WT rotenone exposed animals
(k). =9 per group. *p<0.05, **p<0.01, ****p < 0.0001.
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Figure 6. Microglial NF-xB inhibition resultsin accumulation of misfolded a-synuclein with a

distribution that varies by brain region and sex.

Brain sections from each group were labeled by immunohistochemistry for p129 and imaged
at high resolution using brightfield scanning microscopy for the SN (a-d) and ST (e-h). The
regional distribution of p129 was quantified by the number of events per area, the maximal
p129* occupied area, and by the ratio of p129* occupied area to the number of p129*
objects, for the SNpc (i-k), SNpr (I-n), and ST (0-q). /7=9 per group. *p<0.05, **p<0.01.
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Figure 7. Inhibition of microglial IKK2 increases accumulation of misfolded a-synuclein in
dopaminergic neurons.
High magnification 100X images of misfolded a-syn (p129, red), DAn (TH, green), and

microglia (IBA1, cyan) in the SN of male WT control (a) and WT rotenone-exposed (b),
and KO control (c) and KO rotenone-exposed (d) animals. The maximal intensity of p129*
events was analyzed by region in the SNpc (€) and SNpr (f) of male and female animals.

(g) The maximal p129* intensity in stereologically normalized TH* dopaminergic neuronal
soma was quantified in male and female animals. (h) Serum p129 was quantified by ELISA
(relative absorbance units, A.U.) in serum samples from male and female animals. /=9 per
group. *p<0.05, **p<0.01, ****p<0.0001.
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Figure 8. Sequestosome 1 mediated autophagy of p129 isinhibited in IKK 2 knock-out animals.
High magnification three-dimensional renderings from multi-immunolabeled sections were

acquired from images of individual microglial cells within the SN, depicting areas of p62*
(green) and p129* (red) events in WT control (a), WT rotenone-exposed (b), KO control

(), and KO rotenone-exposed (d) mice. The overall intensity of p62* immunolabeling

was analyzed within individual IBA1* microglial cells in male (€) and female (f) animals

in control (blue) and rotenone-exposed groups (red). The overall fluorescence intensity of
p129* immunolabeled events in individual IBA1* cells was analyzed in male (g) and female
(h) animals in control (blue) and rotenone-exposed (red) mice. Principal component analysis
of individual exposure groups separated by genotype and sex were analyzed for the presence
of p62* (i) and p1297 (j) events in the SN of each exposure group. /=9 per group. #0<0.01
intra-genotype comparison, ####p<0.0001 intra-genotype comparison, ****p<0.0001.

Glia. Author manuscript; available in PMC 2024 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Rocha et al.

Page 42

IKK2" Control IKK2" Rotenone

3882838 g8L4§

Figure 9. Analysis of differentially expressed genesin the substantia nigra indicatesthat IKK2
in microglia modulates numerous transcripts associated with innate and adaptive immunity and
inflammation following exposure to rotenone.

The extent of differential gene expression in control and rotenone-exposed mice varied with
genotype, sex and rotenone exposure, indicating increased levels of invading peripheral
immune cells and resulting inflammation in the SN. (a) Heat map analysis of the fold-
change in expression of differentially regulated inflammatory genes during rotenone-induced
neurodegeneration in the SN in WT and KO male (blue sub-indication) and female (pink
sub-indication) animals. Radar graph maps of cluster-specific genes were analyzed for male
(blue) and female (pink) animals in WT rotenone-exposed (b), KO control (c) and KO
rotenone-exposed (d) mice, where the clusters are as follows: 1) Regulation of TLRs by
endogenous ligands, 2) neutrophil and monocyte chemotaxis, 3) TNFR2 non-canonical NF-
kB pathway activation, 4) astrocyte, monocyte and T-cell chemotaxis, 5) Jak-stat signaling,
and 6) complement and coagulation cascades. Venn diagram analysis of all significantly
up-regulated genes in rotenone exposed animals (€) indicated 9 genes that are discreetly
upregulated in male rotenone-exposed mice for both WT and KO groups. STRING mapping
of the 20 shared genes upregulated in male rotenone-exposed animals (f) revealed genes
responsible for positive regulation of chemotaxis (blue), NF-xB signaling (pink), microglial
cell activation (red) and neutrophil chemotaxis (green). /=3 per group.
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Figure 10. Sex-dependent regulation of inflammatory factorsindicates that microgliain male

mice mediate cellular recruitment and T-cell interactions.

Heat map analysis of gene expression in male (a) and female animals (d), respectively.
Differentially regulated genes were further analyzed by STRING mapping to compare

up-regulated and down-regulated transcripts in male WT (b) and KO (c) animals. Sim

ilarly,

STRING mapping was used to compare genes that are up-regulated and down-regulated

in female WT (€) and KO (f) animals. Differential expression of individual transcripts

associated with neuroinflammation are depicted for //15(g), /nfy (h), Ccr2 (i), Crp(j), and
C4b (k) in male and female animals of each genotype and exposure group. /7=3 per group.

*p<0.05, **p<0.01, ***p<0.001, ****p < 0.0001.
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