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Abstract

α-Synuclein (αSyn) is central to the neuropathology of Parkinson’s disease (PD) due to its 

propensity for misfolding and aggregation into neurotoxic oligomers. Nitration/oxidation of αSyn 

leads to dityrosine crosslinking and aggregation. Myeloperoxidase (MPO) is an oxidant-generating 

enzyme implicated in neurodegenerative diseases. In the present work we have examined the 

impact of MPO in PD through analysis of postmortem PD brain and in a novel animal model in 

which we crossed a transgenic mouse expressing the human MPO (hMPO) gene to a mouse 

expressing human αSyn -A53T mutant (A53T) (hMPO-A53T). Surprisingly, our results show that 

in PD substantia nigra, the hMPO gene is expressed in neurons containing aggregates of nitrated 

αSyn as well as MPO-specific HOCl-modified epitopes. In our hMPO-A53T mouse model, we 

also saw hMPO expression in neurons but not mouse MPO. In the mouse model, hMPO was 
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expressed in neurons colocalizing with nitrated αSyn, carbamylated lysine, nitrotyrosine, as well 

as HOCl-modified epitopes/proteins. RNAscope in situ hybridization confirmed hMPO mRNA 

expression in neurons. Interestingly, the hMPO protein expressed in hMPO-A53T brain is 

primarily the precursor proMPO, which enters the secretory pathway potentially resulting in 

interneuronal transmission of MPO and oxidative species. Importantly, the hMPO-A53T mouse 

model, when compared to the A53T model, exhibited significant exacerbation of motor 

impairment on rotating rods, balance beams, and wire hang tests. Further, hMPO expression in the 

A53T model resulted in earlier onset of end stage paralysis. Interestingly, there was a high 

concentration of αSyn aggregates in the stratum lacunosum moleculare of hippocampal CA2 

region, which has been associated in humans with accumulation of αSyn pathology and neural 

atrophy in dementia with Lewy bodies. This accumulation of αSyn aggregates in CA2 was 

associated with markers of endoplasmic reticulum (ER) stress and the unfolded protein response 

with expression of activating transcription factor 4 (ATF4), C/EBP homologous protein (CHOP), 

MPO, and cleaved caspase-3. Together these findings suggest that MPO plays an important role in 

nitrative and oxidative damage that contributes to αSyn pathology in synucleinopathies.
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1. Introduction

Parkinson’s disease (PD), the second most common neurodegenerative disease, is associated 

with the selective loss of dopaminergic neurons in the substantia nigra (SN) pars compacta 

(SNpc) leading to tremor, bradykinesia, rigidity, and postural instability (reviewed [1, 2]). 

Like other major neurodegenerative diseases, PD is considered a protein misfolding disorder. 

Compelling evidence, both histopathological and epidemiological, implicate α-synuclein 

(αSyn) oligomers and aggregates as the primary cause of PD. The histological hallmark of 

PD are Lewy bodies, proteinaceous inclusions comprised primarily of aggregated nitrated 

αSyn [3]. Single point mutations (such as A53T) or duplications of the αSyn gene are 

linked to rare familial forms of PD, indicating increased levels of αSyn are sufficient to 

cause the disease (reviewed [4, 5]). αSyn is normally a soluble protein with native unfolded 

conformation yet is prone to self-aggregation into neurotoxic oligomers and fibrils [6]. The 
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mechanisms leading to αSyn aggregation are not fully understood but evidence points to 

oxidative stress [7–11]. The SNpc in PD has been associated with increased levels of lipid 

peroxidation and 4-hydroxynonenal [9], as well as 3-nitrotyrosine [10], malondialdehyde 

[12], protein carbonyls [13], and the oxidized nucleic acid product 8-hydroxyguanosine [14]. 

Nitration/oxidation of αSyn is known to promote its misfolding and aggregation [15, 16]. 

αSyn is primarily localized to the presynaptic terminus of neural axons, where oxidation and 

dimerization could impair its potential role in synaptic function and neurotransmitter release 

[17–19]. Sources for reactive oxygen species in PD include mitochondrial complex I 

dysfunction, iron, reactive astrocytes, and microglia [20].

Myeloperoxidase (MPO) also generates reactive oxygen and nitrogen species [21], and 

increased levels of MPO have been found in PD brain [22]. MPO is a component of the 

armamentarium of the innate immune system, present at high levels in storage vesicles in 

phagocytes. When neutrophils and monocytes engulf microbes, the MPO-containing vesicles 

fuse with the phagosome releasing the enzyme which reacts in the presence of hydrogen 

peroxide (H2O2) with chloride ions (Cl−) to produce the potent oxidant, hypochlorous acid 

(HOCl)(bleach) [23, 24].

While MPO generated oxidants are microbicidal and thus beneficial, these oxidants can also 

damage normal cells. MPO is generally considered a myeloid specific gene with expression 

restricted to bone marrow myeloid precursors, but the human MPO (hMPO) gene can escape 

this restriction in some stress situations, such as in microglia, astrocytes and neurons in 

Alzheimer’s Disease (AD) [25–27] and in astrocytes in PD [22, 28]. In order to study the 

effects of hMPO expression in mouse models of neurodegenerative diseases, we created a 

humanized mouse model transgenic for a single copy of the hMPO gene in a 32 kb 

restriction fragment [29]. When this mouse strain was crossed to an amyloid precursor 

protein (APP) overexpressing model of AD (APP23), the hMPO transgene was expressed 

robustly in astrocytes [26]. This atypical expression of hMPO is thought to be due in part to 

the insertion in the promoter of an Alu element encoding several overlapping binding sites 

for members of the nuclear receptor superfamily of transcription factors as well as SP1 [30–

33]. A polymorphism in these Alu nuclear receptor sites, −463G, increases hMPO 

expression and has been linked to the risk for AD [25, 34–38], cardiovascular disease [39–

44], lung cancer [45, 46], and some epithelial cancers [47]. The murine MPO (mMPO) gene, 

lacking the primate-specific Alu, is expressed at relatively low levels in mouse models of 

AD [26] and, as shown here, in an A53T-αSyn overexpressing model of PD.

In this study we set out to investigate the involvement of MPO in PD through analysis of 

human PD brain tissue and the hMPO-A53T mouse model. The results provide the first 

evidence that MPO expression occurs in neurons in PD SNpc as well as in the hMPO-A53T 

model. In the hMPO-A53T model, MPO promotes αSyn nitration and carbamylation, 

associated with increased aggregation of αSyn and greater motor impairment, correlating 

with earlier onset of paralysis and death.
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2. Materials and Methods

2.1 Reagents

Reagents included NuPage 4–12% Bis-Tris gels (NP0322), MOPS-SDS running buffer 

(NP0001), NuPAGE LDS sample buffer (NP0008), and DAPI (4’, 6-diamidino-2-

phenylindole) (D-1306), TaqMan gene expression master mix and Taqman primer/probes 

(Applied Biosystems) including mouse glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH), (4326317E), mouse beta 2 microglobulin (Mm00437762_m1), mMPO, 

(Mm00447886_m1), hMPO (Hs00165162_m1), murine αSyn (mαSyn, Mm01188700_m1), 

and human αSyn (hαSyn, Hs00240906_m1). For cell culture, we used Neurobasal Plus 

medium, B27 supplement, and penicillin/streptomycin from Life Technologies. hαSyn 

protein (AG938) was from EMD Millipore North America. hMPO (426–10) was from Lee 

Biosolutions. Lightning-Link HRP antibody labeling kit (701–0030) was from Novus 

Biologicals. The probe for hMPO (469561) for in situ hybridization was from Advanced 

Cell Diagnostics. The MPO ELISA kit was from ALPCO. Dynabeads magnetic sheep anti-

rabbit Protein A/G beads were from Invitrogen (112.03D), and BCA protein reagent (23227) 

was from Pierce. Protran™ nitrocellulose (10600007), cellulose acetate (OE66), and 

Sepharose 4B (17043002) was from GE-Healthcare. Non-fat dry milk (Blotto; B5001) was 

from Rockland, Inc. Complete™ protease inhibitor cocktail tablets with and without EDTA 

(04693124001, 04693159001) were from Roche. The surfactants Tween-20 (P7949), NP40 

(NP40S) and Triton X-100 (T8787), serine protease inhibitor PMSF (P7626), potassium 

cyanate, deoxyribonuclease I (D5025) and sodium nitrite were from Sigma. The ECL 

reagent, WesternBright™ Sirius Western Blotting horseradish peroxidase (HRP) substrate 

(K12043), was from Advansta. Blue Devil™ autoradiography film (30–101) was from 

Genesee Scientific. Vectashield™ mounting media (H-1000) was from Vector Labs. Non-

immune donkey or horse serum (017-000-121, 008-000-121) were obtained from Jackson 

Immunoresearch Labs. Bovine serum albumin (BSA) (BP1600100) for Western blots, Halt 

protease inhibitors, and Syn-Per (87793) as well as all general chemicals used for these 

studies were from Thermo Fisher.

2.2 Transgenic mice

Transgenic mice carrying the human −463G MPO allele have been previously described [29, 

30, 32, 48]. There is one copy of the hMPO −463G allele in the mouse genome on the X 

chromosome. The mice were generated by microinjection of a 32 kb BST11071 restriction 

fragment into C57BL6/J eggs [29]. Mice overexpressing the human A53T αSyn mutant 

gene under control of the human thymus cell antigen 1 (Thy1) promoter (THY1-

SNCA*A53T)M53SUD/J) (Jackson, 008135) have been described [49–51]. Mice 

overexpressing the wild-type hαSyn gene driven by the mouse Thy1 promoter (mThy1-α-

syn, Line 61) and the mice overexpressing hαSyn driven by the platelet derived growth 

factor (PDGF) promoter have been described [52–54]. Mice overexpressing the hαSyn 

mutant gene under control of the mouse myelin basic protein promoter (MBP) have also 

been described in a model of multiple systems atrophy (MSA) [55]. The primers for 

genotyping the mice are: hMPO for: 5’-GCAATGGTTCAAGCGATTCTT-3’; hMPO rev: 

5’-CGGTATAGGCACACAATGGTGAG-3’; hSNCA for: 5’-
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GGCACCTAGAGGATCTCGACTAGTGG-3’; Thy1-SNCA rev: 5’-

GATGATGGCATGCAGCACTGG-3’.

2.3 Antibodies

Primary antibodies used in this study included rabbit anti-hMPO (DAKO A0398, 1/500 for 

immunohistochemistry (IHC) and 1/1000 for Western blots (WB)), goat anti-hMPO that is 

affinity purified against hMPO (R&D Systems, AF3174, 1/500 IHC and 1/2000 WB). These 

antibodies have been used in a number of studies involving MPO including a recent report in 

which we showed the DAKO rabbit and R&D goat MPO antibodies recognize MPO in 

immunoblots or immunostains of T47D cells transfected with hMPO expression construct 

but did not recognize nontranfected T47D cells [56].

Other antibodies used in this study include Mab αSyn D37A6 (Cell Signaling, D37A6, 

1/500 IHC and 1/2000 WB), Mab αSyn (BD Biosciences, 6107877; 1/500 IHC and 1/2000 

WB), Mab anti-nitrated αSyn (Syn505, Life Technologies, 358300, 1/500 IHC and 1/2000 

WB), [57], Mab anti-αSyn raised against Lewy bodies which recognizes an epitope encoded 

by amino acids 115–122, and recognizes human but not mouse αSyn (LB509, Santa Cruz, 

sc-58480, 1/100 IHC and 1/1000 WB) [58], rabbit anti-nitrotyrosine (nitroTyr, Millipore, 

AB5411, 1/200 IHC and 1/1000 WB), Mab anti-nitro-α/β-synuclein (Tyr39) clone nSyn14 

(Millipore-Sigma, 36–012 1/200 IHC) [59], rabbit monoclonal antibody NeuN (Cell 

Signalling D4G40, 1/200 IHC), rabbit anti-MAP2 (Cell Signalling, 4542, 1/200 IHC), Mab 

raised against HOCl-modified proteins (clone 2D10G9) [60, 61] (1/50 IHC), rabbit anti-

activating transcription factor 4 (ATF4, Cell Signaling, 11815, 1/100 IHC), anti-C/EBP 

homologous protein (CHOP, Santa Cruz, sc-7351, 1/100 IHC), and anti-cleaved caspase 3 

(Cell Signaling, D175, 1/100 IHC). Secondary antibodies labeled with Alexa Fluor 488 

(donkey anti-rabbit, A21206 and donkey anti-mouse, A21202) and Alexa Fluor 594 (donkey 

anti-rabbit, 21207 and donkey anti-mouse, A21203) were from Molecular Probes, goat or 

donkey anti-mouse HRP and anti-rabbit HRP-conjugated IgG were from Jackson 

ImmunoResearch. The monoclonal antibody against HOCl-modified epitopes (clone 

2D10G9) has been previously validated [60, 62].

2.4 Immunohistochemistry (IHC) and MPO ELISA

Mice were sacrificed by exposure to CO2, then transcardially perfused with ice cold 

phosphate buffered saline (PBS). Mouse brain tissue was fixed overnight in 4% 

paraformaldehyde (PFA) in PBS. Free floating (40 microns) sagittal or coronal sections, 

obtained with a Leica VT1000S vibrating microtome, were incubated with 10% H2O2 in 

PBS for 10 min, blocked with 10% non-immune goat serum for 12 h, and incubated 

overnight at 4°C with primary antibodies in the presence of non-immune serum from the 

secondary antibody host [54, 63]. Primary antibodies were detected with biotinylated 

secondary antibodies and avidin-conjugated horseradish peroxidase (Vectastain ABC kit, 

Vector Laboratories, Burlingame, CA) and detected with peroxidase chromogen (SG or 

DABN) or 3-amino-9-ethylcarbazole, Vector Laboratories).

Paraffin-embedded sections of human (see below) or mouse brains were cleared by xylene 

and ethanol prior to heat induced antigen retrieval in 10 mM sodium citrate buffer, 0.05 % 
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Tween 20, pH 6.0. Sections were incubated in 10 % normal donkey serum for 1 h, followed 

by incubation for 12 h in primary antibodies in PBST and 10 % non-immune donkey serum. 

Following incubation, the sections were washed in PBST for 2 h prior to incubation with 

secondary fluorescent donkey antibodies conjugated to Alexa Fluor 488 (green) or Alexa 

Fluor 594 (red) at 1:3,000 dilution for 1 h. Images were obtained on a conventional 

fluorescent microscope (Olympus BX51 with 20x, 40x, and 100x objectives) as well as a 

Zeiss LSM 710 Confocal Microscope using 40x or 63x oil objectives. Images were saved as 

tiff files in 8-bit per channel format (24-bit RGB) and processed with PhotoshopTM for 

assembly of figures.

Nonfluorescent immunostaining of paraffin sections was carried out with primary antibodies 

in PBS + 0.05% Tween 20 (PBST) with 10 % non-immune donkey serum, followed by 

biotinylated secondary donkey antibodies (Vector) (1:200, 1 h) and avidin-biotin conjugates 

(Vector Elite ABC system) (1:200, 2 h), and developed with peroxidase substrate as detailed 

above. All sections were processed simultaneously under the same conditions and each 

experiment was repeated at least three times with multiple biological replicates. All images 

present in this manuscript are representative of at least three independent immunostaining 

experiments.

To quantify the level of MPO in the brains of the mice we performed an MPO ELISA. For 

the ELISA experiments mice were sacrificed, perfused with ice cold PBS and the brains 

removed. The brains were homogenized in Tris-NaCl buffer (50 mM Tris-HCl, pH 7.5, 150 

mM NaCl, 1% Triton) containing ThermoFisher Halt protease inhibitors and PMSF (1 mM). 

Samples were centrifuged at 10,000 rpm for 20 min. The supernatant was stored at −80 C 

until used for the ELISA. The manufacturer’s instructions were followed to determine the 

levels of MPO in the extracts (ALPCO). The assays were run in duplicate. Protein 

concentrations were determined by the BCA reaction. Data collected were analyzed using 

Graph Pad Prizm software.

2.5 Human brain tissue

Autopsy material was obtained from donor patients at the UCSD Neurosciences 

Department/University of California, San Diego (San Diego, CA) and from the Harvard 

Brain Tissue Resource Center (Belmont, MA). Aged normal control and mild to late stage 

PD SN were processed and evaluated according to standard methods [64]. Human tissue was 

provided without personal identifiers.

2.6 Quantitative Immunohistochemical analysis

Immunostained sections were analyzed with a digital Olympus bright-field and fluorescence 

microscope (BX51). For each analysis, a minimum of five mice of each genotype was used. 

For each mouse, a minimum of three paraffin sections was analyzed. In each section, four 

areas in cortex or other regions were imaged. Quantitation of immunoreactivity was 

determined by optical density analysis using ImageJ/FIJI software. Levels of optical density 

were corrected to background using sections that lacked exposure to the primary antibody. 

After correction to background, the levels of immunoreactivity were expressed as corrected 

optical density relative units. Statistical analysis was conducted using GraphPad Prism and 
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Student’s t-test for comparing the means of two samples or one-way ANOVA with posthoc 

Dunnet when comparing the MPO-A53T and A53T tg mice versus wildtype.

Counting of immunostained neurons in sections of mouse hippocampus or cortex was 

carried out by investigators blinded to genotype and was performed with five mice from each 

genotype, a minimum of three sections from each brain, and four images per section. 

Quantitation of immunopositive neurons in human brain sections was performed with 

paraffin sections of PD SN from eight PD and eight aged control brains. Percent of 

immunopositive cells was determined from a minimum of three sections from each donor, 

spaced by 12 sections, and four digital images were analyzed from each section. Counting of 

immunopositive neurons was performed by investigators blinded to PD status.

2.7 Animals

All animal work was carried out at the AAALAC accredited animal facility at the Sanford-

Burnham-Prebys Medical Discovery Institute. The care of the mice, and all the procedures 

performed were approved by the Institutional Animal Care and Use Committee (protocol 

number 15–097), and complied with National Institutes of Health animal care guidelines. 

Animals were housed in individually ventilated cages on standard bedding under a constant 

12 h light/dark cycle. Temperature was maintained at 21 °C. Each mouse was examined 

regularly for signs of distress. All experiments were performed with mice hemizygous for 

the hMPO or αSyn transgenes. Male mice were used for all of these studies due to the fact 

that the hMPO transgene is on the X chromosome resulting in random inactivation of one 

MPO allele on an X chromosome in female mice. Behavior tests used mice ranging in age 

from 45 to 60 days. Data collected were analyzed using Graph Pad Prizm software.

The hMPO transgenic model was originally created by microinjection into C57Bl6/J eggs. 

These were crossed to A53T and backcrossed more than ten generations onto C57Bl6/J 

strain. Mice are maintained as heterozygotes so that litters produce wildtype controls along 

with hMPO and A53T mice. Wildtype and hMPO A53T littermates are compared in 

behavior assays, IHC, or other experiments.

2.8 Wire hanging test

The mouse was placed on the top of a standard cage lid that was then shaken gently to 

induce the mouse to grip the wires, and then inverted for up to 60 s. The lid was elevated 3 ft 

over soft bedding. Three consecutive trials were performed with a 5 min resting period 

between each trial. The latency to fall from the cage lid was recorded. Behavior data were 

analyzed using a one-way analysis of variance (ANOVA) followed by Dunnets post-hoc test 

using GraphPad Prism v8.

2.9 RotaRod

The test assesses motor coordination of mice placed on a five lane rotating rod (San Diego 

Instruments) that accelerates slowly from 2 to 20 rpm over a period of 300 s. The instrument 

records the latency to fall and the rotator speed at fall. The mice were trained on the device 

for 5 min at a constant speed of 5 rpm for 3 days prior to the experiment. In the experiment, 

the mice were placed on the RotaRod for up to 300 sec for three consecutive trials with a 5 
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min rest between trials. Behavior data were analyzed using a one-way analysis of variance 

(ANOVA) followed by Dunnets post-hoc test using GraphPad Prism v8.

2.10 Balance beam

Mice were trained to walk across an elevated round beam of 1 m length and 1 cm diameter. 

The beam was elevated 3 ft above the bench with soft padding placed below. Animals were 

trained three times on the beam one day before the test. All mice were given three 

consecutive trials. If a mouse paused on the beam it was gently touched on the hindquarters 

to encourage movement. If the animal fell off the beam the timer was paused and the animal 

was placed back on the beam at the position it had when it fell. Between each mouse trial, 

the beam was cleaned with water. Behavior data were analyzed using a one-way analysis of 

variance (ANOVA) followed by Dunnets post-hoc test using GraphPad Prism v8.

2.11 Survival analysis

hMPO-A53T and A53T mice were observed on a daily basis for the onset of symptoms 

including partial paralysis of hind quarters and reduced ambulation. The end point was the 

onset of limb paralysis. For survival curve statistical analysis we used log-rank (Mantel-

Cox) test with Graph Pad Prism software.

2.12 Immunoprecipitation assay

Immunoprecipitation studies of MPO from brain regions including cortex/hippocampus, 

midbrain/thalamus/striatum, or cerebellum/brainstem were performed. The brain tissues 

were dounce homogenized in five volumes of lysis buffer (50 mM Tris-base, 150 mM NaCl, 

1% Triton X-100) with protease inhibitors (Roche) and clarified by centrifugation at 15,000 

× g for 20 min. Protein concentration was determined by BCA reagent and equal amounts of 

total protein were used in the immunoprecipitation. Rabbit polyclonal anti-human MPO 

antibodies (Dako) were added (2 μg) μl) to the extract overnight at 4°C, and then pulled 

down with sheep anti-rabbit IgG coupled to protein A/G magnetic beads (Dynabeads) for 2 

h. The beads were washed twice for 20 min in PBS + 0.01% Tween-20, then heated at 85°C 

in reducing SDS loading buffer before magnetic removal of A/G beads prior to loading the 

samples (10 % total sample loaded for each brain region) onto 4–12% NuPage Bis-Tris 

precast gels. After electrophoresis, the proteins were transferred to nitrocellulose 

membranes. Membranes were blocked in 5% Blotto/PBST for 1 h at room temperature (RT, 

25°C). Membranes were incubated overnight at 4°C with HRP-conjugated goat anti-MPO 

(BD Transduction)(1/3000) for 1 h at RT and washed three times with PBST for 30 min. The 

blot was developed with ECL reagent and exposed to X-ray film.

2.13 Synaptosome isolation

Crude synaptosomes were isolated essentially as described [65] using Syn-Per reagent 

(Thermo Fisher) according to the manufacturer’s protocol. Two ml of Syn-Per with protease 

inhibitors was added to 200 mg of brain tissue followed by homogenization using a dounce 

homogenizer. The homogenate was centrifuged at 1200 × g for 10 min at 4°C to remove 

nuclei and debris. The supernatant was then centrifuged at 15,000 × g for 20 min at 4°C to 
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yield the crude P2 synaptosome pellet which was resuspended in Syn-Per at 3–4 μg/μl 

protein concentration.

2.14 Cellulose acetate filter binding assay

The amount of aggregated insoluble αSyn present in the brain lysates was assessed by 

cellulose acetate filter binding assay. Synaptosomal preparations were diluted 1/150 volume 

in PBS pH 7.4 with 1% NP40 and placed on a rotary mixer for 5 h at 4°C, and then a total of 

100 mg protein filtered by mild suction through 0.2 μm cellular acetate filters (Whatman), 

followed by five washes with PBS with 1% SDS. The cellulose acetate strips were then 

blocked with 5% Blotto, and incubated with LB509 antibody generated against Lewy bodies 

(1/1000) for 1 h. This antibody recognizes hαSyn but not mαSyn. The membrane was 

washed in PBST for 1 h and incubated with secondary antibody (goat anti-mouse IgG HRP, 

1:10,000) for 1 hr prior to being developed with ECL reagent. Semi-quantitative 

densitometry of the Western blots was analyzed using Image Studio Lite software (LI-COR 

0Biosciences, NE, USA).

2.15 αSyn oxidation in vitro

hαSyn (1 mg/ml) was incubated with hMPO (20 nM), glucose oxidase (GO, 20 ng/ml) and 

glucose (100 μg/ml) as a source of H2O2 and either sodium nitrite (500 μM) or potassium 

cyanate (340 μM) for 6 h at 37°C. Proteins were fractionated by SDS-PAGE (4%–12%). 

Proteins were then transferred to nitrocellulose and probed with the respective antibodies: 

anti-alpha synuclein (1:1,000, BD), anti-nitrated tyrosine (1:1,000, Millipore), anti-

carbamylated αSyn (1:1,000, described here). Blots were incubated in 5% Blotto in PBST 

for 1 h and then incubated in PBST containing 1% BSA with the appropriate antibody for 2 

h at RT. The membranes were washed for 1 h in PBST at RT. Membranes were then 

incubated with HRP-labeled secondary antibodies in PBST + 1% BSA for 1 h. Following 

this incubation the blots were washed in PBST and then incubated with ECL reagent and 

exposed to X-ray film. For analysis of αSyn by liquid chromatography tandem MS (LC-MS/

MS), samples were treated as above but the gel was stained with Commassie blue and the 

band containing the αSyn monomer was excised and analyzed for post-translational 

modifications.

2.16 In-gel digestion and sample preparation for LC-MS/MS analysis

Respective Commassie blue stained protein bands were excised from the gel and destained 

prior to protein reduction and alkylation. Bands were then digested with trypsin at a final 

concentration of 25 ng/μl in 50 mM ammonium bicarbonate for 1 h on ice, excess trypsin 

was removed and gels were digested for an additional 16 h at 37C using a shaking incubator 

to assure complete digestion. Digested tryptic peptides were transferred to a new tube 

following an elution process; 200 μl of water added to the gels, sonicated 10 min in water 

bath and then extracted one time in 5% formic acid, one time in water, four times with 50% 

acetonitrile in 5% formic acid in water, one time in 70% acetonitrile, and one time in 100% 

acetonitrile; all extracted peptides were pooled together, vacuum dried and re-dissolved in 

20 μl of 0.1% trifluoroacetic acid. Tryptic peptides were desalted and concentrated using a 

C18 Zip Tip (Millipore). The eluents were then vacuum dried and re-dissolved in 24 μl of 

LC/MS loading buffer (2% acetonitrile in 0.1% formic acid in water).
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2.17 1D LC-MS/MS Analysis

Tryptic digested proteins were subjected to an on-line analysis of peptides by one-

dimensional LC-MS/MS. Eight μl of tryptic digested sample was loaded onto the automated 

Nano LC-LTQ MS/MS (Thermo Scientific) using an Eksigent (SCIEX) Nano 2D LC 

system, a switch valve, a C18 trap column (Agilent, Santa Clara, CA) and a capillary 

reverse-phase column (15 cm Magic C18 AQ resin (Michrom)). An ADVANCE low flow 

Michrom source (Bruker-Michrom) was used to ionize peptides as they elute from the 

capillary column in a linear gradient from 100% buffer A (2% acetonitrile in water 

containing 0.1% formic acid) to 40% buffer B (100% acetonitrile in water containing 0.1% 

formic acid) over 103 min for the total run time of 120 min. Data relevant to the strongest 

ions above an intensity of 50 × 104 were collected with dynamic exclusion enabled on top 5 

precursor and the collision energy set at 35%.

2.18 Protein Identification and data analysis

The LC-MS/MS raw data was submitted to Sorcerer Enterprise v.3.5 release (Sage-N 

Research Inc.) with SEQUEST algorithm as the search program for peptide/protein 

identification. SEQUEST was set up to search the target-decoy ipi.Human.v3.73 database 

containing protein sequences using trypsin for enzyme with the allowance of up to 2 missed 

cleavages, Semi Tryptic search and precursor mass tolerance of 1.5 amu. Differential search 

includes methionine oxidation, cysteine carboxyamidomethylation, tyrosine nitration and 

lysine carbamylation with maximum 3 post translational modification/peptide allowance. 

The search results were viewed, sorted, filtered, and statically analyzed by using 

comprehensive proteomics data analysis software, Peptide/Protein prophet v.4.02 (ISB). The 

minimum trans-proteomic pipeline probability scores for proteins and peptides are both 0.95 

and 0.9, respectively, to assure very low error (much less than FDR 2%) with reasonably 

good sensitivity. The differential spectral count analysis was done by QTools, an open 

source in-house developed tool for automated differential peptide/protein spectral count 

analysis and Gene Ontology [66]

2.19 Preparation of antibodies to carbamylated αSyn

Three peptides to carbamylated αSyn were generated containing the modified lysines 

(homocitrulline) indicated by an asterisk. Peptide #1: aa32-KTK*EGVLYVGSKTK*EGSC-

aa47; peptide #2: aa52-VATVAEK*TK*EQVTNVGSC-aa67; Peptide #3: aa73-

GVTAVAQK*TVEGAGSGSC-aa87. Peptides were synthesized, purified, and conjugated to 

keyhole limpet hemocyanin (KLH) by PHD antibodies (San Diego, CA). Polyclonal 

antibodies against carbamylated αSyn peptides linked to KLH were raised in rabbits. 

Immunizations were performed by Robert Sargeant (Ramona, CA) using a standard 

protocol. The collected blood sera were kept frozen at −8 °C until needed. The antibod ies to 

carbamylated αSyn were purified by affinity chromatography using the αSyn peptides used 

as immunogens immobilized to cyanogen bromide activated Sepharose® 4B. The resin and 

columns were prepared according to the product manual. Briefly, serum proteins were 

passed through the column with the carbamylated αSyn peptides. Absorbed antibody was 

eluted with 0.1 mol/L glycine-HCl (pH 2.6) buffer and monitored with a spectrophotometer 

at 280 nm. The resulting immunoglobulin containing fraction was dialyzed against PBS. The 
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antibodies to carbamylated αSyn were further enriched by affinity chromatography using 

carbamylated BSA immobilized on cyanogen bromide-activated Sepharose® 4B. The 

antibodies were eluted as described above. After every chromatography, the specificity of 

purified antibodies was evaluated by Western blotting.

Carbamylated BSA was prepared by in vitro modification of BSA. Briefly, BSA (50 mg/ml) 

was dissolved in PBS and potassium cyanate (1 mM) in PBS was added to the protein 

solution. The mixture was incubated at 37°C for various times from 1 h to overnight. 

Potassium cyanate was removed by extensive dialysis against PBS at 4°C. T he level of 

carbamylation was evaluated by Western blot and a concentration of carbamylated BSA that 

corresponded to about 50% carbamylation was used for the column. After an initial 

evaluation by Western blot the antibody raised against peptide #1 (carbsyn-1) was found to 

give the best signal and was used for all subsequent experiments. Specificity of carbsyn-1 

was evaluated by Western blot comparing carbamylated αSyn (1 mM potassium cyanate) 

versus non-carbamylated αSyn. In addition, a blocking experiment was performed. A five-

fold excess of peptide #1, that was used as the immunogen, was mixed with the antibody and 

incubated for 30 min at RT. The neutralized antibody was used for a Western blot comparing 

carbamylated αSyn versus non-carbamylated αSyn.

2.20 Homocitrulline quantification

Quantification of HCit was performed as described [67]. Protein samples were hydrolyzed 

with a high-throughput low-volume hydrolysis method as described previously [68]. Briefly, 

protein samples (3 to 20 μg) were placed into Qsert vials (Waters, Vienna) and 10 μl internal 

standard was added (containing 10 ng 13C6-HCit, 10 ng 13C6-3-CT, 0.3 μg 13C6-tyrosine and 

1 μg 13C6-lysine). Hydrobromic acid with 0.25% phenol was added to a final concentration 

of 6 N, vials were flushed with argon, sealed and hydrolyzed at 160°C for 5 min. 

Afterwards, hydrobromic acid was evaporated in a speedvac. Protein hydrolysates were 

suspended in 100 μl 0.2 mol/L Li-citrate buffer (pH 2.8) and derivatized with the EZ:fast Kit 

(Phenomenex, Aschaffenburg, Germany) according to the manufacturer’s instructions.

Electrospray ionization MS/MS with online HPLC was used for quantification of HCit and 

lysine. Calibrations curves were prepared using varying amino acids and homocitrulline 

levels with fixed amounts of internal standards. The calibration curves had a linearity range 

from 50 pg – 100 ng for HCit (R2: 0.998 and R2: 0.999) and from 100 ng – 3 μg for lysine 

(R2: 0.997 and R2: 0.998).

The HPLC column (250×4 mm, AAA-MS HPLC column, Phenomenex, Aschaffenburg, 

Germany) was equilibrated for 15 min with 100% solvent A at 35°C. Solvent A was 10 

mmol/L ammonium formiate in water and solvent B was 10 mmol/L ammounium formiate 

in methanol. After equilibration, the sample (10 μl) was injected onto the HPLC column at a 

flow rate of 0.25 ml/min. Compounds were eluted with a discontinuous gradient starting 

with 83% solvent B for 13 min followed by 68% of solvent B for 4 min. The HPLC column 

effluent was introduced into an API 2000 triple quadrupole mass spectrometer (SCIEX). 

Ions were generated by Electrospray ionization in the positive-ion mode with multiple 

reactions monitoring of parent and characteristic daughter ions. Following transitions were 

monitored indicated by their mass-to-charge ratio (m/z): m/z 318→127 for HCit; m/z 
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361→170 for lysine. Following mass spectrometry analysis, the generated calibration curves 

were used to quantify HCit and lysine.

2.21 In Situ Hybridization (RNAscope)

For in situ hybridization experiments mice were sacrificed, perfused with ice cold PBS and 

the brains removed and transferred to 4% PFA in 1 × PBS and incubated at 4°C overnight. 

The next day the brains were removed from the PFA and washed in 1 × PBS. The brains 

were paraffin fixed and processed as described above.

RNAscope in situ hybridization was used to detect single RNA transcripts according to the 

manufacturer’s protocol (Advanced Cell Diagnostics). The probe used in this study was 

hMPO (cat no.469561).

The tissue sections were treated with RNAscope Protease IV at room temperature for 30 min 

and then the slides were washed in 1 × PBS. Probes were added to the appropriate sections. 

Sections were then incubated at 40°C for 2 h in a humidified incubator followed by treating 

them with the RNAscope Fluorescent Detection Reagents Kit solutions AMP 1_FL, AMP 2-

FL, AMP 3-FL, and AMP 4-FL. The sections were washed between each incubation 

according to the manufacturer’s recommendations. Sections were then treated with DAPI 

and a coverslip applied. The slides were stored in the dark at 4°C until analyzed. In 

microscopic images, each punctate dot represents a single RNA molecule.

2.22 Quantitative RT-PCR (qPCR)

RNA was isolated using Trizol as described by the manufacturer (Life Technologies). cDNA 

was prepared using the High-Capacity cDNA Reverse transcription Kit (Life Technologies). 

Quantitative qPCR was performed using an Applied Biosystems 7900HT TaqMan machine 

(Applied Biosystems, Foster City, CA). The qPCR was run at 50°C for 2 min, 95°C for 10 

min followed by 40 cycles of 95°C for 0.15 min and 60°C for 1 min. The following TaqMan 

gene expression primers were used with TaqMan gene expression master mix (Life 

Technologies): mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH), (4326317E), 

mouse beta 2 microglobulin (Mm00437762_m1), mMPO, (Mm00447886_m1), hMPO 

(Hs00165162_m1), mαSyn (Mm01188700_m1), and hαSyn (Hs00240906_m1). Samples 

were run in duplicate and all experiments were repeated at least three times. Relative 

expression levels were determined by the difference between threshold cycles normalized 

against mouse GAPDH as internal control (the 2ΔΔ Ct method) [69]. Group differences were 

evaluated by ANOVA. GraphPad Prism (v8) (GraphPad Software Inc., San Diego, CA) was 

used for all calculations and for the preparation of graphs. All values are expressed as the 

mean ± SEM. A p value of 0.05 or below is considered significant.

2.23 Primary neuronal culture

Primary neuronal cultures were isolated essentially as described [70, 71]. Briefly, pregnant 

female mice were collected from timed matings, and embryos were harvested from wild-

type (WT) and hMPO-A53T animals at embryonic day 17. Primary cortical and 

hippocampal neurons were obtained by microdissection of the cerebral cortex from embryos 

using a stereomicroscope and dispersed by digestion in trypsin-EDTA (0.05%) and DNAse I 
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(400 u/ml) for 30 min at 37°C followed by trituration in DMEM. Embryonic tissue was also 

collected at harvesting and processed for genotype analysis by DNA extraction and PCR 

using probes specific for hMPO and A53T-αSyn. WT and hMPO-A53T neurons from 

individual embryos were maintained separately. Neurons were plated and maintained on 

poly-d-lysine-coated coverslips or culture dishes in Neurobasal Plus medium supplemented 

with B27, and penicillin/streptomycin. Medium was changed every 3 d (half of the medium 

was replaced). Cells were harvested around day 10 – 14. At least three separate experiments 

were performed for each genotype.

2.24 Protein measurements

Protein concentrations were measured by the BCA protein assay (Pierce) with BSA used as 

the calibrator.

2.25 Statistical analysis

All experiments were performed blind and in duplicate or triplicate. All values are expressed 

as the mean ± S.E.M. Statistical differences were considered significant at P < 0.05 level. 

All analyses were performed using GraphPad Prism v8. Behavior data were analyzed using a 

one-way analysis of variance (ANOVA) or Student’s t-test.

3. Results

3.1 hMPO transgene is expressed in neurons in the A53T-αSyn mouse model

To investigate the potential effects of MPO expression in brains of a mouse model 

overexpressing αSyn, we crossed our hMPO transgenic mouse to a model expressing the 

hαSyn gene with the A53T mutation driven by the human Thy-1 promoter [49, 50]. A 

number of A53T αSyn models driven by different promoters have been generated and while 

none represent a perfect model of PD, these models have provided valuable information as 

to the pathological consequences of αSyn oxidation and aggregation. While PD is 

characterized by the selective loss of dopaminergic neurons in the SN, this selective loss is 

not observed in most A53T mouse models. A53T models typically exhibit widespread 

expression of A53T αSyn in various subsets of neurons in the CNS with neuropathology 

preferentially occurring in brain stem and spinal cord. For this study we chose to use the 

A53T mouse model B6.Cg-Tg(THY1-SNCA*A53T)M53Sud/J (Jackson 008135) which has 

been previously well characterized and found to simulate some aspects of PD [50, 51]. This 

model develops early motor impairment progressing to fatal age related paralysis and 

models neurological aspects of PD including SN degeneration with loss of ~60% of SN 

dopaminergic neurons as well as thinning of cortical layers and some dystrophy in 

hippocampal neurons [50, 51]. We crossed this A53T model to our hMPO transgenic 

(hMPO-A53T). The hMPO model was created by microinjection into C57Bl/6J eggs of a 

32-kb restriction fragment from a BAC clone containing the hMPO gene with several kb of 

5’ and 3’ flanking sequences [29]. In our studies these hMPO-A53T mice develop motor 

impairment that is quantifiable by 6 weeks of age, while onset of late stage hind limb 

paralysis and death occurs around 9 months of age.
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Immunostaining of brain sections from hMPO-A53T mice at ages from 6 to 9 months 

showed MPO presence in subsets of neurons in many regions of mouse brain, notably 

cortical neurons (Fig. 1A), hippocampal CA2/3 neurons (Fig. 1B), midbrain (Fig. 1C), 

cerebellum (Fig. 1D), and spinal cord (Fig. 1E). We did not detect significant mMPO 

immunostaining in these brain regions in the A53T mice (Fig. 1F–J). Those sections are 

counterstained with nuclear fast red to allow visualization of the cellular architecture.

We identified the MPO positive cells as neurons by costaining for MPO and the neuron 

dendritic marker microtubule-associated protein (MAP2) in hippocampus and cortex (Fig. 

1K,L). MPO localized to the cell body while MAP2 localized in the neurites. The separate 

green and red channels are below the merged panel (Fig. 1K,L) to show examples in which 

the green projections contact the red neural soma (arrows). We also found costaining for 

MPO and the neuronal marker NeuN in the cortex (Fig. 1M,N) in the hMPO-A53T mice. 

Quantitation of the percentage of cortical neurons expressing both MPO and NeuN in 

hMPO-A53T and A53T brain shows significant numbers of positives in the hMPO-A53T 

brain but not in A53T due to lack of significant mMPO expression (Fig. 1 O). From the 

results we conclude that in this hMPO-A53T model, hMPO can be expressed in neurons.

3.2 MPO expressed in hMPO-A53T brain is the secreted 90 kDa proMPO form

In myeloid precursor cells, the MPO protein is expressed as a 90 kDa precursor which is 

proteolytically cleaved in the ER to generate the 59 kDa heavy chain and 15 kDa light chain. 

In a series of events the protomers are covalently bound through a heme group and two 

protomers are subsequently linked via a disulfide bond between the two heavy chains 

(reviewed in [72]). In promyelocytes the MPO is trafficked to azurophilic granules and when 

neutrophils phagocytose microbes, the MPO containing vesicles fuse with the phagosome 

vesicle to release MPO to the interior, whereupon MPO reacts with Cl-to generate HOCl and 

other microbicidal oxidants. The MPO precursor can also enter the secretory pathway 

leading to extracellular release (reviewed [72]). Our recent study found that the MPO cDNA 

transfected into cell lines can be expressed in breast cancer cell lines as the 90 kDa monomer 

which enters the secretory pathway and is released from cells or processed to the heavy and 

light chains and trafficked to the lysosome [56]. To investigate the form of hMPO produced 

by cells in the brain, we made extracts from four mice of MPO-A53T and four mice of 

A53T genotype, The brains were cut into three similar sized regions including cortex/

hippocampus (C), cerebellum/brainstem (including pons, medulla, spinal cord)(CB), and the 

remainder as midbrain (MB) (including thalamus, striatum, substantia nigra). Extracts were 

prepared and protein concentrations determined by BCA reagents to ensure equal protein 

concentrations for immunoprecipitations. We immunoprecipitated MPO using a rabbit anti-

MPO antibody (Dako) and magnetic protein A/G beads (Dyna beads), followed by 

fractionation of the proteins by SDS-PAGE and probed by Western blot with an HRP-

conjugated affinity purified goat anti-MPO antibody (R&D systems). These Western blots 

show the 90 kDa proMPO as the predominant form of MPO in the hMPO-A53T brain. 

There was little to no 59 kDa MPO heavy chain detected in these regions. Interestingly, the 

highest concentration of MPO 90 kDa proMPO is in the cortex, with approximately half as 

much in midbrain, and little in cerebellum/brainstem (Fig. 2A, lanes 1–3). Extracts of the 

A53T brains lacking the hMPO transgene showed no proMPO and no 59 kDa MPO heavy 
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chain (Fig. 2, lanes 5–7). As a control, the protein A/G beads alone did not pull down 

proteins detected by goat anti-MPO (Fig. 2A, lane 4, pag). The Western blot was probed for 

rabbit IgG heavy chain as a loading control to detect DAKO anti-MPO antibody (IgG HC).

In panel B, the same immunoprecipitation procedure was carried out with brain extracts 

from hMPO-Syn61, which expresses hMPO and the human wild-type αSyn gene, hMPO-

APP23, which expresses hMPO and the human amyloid precursor protein, as well as 

extracts of WT mouse bone marrow cells. The 90 kDa MPO precursor was the predominant 

form in hMPO-A53T (Fig. 2B, lane 1), hMPO-Syn61 (Fig. 2B, lane 4), and hMPO-APP23 

(Fig. 2B, lane 2), while the 59 kDa heavy chain was predominant in mouse bone marrow 

cells (Fig. 2B, lane 3). The Western blot was probed for rabbit IgG heavy chain as a loading 

control to detect DAKO anti-MPO antibody (IgG HC).

These findings indicate that neurons are less able than myeloid precursor cells to process the 

MPO precursor to the heavy and light chains. It is important to note that the MPO precursor 

has the same enzymatic activity as the mature tetramer MPO enzyme [73], and because the 

precursor is the secreted form, this raises the possibility that MPO could be secreted from 

neurons resulting in oxidative damage to neighboring cells.

We quantified the level of MPO in the brains of the humanized mouse MPO-A53T, along 

with A53T, C57Bl/6 wild type and in PD SN by ELISA (Fig 2C). We determined that in 

both the humanized MPO mouse and in the MPO-A53T mouse brains there was between 

about 2000 and 1700 pg/mg protein, respectively (Fig. 2C). In the A53T and the C57Bl/6 

mouse brains there were 6 fold lower levels of MPO protein (250 pg/mg) as determined by 

this assay. Interestingly, we determined that PD SN also contained MPO protein (between 

1000 and 1500 pg/mg protein). We then performed immunoprecipitation experiments with 

extracts from human PD SN tissue (Fig. 2D). The results show the presence of the proMPO 

90K protein in human PD SN, comigrating with the 90K band in cortical extracts from MPO 

tg and MPO-A53T. The PD SN extract also showed the 55–59 kDa MPO heavy chain and a 

70 kDa band which may be a processing intermediate [56]. Immunoprecipitation of extracts 

of A53T or wildtype brains lacking the hMPO tg showed no proMPO or processed MPO 

bands.

3.3 MPO mRNA is expressed in neurons in the hMPO-A53T model

To validate the immunodetection of hMPO protein in neurons in the hMPO-A53T brain, we 

looked for the presence of MPO mRNA by RNAscope in situ hybridization [74]. This highly 

sensitive method enables detection of single mRNA molecules as distinct puncta in high-

resolution confocal images. Also, MPO-positive neutrophils and monocytes are not detected 

as these cells store MPO protein but do not express MPO mRNA. Using probes specific for 

hMPO mRNA, we detected respective mRNAs in puncta (red) in hippocampal CA2 neurons 

(Fig. 3A), seen more distinctly as individual puncta in a single enlarged neuron in a confocal 

image (63x) (Fig. 3B). MPO mRNA puncta were also detected in cortical neurons (Fig. 3C), 

seen more distinctly in several neurons magnified in the inset. MPO mRNA was similarly 

detected in a lower magnification image of dentate gyrus neurons (blue HRP substrate) (Fig. 

3D).
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To compare the relative level of hMPO and mMPO mRNA expression in the hMPO-A53T 

mouse model, qPCR analysis was performed. mRNA was isolated from whole mouse brains, 

and cDNA was prepared from 4 to 6 biological replicates of hMPO transgenic, hMPO-

A53T, or WT C57Bl/6 at ages between 6 to 8 months. TaqMan qPCR was performed using 

primers specific for hMPO or mMPO, and the results were normalized against mouse 

GAPDH. The hMPO transgenic or hMPO-A53T mice contain both the hMPO transgene (1 

copy) and WT mMPO (2 copies). The relative fold change in hMPO and mMPO mRNA 

levels were determined by the 2ΔΔ Ct method [69] and are shown in Fig. 3E and 3F. hMPO 

and mMPO mRNA levels were relatively high in bone marrow from the hMPO transgenic 

model (both Ct 25) (Fig. 3E, lanes 1 and 2), equivalent to control GAPDH mRNA levels (not 

shown). In hMPO brain, hMPO and mMPO mRNA levels were relatively low compared to 

bone marrow (Fig. 3E, lanes 3–6), and so these four columns are expanded in Fig. 3F. In 

brain, hMPO mRNA levels decreased by ~100 fold (Ct 31.8), a moderate expression level as 

compared to bone marrow. In brain, mMPO levels fell more sharply from Ct 25 to Ct 37.6 (~ 

6000 fold) (Fig. 3F, lane 6), indicating very low to nondetectable expression. Interestingly, in 

the presence of A53T, hMPO mRNA expression was slightly higher (Ct 31.3)(lane 3) than in 

hMPO brain lacking αSyn (Ct 31.8) (lane 4), suggesting αSyn overexpression might 

promote hMPO expression. This was not true for mMPO expression which was slightly 

lower in hMPO-A53T brain (Ct 39) (lane 5) than hMPO brain (Ct 37.6)(Fig. 3, lane 6). 

These findings show that the hMPO transgene is expressed at significant levels in brain 

tissue, while the mMPO gene is expressed at very low to nondetectable levels. (***p <0.005 

for hMPO vs mMPO (Fig. 3, F,G).

3.4 hMPO protein and mRNA is expressed in cultured embryonic neurons

As further evidence of hMPO expression in neurons, we isolated neurons from day 17–18 

hMPO transgenic embryonic brain cortex and cultured these for 10–14 days in vitro to 

obtain neurons with dendrites and axonal processes that immunostain for the neuronal 

marker GluR1 (glutamate receptor 1). In these embryo derived neurons (Fig. 3H–J), hMPO 

protein was immunodetected in the soma and neuronal processes (Fig. 3I) along with GluR1 

(Fig. 3H, Merged J). To determine the relative levels of hMPO and mMPO mRNA 

expression in these neurons, we carried out qPCR and found levels of hMPO mRNA 

expression (Ct 30) similar to that seen in adult hMPO-A53T brain (Fig. 3G, lane 7). Again, 

mMPO mRNA levels were extremely low (Ct 38) (Fig. 3G, lane 8) and in some cases 

undetectable. The absence of significant levels of mMPO mRNA in neurons is consistent 

with our finding of low to undetectable levels of mMPO protein in the brain (Fig. 1, F–G). 

We conclude that the hMPO gene is expressed in neurons in hMPO transgenic or hMPO-

A53T brain, while mMPO gene expression is low to nondetectable in brain or neurons.

3.5 hMPO transgene expression in neurons in the A53T-αSyn mouse model is associated 
with increased nitration of αSyn.

Immunostaining of brain sections from symptomatic hMPO-A53T mice at ages from 6 to 9 

months showed MPO expression to be often associated with unhealthy appearing neurons. In 

midbrain neurons, MPO expression (black) was observed in dystrophic neurons that 

costained for αSyn (Syn505, red)(Fig. 4A, with boxed area enlarged in Fig. 4B). 

Monoclonal antibody Syn505, raised against nitrated αSyn, detects both nitrated αSyn and 

Maki et al. Page 16

Free Radic Biol Med. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



native αSyn [57]. Syn505 is also suggested to recognize conformational variants of αSyn 

that are enhanced by the A53T mutation, such as αSyn fibrils in pathological inclusions 

[75].

Cortical neurons expressing MPO (red) in the soma also costained for nitrated tyrosine 

(Millipore rabbit, green) in neural processes (Fig. 4C). Single channel green imaging (Fig. 

4C’) suggests more intense nitrated tyrosine staining in processes than in soma. MPO can 

generate nitrating intermediates leading us to further investigate the presence of nitrated 

αSyn in MPO expressing neurons. To this end, we used another monoclonal antibody, 

nSyn14 [59], which was raised against nitrated αSyn and selectively recognizes nitrated 

αSyn but not native αSyn, and recognition requires nitrated tyrosine at position 39, a 

modification increased in PD [76]. nSyn14 detects subsets of hippocampal neurons in CA2/3 

(red)(Fig. 4G,H) that also express hMPO (green) (Fig. 4E,F merged images in I and J) in the 

hMPO-A53T mouse. At higher magnification, punctate/granular MPO immunostaining 

(green) and nSyn14 (red) was detected in neurons (Fig. 4L). Single channel red staining is 

also shown for nSyn14 (Fig. 4K). Quantitation of the percentage of hippocampal neurons in 

CA2/3 region that costain for MPO and nSyn14 are shown for MPO A53T (23 %) and A53T 

(3 %) (Fig. 4D). The low level of costaining in A53T reflects the absence of significant 

mouse MPO expression. We conclude that hMPO is expressed in neurons containing nitrated 

αSyn, as well as nitrated tyrosine.

3.6 Increased nitrated tyrosine in hippocampus and cortex in hMPO-A53T relative to 
A53T brain

Increased staining of nitrated tyrosine (nitroTyr) was detected in the pyramidal neurons of 

the CA2/3 region of hippocampus of hMPO-A53T mice (Fig. 5A) (boxed region enlarged in 

Fig. 5B) as compared to A53T (Fig. 5C) (boxed region enlarged Fig. 5D). The results from 

immunohistochemical staining (Fig. 5A–D) were quantified in Fig. 5 I. Similarly, we 

detected increased levels of nitroTyr in the cortex of MPO-A53T (Fig. 5E) (boxed area 

enlarged in Fig. 5F) as compared to A53T (Fig. 5G) (boxed area enlarged in Fig. 5H). The 

results from immunohistochemical staining (Fig. 5E–H) were quantified in Fig. 5J. These 

findings show that hMPO transgene expression correlates with increased levels of nitroTyr 

in the hippocampus and cortex of the hMPO-A53T model.

3.7 Colocalization of MPO and HOCl-modified epitopes in hMPO-A53T cortical neurons.

The next series of experiments were performed to reveal whether MPO colocalizes with 

HOCl-modified epitopes in cortical regions using monoclonal antibody 2D10G9 that was 

raised against HOCl-oxidized/modified epitopes, which are exclusively generated by the 

MPO-H2O2-C− system [60, 61]. (Fig. 6A–E). MPO was bound by DAKO anti-MPO and 

detected with fluorescent green secondary antibodies to rabbit IgG (A, AlexaFluor 488). 

HOCl-modified epitopes/proteins bound by 2D10G9 were detected with fluorescent red 

secondary antibodies to mouse IgG (B, AlexaFluor 594), Merged image (C) shows many 

neurons have small regions that colocalize (yellow) for MPO and HOCl-modified epitopes. 

The neuron in the central box in panel C is enlarged in left inset in A-C. The upper box in 

panel C is enlarged in panel D showing the speckled green pattern of MPO immunostaining 

suggestive of endosomal vesicles. Panel D also shows a neuron with unstained nuclear area 
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(arrowhead) and an adjacent area of colocalization (yellow) for MPO and HOCl-modified 

epitopes (arrow). As a control, use of the secondary antibody in the absence of 2D10G9 

primary antibody resulted in lack of staining (Fig. 6E). We also compared 

immunoperoxidase staining of 2D10G9 antibody of MPO-A53T versus A53T cortical 

neurons (Fig. 6F,G). Peroxidase substrate detection of 2D10G9 revealed higher levels of 

HOCl modified epitopes in MPO-A53T than A53T cortex. Quantification of the relative 

immunostaining density is shown in Figure 6H. These findings provide evidence that MPO 

expression coexists in cells exhibiting HOCl modified epitopes.

3.8 Increased carbamylated lysine in hMPO-A53T compared to A53T brain

We next set out to investigate whether carbamylation occurs in hMPO-A53T and A53T 

brain. In order to detect carbamylated lysine, we generated sequence specific rabbit 

polyclonal antibodies against carbamylated peptides of αSyn, and then affinity purified the 

antibodies against carbamylated BSA to remove contaminating antibodies to native αSyn. A 

low magnification (20x) image shows the merged image with immunostaining against 

carbamylated αSyn (green) and MPO (red) in pyramidal neurons of the CA3 region (Fig. 

7A). The boxed area is further enlarged to show colocalization (yellow) of MPO (red) and 

carbamylated αSyn (green) in a subset of neurons (63x) (Fig. 7B). Single channel images 

show immunostaining for either carbamylated αSyn (Fig. 7C) or MPO (Fig. 7D). 

Immunostaining was performed with the anti-carbamylated lysine antibodies to compare the 

relative numbers of positive neurons in the CA3 region in MPO A53T versus A53T 

hippocampus (Fig. 7E,F). We analyzed five brains of each genotype, using three sections 

from each brain, and counted immunopositive neurons in four regions of CA3 in each 

section. Quantitation showed a significant increase of carbamylated lysine positive neurons 

in the CA3 region of hMPO-A53T brain versus A53T brain (Fig. 7G). To quantitate the 

amounts of carbamylated lysine, extracts were prepared from hMPO-A53T and A53T brains 

and analyzed by mass spectrometry to confirm significantly higher levels of HCit 

(carbamylated lysine) in the hMPO-A53T brains as compared to A53T brains (Fig. 7H).

A characterization of the antibody carbsyn-1 was undertaken to verify the specificity of the 

antibody. αSyn was treated with 1 mM potassium cyanate and 0.2 micrograms or either 

carbamylated αSyn or αSyn was fractionated by gel electrophoresis and a Western Blot 

performed using the carbsyn-1 antibody (Fig 7 I lane 1 and 2). The carbsyn-1 antibody only 

recognized the carbamylated αSyn (lane 1) but not αSyn (lane 2). As a control the same 

amount of carbamylated αSyn and αSyn was fractionated by gel electrophoresis and a 

Western blot performed using an antibody that recognizes αSyn (BD) (Fig 7 I lane 3 and 4). 

The antibody to αSyn recognized both the carbamylated αSyn and the αSyn although the 

signal from the carbamylated αSyn was weaker than that from the αSyn. This is likely due 

to the carbamylation of αSyn interfering with the recognition by the antibody. Finally, we 

performed an antibody neutralization experiment by incubating the carbsyn-1 antibody with 

the peptide (peptide #1) used to generate the antiserum. Once the carbsyn-1 antibody was 

neutralized with the peptide the antibody recognized neither carbamylated αSyn nor native 

αSyn (Fig 7 I lane 5 and 6).
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3.9 MPO nitrates and carbamylates αSyn in vitro resulting in dimers and oligomers

Nitration and oxidation of αSyn is associated with dimerization and aggregation, such as 

dityrosine crosslinking leading to αSyn oligomers in PD [77, 78]. Dimerization of αSyn 

could also impair synaptic vesicle fission during clathrin mediated vesicle recycling [79]. 

Thus, the observed impairment of motor abilities in the hMPO-A53T model could be related 

to nitration/oxidation of αSyn leading to dimers and oligomers. To examine the ability of 

MPO to promote αSyn nitration, dimerization and oligomerization, purified recombinant 

αSyn was incubated with MPO, GO and glucose as a source of H2O2 (to generate the MPO-

H2O2 system) and nitrite (Fig. 8A, lane 2), or in the absence of the MPO-H2O2 system and 

nitrite (Fig. 8A, lane 3), followed by fractionation by SDS-PAGE and Western blot analysis 

using antibodies against nitrated tyrosine (Millipore). In the presence of MPO-H2O2 system 

and nitrite, the 3-nitrotyrosine antibodies detected nitrated αSyn monomer, dimer, trimer, 

and higher order oligomers (Fig. 8A, lane 2). These findings show that MPO in the presence 

of H2O2 and nitrite generated nitroTyr residues and probably also o,o’-dityrosine crosslinks 

in αSyn to give rise to dimers, trimers, and oligomers, consistent with an earlier study [80].

Carbamylation represents an alternative route by which MPO can promote protein adduct 

formation [81]. MPO reacts with thiocyanate (SCN−) to generate cyanate which 

carbamylates lysine residues to form HCit [82]. αSyn was incubated with MPO-H2O2 

system in the presence of SCN−, then subjected to SDS-PAGE and immunoreactive bands 

were identified by Western blot using monoclonal antibodies to αSyn (BD transduction). 

The antibodies detected monomers and dimer formation (arrow), but no higher order 

multimers (Fig. 8B, lane 5), in contrast to the dimers and higher order oligomers created 

with the MPO-H2O2 system in the presence of nitrite (Fig. 8B, lane 6). This shows that 

carbamylation driven by MPO-H2O2 can lead to αSyn dimerization which could contribute 

to pathological αSyn conformations.

3.10 Mass spectrometry of αSyn monomers identifies sites of nitrotyrosine and 
carbamylated lysine

The sites of nitration and carbamylation of αSyn were identified by LC-MS/MS. The 

monomeric αSyn band was isolated from the gel after αSyn had been incubated with the 

MPO-H2O2 system and either nitrite or SCN−. The nitrated amino acids (red) included 

Tyr39, 125 and 133 (Fig. 8C). Previously, it was reported that treatment of hαSyn with 

peroxynitrite (ONOO−) followed by trypsin digestion and analysis by mass spectrometry 

identified Tyr39, 125, 133, and 136 as being nitrated [80]. We did not observe nitration of Tyr136. 

This may be due to the conformation of αSyn allowing peroxynitrite but not MPO-generated 

oxidants to nitrate Tyr136. A preference for MPO-mediated nitration versus peroxynitrite 

mediated nitration was also observed in a study examining the nitration of apoAI [83]. The 

position of the nitrated Tyr residues on the structural model of αSyn is shown (Fig. 8D).

When SCN−/H2O2/MPO treated αSyn monomer was analyzed by LC-MS/MS to identify 

carbamylated lysines, we observed that Lys6, 34, 46, 58, 60, and 80 were modified (Fig. 8C). 

Interestingly, there were 9 Lys residues that were not carbamylated, which again may reflect 

the conformation of αSyn that determines the accessibility of Lys residues to MPO 
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generated oxidants. The position of the carbamylated Lys residues on the structural model of 

αSyn is shown (Fig. 8D).

3.11 Increased levels of detergent insoluble αSyn in hMPO-A53T brain compared to A53T

The cellulose acetate filter trap assay is a means to compare the amounts of insoluble αSyn 

aggregates in hMPO-A53T versus A53T brain. Crude synaptosomal fractions were prepared 

from four hMPO-A53T and four A53T brains from mice at later stage disease with partial 

paralysis, followed by filtration through cellulose acetate filters with pore sizes allowing 

retention of insoluble aggregates. Preparation entails dounce homogenization followed by 

low speed centrifugation to remove nuclei and debris, followed by higher speed 

centrifugation to enrich for synaptosomes (pre- and post-synaptic termini). The pellets were 

resuspended and protein concentrations of the synaptosomal pellets were determined by 

BCA assays to allow equivalent amounts of total protein to be used for filtration (100 μg). 

The crude synaptosomes were resuspended and incubated for 1 h in PBS with 1% NP40 and 

then filtered by mild suction through 0.2 μm cellular acetate filters, followed by four washes 

with PBS plus 1% SDS. The cellulose acetate strips were then incubated with monoclonal 

antibody LB509 which was generated against Lewy bodies and recognizes hαSyn but not 

mαSyn. Binding of LB509 to the strips was detected by HRP-conjugated anti-mouse IgG 

(Fig. 8E). Quantitation of band intensity was performed with Image Studio Lite software 

(Fig. 8F) revealing significantly more detergent insoluble αSyn in hMPO-A53T brain as 

compared to A53T.

3.12 MPO expression exacerbates motor impairment in the hMPO-A53T mice

To determine if hMPO expression affects motor abilities in the hMPO-A53T model, we 

carried out standard motor behavior tests. Mice heterozygous for the hMPO and A53T 

transgenes were used in the behavior assays to ensure equivalent copy number of each 

transgene. The single copy hMPO transgene is located on the X chromosome. In 

heterozygous female mice, due to random X chromosome inactivation, half of the neurons 

lack the hMPO transgene, while all neurons in male mice will have one active hMPO 

transgene. For this reason, male mice were used in the behavior studies shown. The female 

hMPO-A53T mice were also tested and exhibited the same pattern of motor deficits as 

males, but the effects were less significant, likely due to hMPO expression in only 50% of 

neurons.

The accelerating Rotarod tests balance, coordination, muscle strength, and stamina as the 

mice are required to maintain balance on a rotating bar that accelerates from 2 to 20 RPM 

over a period of 300 s. Mice at ages between 45 and 60 days were tested on the rotarod with 

three consecutive tests of 300 s with a 5 min rest interval (Fig. 9A). C57Bl6/J mice (WT)

(white bar) or the hMPO mice (MPO)(red stripe) were in most cases able to remain on the 

rotarod for the entire 300 s resulting in a mean latency to fall of 275 s. The A53T mice (grey 

bars) were less able to maintain balance resulting in a latency to fall of 206 s, while the 

hMPO-A53T mice (red bars) were the least able to maintain hold with a mean latency of 151 

s on trial 1. These findings show that the hMPO transgene exacerbates the motor impairment 

of the A53T mice at these early ages. Importantly, the hMPO transgene had no effect on 
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motor abilities in the absence of the A53T gene (compare WT and hMPO), indicating that 

hMPO synergizes with αSyn to exacerbate αSyn mediated motor impairment.

The wire hang is a method to test grip strength, stamina, and neuromuscular dysfunction 

(Fig. 9B). The mice are required to support their weight inverted on a cage top for up to 60 s 

for three consecutive tests with 60 s rest intervals. In most cases, wild type mice (WT) or 

hMPO (MPO) mice easily maintained grip through the three 60 s trials (mean latency to fall 

of 56 s). The A53T mice (grey) fell at a mean of 37 s on the first trial and earlier on 

succeeding trials. The hMPO-A53T (red) fell even earlier at a mean of 19 s on trial 1, and 

earlier on successive trials. Again the hMPO transgene had no effect on grip strength in the 

absence of the A53T transgene, demonstrating that hMPO and αSyn synergize to exacerbate 

motor impairment.

The balance beam is another test of balance and motor impairment (Fig. 9C). Mice are 

required to traverse a dowel (1 m) with diameter of 1 cm. WT or hMPO mice traverse the 

beam in less than 10 s while the A53T mice required a mean of 18 s and the hMPO-A53T 

mice crossed in mean 34 s. Again, there was no effect of the hMPO transgene alone 

indicating a functional interaction between hMPO and αSyn to increase motor impairment 

at these early stages of αSyn mediated damage. As further indication of the negative impact 

of MPO oxidants in association with αSyn, survival curves show that hMPO expression in 

the A53T model leads to earlier onset of end stage paralysis (Fig. 9D). Based on these 

findings, we conclude that hMPO expression in neurons leads to greater impairment of 

motor abilities in the A53T model.

3.13 Accumulation of nitrated αSyn in hippocampal CA2 region of hMPO-A53T brain

We hypothesized that nitration and oxidation of αSyn by MPO could worsen αSyn 

misfolding and aggregation associated with synucleinopathy in PD. Protein misfolding can 

provoke the unfolded protein response (UPR) which leads to induction of ATF4, leading to 

production of cleaved caspase-3 and CHOP, resulting in apoptosis. This led us to look for 

presence of ATF4 and these downstream UPR components in the hMPO-A53T brain. We 

observed robust ATF4 expression in CA2 dendrites extending into an intense accumulation 

of αSyn aggregates (Fig 10 A, green, arrow, higher magnification in Fig 10 B). Recent 

studies with human PD/DLB brain and mouse models have implicated hippocampal CA2 

region with greater and earlier αSyn pathology, as well as problems with social recognition 

memory [86] and cognitive impairment [87–89]. We noted that the accumulation of αSyn 

was localized at the terminus of CA2 apical dendrites in the stratum lacunosum moleculare 

(SLM) which receives synaptic input from axons projecting from the entorhinal cortex layer 

II (EC II) [90, 91]. Because αSyn is primarily localized to presynaptic axon terminals, the 

αSyn aggregates in the SLM may be present in presynaptic terminals of EC II axons in 

contact with CA2 dendrites. These CA2 dendrites contained high levels of ATF4 

transcription factor (Fig 10 A, red, arrow, enlarged in Fig 10 B). Confocal images (Fig 10 C, 

with insets enlarged in Fig 10 D and 10 E) show more distinctly the CA2 dendrites 

immunostained for ATF4 (red) extending into the region of granular αSyn (green). Fig 10 D 

shows CA2 dendrites containing vesicular ATF4 (red) crossing the mossy fiber tract (MF) of 

axons from the dentate gyrus (DG) immunostained by Syn505 (Fig 10 D, green). Fig 10 E 
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shows granular αSyn (green) in potential EC II axon terminals alongside ATF4-positive 

CA2 dendrites (red). Note the greater size of αSyn aggregates/synaptic terminals in the SLM 

(Fig 10 E) as compared to αSyn puncta in the MF tract (Fig 10 D), suggesting larger αSyn 

assemblies or aggregates in the SLM. This ATF4/αSyn505 CA2 pattern was also present but 

less intense in the A53T model lacking the hMPO transgene (Fig 10 F), as well as the 

hMPO-Syn61 model which overexpresses the wild type human αSyn gene (Fig 10 G), and 

in the human αSyn model driven by the PDGF promoter (Fig 10 H) [52]. In the A53T and 

Syn61 models, the αSyn transgene is driven by Thy1 promoter while the PDGF-αSyn 

transgene is driven by the PDGF promoter, indicating that this expression pattern is not 

specific to Thy1 promoter. We also examined the MSA model in which αSyn is driven by 

the myelin basic protein (MBP) promoter to be expressed in oligodendrocytes [55], and we 

observed weaker ATF4 expression in CA2 dendrites but no αSyn aggregates in the SLM 

(Fig 10 I), indicating this accumulation requires αSyn expression in neurons. Finally, wild 

type brain lacked this pattern of ATF4 expression and αSyn deposition in CA2 (Fig 10 J), 

indicating this pattern is associated with human αSyn overexpression.

Because ATF4 expression can be induced by ER stress and the UPR, we looked for evidence 

of UPR mediators downstream of ATF4 [92]. ATF4 upregulates expression of the 

proapoptotic transcription factor CHOP which we detected in CA2 soma (Fig 10 M, red). 

CHOP is mainly induced by ER stress and its downstream effects include activation of 

caspase-3 which was also detected in CA2 soma (Fig 10N, red). MPO mRNA was detected 

in CA2 soma by RNAscope (Fig 3) and MPO protein was detected by immunostaining (Fig 

10 L, red). Consistent with these stress indicators, hematoxylin and eosin staining showed a 

high number of dystrophic pyknotic condensed neurons in CA2 (Fig 10 K). Examination of 

a low power image of the hippocampus shows ATF4 to be present in pyramidal neuron soma 

in CA2 as well as CA3, but ATF4 expression in apical dendrites (AP) was limited to CA2 

(Fig 10 O). To identify the ATF4 staining region as CA2, we obtained confocal images 

showing colocalization of ATF4 (red) (Fig 10 Q) and RGS14 (Fig 10 R), a specific marker 

of CA2 neurons, shown in the merged image (Fig 10 P). Together these findings provide 

evidence that in these αSyn overexpressing models of PD, there is a marked accumulation of 

αSyn aggregates/granules in the SLM of the CA2 region, possibly associated with synaptic 

termini of EC II axons, and associated with markers of ER stress and apoptosis in the CA2 

neurons. This raises the possibility that MPO-oxidized αSyn aggregates in the CA2 SLM 

could contribute to neuropathology associated with cognitive impairment or social 

recognition memory in PD.

3.14 MPO is expressed in dystrophic melanized neurons in human PD substantia nigra

Based on results obtained with the hMPO-A53T mouse model, we examined sections of 

human PD SNpc to determine if MPO might be expressed in neurons or other cell types. 

Fixed tissues from PD and aged control SNpc were provided by the Harvard Brain Tissue 

Resource Center and University of California Neurosciences Department. 

Immunohistological analysis was performed on eight PD cases and eight aged controls. For 

each SN sample, a minimum of three paraffin sections, spaced by five sections, were 

analyzed. For each section, we carried out immunohistological staining on four areas of the 

SN. Representative images are shown in figure 11. We observed MPO immunostaining 
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(Dako, rabbit) in some neuromelanin positive neurons in PD SNpc in Fig. 11A in which 

arrowheads indicate the tract of melanized neurons. The neuromelanin tract is more visible 

in a control SNpc paraffin block (arrow, Fig. 11B). The boxed area of Fig. 11A is enlarged to 

show MPO immunostaining (black) in neurons (Fig. 11C), with some neurons further 

enlarged to show the darker MPO immunostain (Fig. 11D) compared to neuromelanin alone 

(Fig. 11E). This is the first report of MPO expression in neurons in PD SNpc. There was 

little MPO detected (black) in melanized neurons in control aged SNpc (Fig. 11F and 

enlarged in 11G). MPO was immunodetected (black) in melanized neurons in early stage PD 

(Fig. 11H, enlarged in 11I) and MPO immunoreactivity was further increased in SNpc 

neurons from more advanced PD (Fig. 11J, enlarged in 11K) where some MPO-positive 

neurons exhibited a fibrillar dystrophic appearance. Within the region containing the SNpc 

but outside the melanized tract, MPO was also detected in neurons with different 

morphology, smaller and triangular with neurites as shown at low magnification (Fig. 11L) 

and enlarged (Fig. 11M), indicating MPO expression also occurs in other neuronal subsets. 

The percent of melanized neurons containing MPO in the melanized tracts were determined 

by counting neurons in a minimum of three sections from eight PD and eight normal control 

SN, with 4 areas imaged per section (Fig. 11 N).

3.15 MPO is expressed in neurons containing aggregates of nitrated αSyn in human PD 
substantia nigra

We next analyzed SNpc brain sections from the eight PD cases and eight aged controls by 

confocal immunofluorescence staining for MPO (red) and αSyn (green). High resolution 

confocal microscopy revealed the robust presence of MPO in vesicles surrounding αSyn 

aggregates in SNpc neurons. Two representative examples are shown of confocal images 

(63x objective) of single SNpc neurons immunostained for MPO (Dako, red) and αSyn 

(Syn505) (green) (Fig. 12A,C), with single channel αSyn (green) in panels B and D. MPO 

appeared to be localized to vesicles or granules while αSyn localized to a central deposit. 

Immunoperoxidase staining at lower magnification was performed (Fig. 12E) to quantitate 

the numbers of SNpc neurons that costain for MPO (black) and nitrated αSyn (red) as 

detected by monoclonal antibody nSyn14 which specifically detects nitrated αSyn [59]. 

Analysis of a minimum of three SNpc sections from eight PD brains and eight aged controls 

revealed that 30% of PD SNpc neurons costained for MPO and nSyn14 as compared to 

seven percent of aged control SNpc neurons (Fig. 12F). We conclude that expression of 

MPO in PD SNpc neurons is associated with increased levels of nitrated αSyn aggregates.

3.16 MPO colocalizes in neurons with MPO-specific HOCl-modified proteins in human PD 
brain

As MPO is the only enzyme able to generate HOCl by oxidizing Cl−, staining for HOCl-

modified proteins/epitopes is indicative of oxidative damage caused by the MPO-H2O2-Cl− 

system [93]. To test for this oxidative damage in human PD SNpc, we used the specific 

monoclonal antibody (clone 2D10G9) raised against HOCl-modified proteins [60] that does 

not cross-react with other oxidative modifications such as that induced by 4-hydroxynonenal 

or malondialdehyde [61]. In melanized neurons, staining for HOCl-modified epitopes 

(black) was detected within neuromelanized vesicles (brown) (Fig. 12G). The arrows 

indicate three neurons in which the brown neuromelanin in vesicles is stained black by 
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2D10G9 immunostaining, in contrast to a nearby neuron with only brown neuromelanin. We 

examined PD SNpc sections from the eight PD cases and eight normal aged controls and 

counted the number of melanized neurons with HOCl-modified epitopes (Fig. 12H). Over 

40% of the melanized neurons in the PD sections had HOCl-modified epitopes compared to 

8% in the aged controls. We also observed the presence of MPO immunostaining (red) in 

melanized neurons that had been costained with 2D10G9 (black)(Fig. 12I). Lighter staining 

of 2D10G9 (Fig. 12J) allows better visualization of HOCl-modified epitope staining (black) 

within small vesicles in MPO positive (red) neurons. The percent of MPO positive neurons 

that contained HOCl-modified epitopes was more than 50% compared to 10% of the age 

matched control SNpc (Fig. 12K). These findings provide evidence that HOCl generated by 

the MPO-H2O2-Cl− system oxidizes melanized neurons in human PD SNpc. As further 

evidence that MPO can be expressed in dopaminergic melanized neurons in PD SNpc, 

representative confocal images detected MPO (red) in SNpc neurons co-expressing tyrosine 

hydroxylase (green), a marker for dopaminergic neurons (Fig. 12L).

4. Discussion

This is the first study to demonstrate the atypical expression of hMPO in neurons in PD 

SNpc but not in neurons in normal aged brain. This result was complimented by finding the 

presence of aggregated αSyn in the MPO positive SNpc neurons as well as higher levels of 

nitrated αSyn and HOCl modified epitopes in MPO positive neurons. These findings 

provide evidence that MPO expression in PD SNpc neurons promotes oxidation and 

aggregation of αSyn, potentially contributing to neuropathology.

In addition to human PD brain, our study used mouse models of PD overexpressing the 

hαSyn A53T transgene along with hMPO to demonstrate the deleterious effects of MPO 

expression on motor capabilities. The hMPO-A53T model exhibited worse motor 

impairment and earlier onset of paralysis, along with increased nitrated αSyn, carbamylated 

αSyn, insoluble αSyn aggregates, MPO-generated HOCl epitopes, and nitroTyr. Importantly 

the hMPO transgene had no effect on motor capabilities in the absence of the A53T 

transgene. This indicates the deleterious impact of MPO requires the presence of hαSyn 

expression, suggesting that nitration, chlorination, and carbamylation of αSyn via the MPO-

H2O2 system creates more neurotoxic forms. This is consistent with our earlier findings in a 

mutant amyloid precursor protein (APP23) overexpressing mouse model of AD [26] in that 

the hMPO transgene in the presence of APP23 expression led to greater phospholipid 

peroxidation in brain, while the hMPO transgene alone did not increase phospholipid 

peroxidation. This indicates that the pathogenic effects of MPO expression require the 

presence of αSyn or β-amyloid which can form pathological aggregates when oxidized/

nitrated.

hMPO is considered a myeloid specific protein, present at high levels in circulating 

neutrophils and monocytes (5 or 1% of total cell protein content, respectively). However, 

recent findings by our group and others show that the MPO gene can be atypically/

aberrantly expressed in some non-myeloid cells under stress conditions such as astrocytes 

and neurons in AD [25–27] and astrocytes in a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyrine 

(MPTP) induced model of PD [22] as well as some cancer cells [47, 94]. In addition, we 
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previously found MPO expression in microglia in AD by immunohistochemistry, which was 

unexpected because MPO expression is thought to be limited to bone marrow myeloid 

precursors [25]. In epidemiological studies, the higher expressing −463G MPO 

polymorphism has been associated with increased risk or earlier onset of AD [25, 34–38] as 

well as risk for several types of cancer [39–46, 95] suggesting a causative or contributory 

role for MPO expression in non-myeloid cells in these disease states.

The normal function of MPO is to combat invading microbes. This raises the interesting 

possibility that inflammatory signals in PD/AD brain may induce low levels of hMPO 

expression in neurons or other non-myeloid cells to counteract a perceived microbial 

presence. Recent reports suggest that bacteria are able to enter the brain via a number of 

avenues including the nose, lung, gut and mouth and may influence the initiation and 

progression of neurodegenerative diseases [96]. As one recent example, postmortem analysis 

of AD brain showed 96% were immunopositive for the virulence factors known as gigipains 

from the bacteria that causes gingivitis, Porphyromonas gingivalis [97]. Together these 

findings suggest that the hMPO gene may be induced by stress in neurons, astrocytes, or 

microglia, and the cell type affected depends on the stressor such as αSyn or β-amyloid 

aggregates.

There have been no prior studies of hMPO effects in PD/synucleinopathies using transgenic 

αSyn expressing mouse models. An earlier study used the MPTP neurotoxin model of PD to 

show that intraperitoneal MPTP injection resulted in reduced numbers of tyrosine 

hydroxylase positive neurons, and increased MPO expression in astrocytes. In addition, the 

MPTP induced neuropathology was reduced in MPO-deficient mice [22]. In the present 

study, we show evidence of MPO involvement in PD using transgenic mice expressing 

hMPO and human A53T-αSyn. These studies show hMPO protein is expressed in subsets of 

neurons, leading to greater motor impairment associated with increased nitrated, crosslinked 

and insoluble forms of αSyn. Importantly, qPCR showed that the levels of hMPO mRNA are 

much higher than mMPO mRNA in hMPO-A53T brain. The hMPO transgene is present as a 

single copy, indicating that the higher levels of hMPO mRNA is reflective of higher activity 

of the hMPO promoter in the brain. Moreover, hMPO transgene expression was increased 

~40% in the presence of the A53T transgene, suggesting αSyn neurotoxicity induces hMPO 

gene expression, perhaps through promoter elements responsive to stress. If so, this could 

lead to a vicious cycle of increased MPO expression causing more nitration of αSyn creating 

more neurotoxic dimers and aggregates.

Sources of H2O2 for MPO activity in the brain

MPO enzyme activity requires a source of H2O2. In the brain there are three likely sources. 

First, mitochondrial electron transport chain dysfunction generates superoxide which can be 

converted to H2O2 by superoxide dismutase [98, 99]. A second source is monoamine 

oxidases, which catalyze the deamination of dopamine which produces H2O2 as a by-

product (reviewed [100]). A third is the nicotinamide adenine dinucleotide phosphate 

oxidases (NADPH) (reviewed [101]) some of which are expressed in the brain and increased 

in PD and models of PD (reviewed [102]. The two likely sources of H2O2 are the 

mitochondrial electron transport chain dysfunction given that αSyn has been shown to 

Maki et al. Page 25

Free Radic Biol Med. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



promote mitochondrial dysfunction in PD models [99, 103] and/or the induced expression of 

NADPH oxidases [102]. NADPH oxidase is known to be induced in patients with PD [104]. 

Blocking the activity of NADPH oxidase attenuated the disease severity in an MPTP model 

[105] as well as in a paraquat model of PD [106]. Interestingly, hMPO transgenic mice in 

the absence of αSyn do not have motor dysfunction or other pathology. This suggests that in 

the absence of hαSyn, there is no significant production of H2O2 by the mechanisms just 

described eliminating MPO activity and neuropathology.

Oxidation of tyrosine by MPO leads to chlorotyrosine, nitroTyr and dityrosine crosslinking.

MPO is involved in several pathways that can lead to oxidation of tyrosines in αSyn. In the 

presence of halides (Cl−, Br−, I−) and the pseudohalide SCN−, MPO utilizes H2O2 to 

generate the corresponding hypohalous acids. Under physiological conditions, Cl− is the 

preferred substrate and a potent chlorinating oxidant. The ability of MPO to react with Cl− is 

unique and thus, oxidation products generated in this reaction are unique to MPO (reviewed 

[93, 107]) (see Fig. 2 and 11). In addition to the generation of chlorotyrosine, HOCl has 

been shown to oxidize dopamine to create neurotoxic forms [108, 109].

In the presence of H2O2, MPO can also oxidize the aromatic benzene ring of tyrosine 

resulting in the formation of a tyrosyl radical which can lead to the dimerization of tyrosines 

through formation of o,o’-dityrosine [110]. This pathway could account for the dimerization 

and aggregation of αSyn in the presence of MPO. Another pathway involves NO°, which 

reacts rapidly with O2°− to form ONOO−, a reactive nitrogen species [111]. Furthermore, the 

oxidation of NO produces nitrite that reacts with MPO and H2O2 to generate nitrogen 

dioxide radical (NO2°). Both ONOO− and NO2° generate 3-nitroTyr [21] and are likely to 

contribute to the nitration of αSyn seen in the MPO-A53T model [112, 113]. While there 

exist alternative mechanisms to generate 3-nitroTyr, our results show that the expression of 

the hMPO transgene in the A53T mouse brain increases the levels of 3-nitroTyr, indicating 

that some of this increase in 3-nitroTyr is due to MPO expression.

Deleterious versus protective effects of carbamylation of αSyn by MPO.

MPO also catalyzes the reaction of H2O2 and SCN− to form hypothiocyanous acid 

(HOSCN) [82]. HOSCN plays a beneficial role as a bacteriostatic agent but may also have 

deleterious effects on normal cellular function [114]. MPO-catalyzed oxidation of SCN− has 

been linked to carbamylation of lipoproteins of the low- (LDL, [115]) and high-density 

range (HDL, [116]), leading to pro-atherosclerotic events including cholesterol 

accumulation and foam-cell formation. This is particularly evident in postmortem studies of 

smokers in which higher levels of SCN− were observed and correlated with atherogenic 

biomarkers such as oxidized LDL, apolipoprotein E deposition, and presence of macrophage 

foam cells [115]. Similarly, in the case of HDL carbamylation, one carbamylysine residue 

per HDL-associated apolipoprotein A-1 was sufficient to induce cholesterol accumulation 

and lipid droplet formation in macrophages [116]. Sources of SCN− include tobacco smoke, 

environmental pollutants, diet, or the metabolism of cyanide by sulfurtransferases [117]. 

Recently, an alternative source of cyanate was described [118]. MPO was found to catalyze 

the two-electron oxidation of cyanide to cyanate and promote the carbamylation of taurine, 

lysine and LDL [118]. SCN− may have beneficial effects due to the fact that HOSCN is less 
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toxic than HOCl [119, 120]. HOSCN is a less powerful oxidizing agent and more thiol-

specific compared to HOCl and HOBr [121, 122]. This may partly explain our finding that 

fewer multimers of αSyn were generated via MPO and SCN− treatment than with MPO and 

nitrite treatment (Fig. 8).

Several animal studies suggest that SCN− treatment may be useful therapeutically. 

Nebulized SCN− effectively reduced bacterial load, infection mediated morbidity, and 

airway inflammation in mice infected with P. aeruginosa [123]. In another example, 

supplementation of SCN− in the drinking water has been tested as a possible therapy to 

reduce the oxidative damage by the MPO product HOCl. When humanized MPO mice were 

crossed to LDL−/− mice and treated with or without SCN− in the drinking water, there was a 

2-fold increase in plasma SCN− and a 26% reduction in plaque area in the SCN− treated 

mice compared to control mice [124]. Further studies are warranted to evaluate the anti-

inflammatory effects of SCN− in chronic neurodegenerative diseases involving MPO such as 

PD, in that SCN− may counter the negative impact of MPO/HOCl and MPO/nitration.

Monomeric MPO is trafficked to secretory vesicles and could thus propagate αSyn 
pathology

In myeloid cells, MPO is expressed as a 90 kDa monomer termed proMPO which is 

proteolytically processed to heavy (59 kDa) and light (15 kDa) chains that are linked by 

disulfides and complexed with heme to generate the mature tetramer that is localized to 

storage vesicles [72]. Interestingly, the highly related lactoperoxidase (LPO) is produced as a 

monomer and secreted into breast milk as a microbicidal agent [125–127]. The MPO and 

LPO genes exist as a tandem repeat inverted tail to tail [128], suggesting that MPO and LPO 

could share genetic elements that lead to the generation of the secreted monomer in non-

myeloid cells. As shown here, MPO is produced as the monomer in hMPO-A53T brain, 

suggesting that neurons lack the processing and trafficking machinery for MPO that is 

present in neutrophil precursors. This raises the possibility that monomer MPO could be 

secreted from neurons, potentially leading to oxidative damage to neighboring neurons in 

PD or secreted in vesicles along with αSyn [129]. We and others have shown that cells 

transfected with MPO cDNA can express the proMPO protein and secrete enzymatically 

active proMPO into the media [56, 130–132]. ProMPO is present in human serum and is 

active [56, 133, 134]. The source of proMPO in serum remains an unresolved question as 

mature neutrophils do not contain proMPO. One likely source of proMPO in serum is bone 

marrow myeloid precursors where MPO is synthesized as the monomer and then processed 

and packaged into azurophilic granules/vesicles in neutrophils. In support of this hypothesis, 

the neutrophil precursor cell line HL-60 has been shown to secrete proMPO [135, 136]. The 

findings here, however, raise the interesting possibility that under some conditions (e.g. cell 

stress) MPO expression can be induced in non-myeloid cell types primarily as the precursor 

secreted form. Furthermore, the release of proMPO with αSyn in secretory vesicles may 

provide a means to disseminate neurotoxic αSyn and propagate disease, possibly through 

the release of exosomes [129].
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Regulation of MPO gene expression in non-myeloid cells

MPO expression and processing in myeloid cells has been well studied [30, 31, 137–139]. 

The evidence for MPO expression in non-myeloid cells is limited but gaining in acceptance 

[140]. Most evidence comes from the analysis of epithelial cell derived cancers. MPO has 

been detected by immunohistochemistry in ovarian cancer epithelial cells [47, 94] and 

prostate epithelial cells [141]. Recently, MPO mRNA and protein was detected in primary 

endothelial cells and in a number of endothelial cell lines [142]. In AD, MPO has been 

detected in astrocytes [26], microglia [25], and neurons [27]. MPO has been previously 

detected in astrocytes in PD [22], and in this study in neurons by immunohistochemistry 

(Fig. 1) and MPO mRNA by RNAscope in situ hybridization (Fig. 3). The mechanisms 

which induce hMPO expression in non-myeloid cells are not defined.

The hMPO gene is regulated in part through an upstream Alu element with several 

overlapping hexamer halfsites related to the consensus 5’-AGGTCA-3’ that are recognized 

by members of the nuclear receptor superfamily of transcription factors including PPARa/Y, 

estrogen hormone receptor, thyroid hormone receptor, as well as SP1 [30–32]. There are 

over one million Alu elements dispersed throughout the human genome. Alu elements are 

primate specific retroposons that evolved to contain these receptor binding sites over a 

period of ~40 million years [31, 33]. The first hexamer half-site in the MPO Alu includes the 

−463G/A polymorphism with the G at this position being associated with higher expression 

levels and creating an SP1 binding site [29, 31]. The −463G allele is associated with 

increased risk for AD, atherosclerosis, cardiovascular disease, lung cancer, leukemia, and 

breast cancer in epidemiological studies by our lab and others [25, 34–38, 143, 144]. 

Findings here raise the possibility that neurotoxic forms of αSyn could lead to signals 

similar to those elicited by microbial infection, acting on MPO promoter elements, possibly 

those in the Alu sites, that trigger MPO gene expression in neurons, and the consequence is 

greater nitration and oxidation of αSyn leading to neuron loss. The low level of MPO 

expression induced in neurons or astrocytes presumably was protective in primate evolution, 

providing a line of defense against microbes in brain trauma, but in the present day with 

longer human lifespans, MPO is erroneously induced by αSyn or β-amyloid aggregates 

promoting or even initiating PD or AD, respectively.

Accumulation of αSyn aggregates at the terminus of CA2 dendrites expressing ATF4.

A number of studies provide evidence for the existence of ER stress and the UPR in PD 

(reviewed [145]). UPR mediators PERK and phospho-eukaryotic translation initiation factor 

2A (p-eIF2a have been detected in post mortem PD brain colocalizing with αSyn deposits 

[146]. In various αSyn transgenic mouse models, there is evidence of induction of UPR 

mediators including BiP, XBP1, CHOP, and ATF4 [147–150]. In the present study, we 

detected ATF4 in CA2 apical dendrites extending to an accumulation of αSyn aggregates 

localized at the terminus of CA2 apical dendrites in the stratum lacunosum moleculare 

(SLM) which receives synaptic input from axons projecting from the entorhinal cortex layer 

II (EC II) [90, 91]. This suggests the nitrated αSyn in the SLM may be in presynaptic 

terminals of EC II axons in contact with CA2 dendrites. UPR mediator CHOP and cleaved 

caspase-3 were detected in the hippocampal CA2 pyramidal layer which had a high 

proportion of dystrophic pyknotic nuclei suggestive of apoptosis. These findings raise the 
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possibility that contact of CA2 dendrites with nitrated αSyn aggregates in EC II axon 

terminals elicits stress leading to the apoptotic arm of the UPR. In a related finding, a prior 

study found that local application of β-amyloid 1–42 to rat embryonic hippocampal neurons 

induced ATF4 mRNA and protein expression in axons that led in retrograde fashion to 

CHOP-dependent neuron death involving p-eIF2a and cleaved caspase 3, indicating ER 

stress mediated apoptosis [151].

In addition to motor impairment, PD and DLB can be associated with social isolation and 

cognitive dysfunction [152–154]. Studies with human subjects and mouse models implicate 

hippocampal CA2 region with social recognition memory [86], temporal order memory, and 

cognitive impairment [87–89]. In another study, a correlation was found between the 

frequency of cortical Lewy bodies and the severity of neuritic degeneration in human CA2 

[155]. Increased αSyn expression in hippocampus CA2/CA3 soma has also been reported 

for a mouse model of PD expressing mutant αSyn [156]. A study of postmortem PD/DLB 

brain showed highest accumulation of αSyn pathology in the CA2 region (Lewy neurites) 

and entorhinal cortex (EC) (Lewy bodies), correlating with degree of cognitive loss and 

neural atrophy [157]. That study showed that while CA2 had the highest level of αSyn 

pathology, memory impairment correlated more with CA1 which is thought to be 

downstream of CA2/EC pathology, suggesting that hippocampal αSyn pathology propagates 

beyond the initial site in CA2/EC to cause memory dysfunction in CA1 [157]. αSyn 

pathology could thus spread along interconnected hippocampal circuits. One possibility, 

based on our findings, is that the secretory form of MPO released from CA2 neurons in 

contact with CA1 and CA3 neurons could spread oxidative damage through these 

hippocampal regions.

Conclusions

Our findings show that MPO can be expressed in neurons in PD and in the humanized MPO-

A53T mouse model of PD. In the model, MPO colocalizes in neurons with nitrated αSyn, 

carbamylated αSyn and HOCl-modified αSyn, correlating with greater αSyn aggregates and 

greater motor impairments on rotarod, balance beam, and wire hang. MPO is expressed as 

the precursor proMPO form that is secreted potentially spreading oxidative damage to 

neighboring neurons. These findings suggest that MPO may be a good target for the 

development of therapeutics to block its activity. This could lead to reduced αSyn oxidation 

and aggregation thus reducing PD severity. Several studies have hinted that MPO inhibitors 

can have a beneficial effect for the treatment of neurodegenerative diseases in humans. A 

phase I study using an MPO inhibitor to treat PD was recently completed [158]. Studies in 

animal models of Multiple Sclerosis (EAE) [159] and multiple system atrophy (MSA) [160, 

161] indicate that blocking MPO activity lessens disease, pointing to the usefulness of 

developing MPO inhibitors. A safe and therapeutically effective blocker of MPO may be 

beneficial in other diseases where there is abnormal stress inducing MPO expression and 

causing oxidative damage. Side effects from blockage of MPO are not to be expected, since 

MPO deficient individuals are mostly asymptomatic.
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Abbreviations:

αSyn α-Synuclein

MPO Myeloperoxidase

hMPO human myeloperoxidase

mMPO mouse myeloperoxidase

hMPO tg human myeloperoxidase transgenic

NO nitric oxide

HOCl hypochlorous acid

ER endoplasmic reticulum

UPR unfolded protein response

ATF4 activating transcription factor 4

CHOP C/EBP homologous protein

BiP binding immunoglobulin protein

XBP1 X box binding protein 1

PD Parkinson’s disease

AD Alzheimer’s disease

DLB dementia with Lewy Bodies

SNpc substantia nigra pars compacta

SN substantia nigra

SLM stratum lacunosum moleculare

ICII entorhinal cortex II

APP amyloid precursor protein

APP23 mutant amyloid precursor protein
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A53T αSyn gene with the A53T mutation

MAP2 microtubule-associated protein

nitroTyr nitrated tyrosine

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyrine

NADPH nicotinamide adenine dinucleotide phosphate

SCN thiocyanate

HOSCN hypothiocyanous acid

LDL low density lipoproteins

HDL high density lipoproteins

MS multiple sclerosis

MSA multiple system atrophy

MF mossy fiber tract

MBP myelin basic protein

qPCR quantitative polymerase chain reaction

DNAse I deoxyribonuclease I

PFA paraformaldehyde

ELISA enzyme linked immunosorbent assay
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Highlights

Human MPO transgene is expressed in neurons in the A53T-αSyn model of PD

hMPO colocalizes in neurons with nitrated and carbamylated αSyn and HOCl epitopes

hMPO in A53T brain is primarily the precursor proMPO that can be secreted

hMPO-A53T mouse has worse motor impairment on rotarod, balance beam and wire 

hang

In PD SN, MPO is expressed in neurons with nitrated αSyn and HOCl modified proteins
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Figure 1. hMPO is expressed in neurons in the hMPO-A53T mouse model of PD.
(A-E) Representative photomicrographs showing MPO immunostaining in brain sections 

from the hMPO-A53T mice in (A) cortex, (B) hippocampus, (C) midbrain, (D) cerebellum 

and (E) spinal cord. (F – J) The same regions of A53T brain sections were immunostained 

for MPO. Due to low levels of immunostaining for mouse MPO, sections F-J were stained 

with nuclear fast red to show tissue architecture. Scale bar for A-J is in panel A (50 mm). (K 

and L) Representative dual color photomicrograph of immunofluorescence staining of MPO 

(red) and MAP2 (green) in hippocampal (K) and cortical (L) regions from the hMPO-A53T 

mouse. Single channel images for the green or red fluorescence are shown below the merged 

images. Arrows indicate green MAP2 stained projections extending from red MPO stained 

soma in both hippocampus (K) and cortex (L). Scale bars for K and L are 10 μm.

(M) Representative immunofluorescence staining of MPO (green) and NeuN (red) in the 

cortex. (N) Single channel green immunofluorescence staining of MPO in the cortex. (O) 
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Image analysis of representative sections to estimate the percent of cells showing 

colocalization with MPO and NeuN. Scale bar for M,N is in M (10 μm). All mice used in 

these studies were males.
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Figure 2. MPO is expressed as the precursor 90 kDa Pro-MPO secretory form
(A). Immunoprecipitation of MPO from different brain regions. Antibodies to MPO (DAKO, 

rabbit) were added to extracts of isolated regions of mouse brains and bound proteins pulled 

down with magnetic protein A/G beads. Bound proteins were eluted and fractionated by 

SDS-PAGE (4–12%). Western blots were probed with HRP-conjugated goat anti-MPO 

antibodies (R&D) to reveal immunoprecipitated proteins from hMPO-A53T cortex/

hippocampus (C) (lane1), midbrain including thalamus, striatum, substantia nigra (MB) 

(lane 2), or cerebellum/brainstem (CB) (lane 3). The control pulldown from the hMPO-

A53T cortical extract with Protein A/G beads in absence of antibodies to MPO is in lane 4 

(pag). Proteins were also pulled down from extracts of A53T cortex (C) (lane 5), midbrain 

(MB) (lane 6), and cerebellum/brainstem (CB) (lane 7). (n= 4 MPO-A53T brains and 4 

A53T brains separated into cortex/hippocampus, midbrain, and cerebellum/brainstem, the 

regions combined and extracts prepared for immunoprecipitation). The Western blot was 

probed for rabbit IgG heavy chain as a loading control (IgG HC).

(B) Immunoprecipitation of MPO from brain of other mouse strains revealed that proMPO is 

predominantly expressed in several mouse models in which the humanized MPO mouse was 

crossed to neurodegenerative disease models including the PD model expressing A53T 

(MPO-A53T) (lane1), an AD model expressing the human amyloid precursor protein (MPO-

APP23) (lane 2), and the PD model expressing wild-type (WT) hαSyn (MPO-Syn61) (lane 

4). Mouse WT bone marrow (WT BM) (lane 3) was included as a myeloid control 

expressing the MPO 59 kDa heavy chain. The Western blot was probed for rabbit IgG heavy 

chain as a loading control (IgG HC).
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(C) MPO was quantified by ELISA in brain extracts prepared from hMPO tg, hMPO-A53T, 

A53T, C57Bl/6 WT and human PD SN. Protein levels were determined by BCA. For the 

mouse samples each bar represents the average +/− S.E.M. (n=6). For the human PD 

samples the bar represents the average +/− S.E.M. (n=3). The mouse data were analyzed 

using one-way ANOVA with post hoc Dunnett’s test. The asterisks indicate a significant 

difference (p<0.0001) between the hMPO tg and hMPO-A53T as compared to A53T or 

C57Bl/6 WT mice.

(D) MPO was immunoprecipitated as above from human PD SN and compared to hMPO tg, 

MPO-A53T, WT, and A53T whole brain extracts. The proMPO 90 kDa band is present in 

PD SN comigrating with the 90 kDa band in hMPO tg and MPO-A53T, but lacking in WT 

and A53T brain. The PD SN sample also had the 55–59 kDa MPO heavy chain as well as a 

70 kDa band which may be a processing intermediate. The Western blot was probed for 

rabbit IgG heavy chain as a loading control (IgG HC). All mice used in these studies were 

males.
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Figure 3. hMPO mRNA is expressed in neurons in the hMPO-A53T mice while mMPO mRNA is 
low to nondetectable.
(A)Immunofluorescence detection of hMPO mRNA transcripts in puncta in CA2 neurons of 

the hMPO-A53T mice at low power (AlexaFluor 594, red) as detected by RNAscope in situ 
hybridization. (B) Higher resolution confocal image of a single central CA2 neuron with an 

oil immersion 63x objective showing distinct puncta of hMPO mRNA (red) with nuclei 

counterstained with DAPI. (C) hMPO mRNA transcripts detected in cortical neurons of the 

hMPO-A53T mice with boxed area enlarged at corner. (D) hMPO mRNA detected by blue 

peroxidase chromagen over dentate gyrus neurons at low magnification. Scale bar A (30 

μm); B (5 μm); (C 40 μm); D (30 μm). H,I,J (10 μm). (E,F) qPCR measures hMPO mRNA 

and mMPO mRNA extracted from bone marrow or brains of hMPO transgenic or hMPO-

A53T mice. hMPO expression in hMPO A53T bone marrow is set at 100 on the relative 

scale (E) with the quantitation cycle (Ct) of Ct 25 for hMPO (lane 1) and Ct 25 for mMPO 

(lane 2). In brain tissue mRNA levels declined considerably (E lanes 3–6 enlarged in F with 
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hMPO (lane 4) set at 100 on the relative scale). hMPO expression is at Ct 31.3 in hMPO-

A53T brain and 31.8 in hMPO transgenic brain (lanes 3 and 4). Mouse MPO expression is at 

Ct 39 in hMPO-A53T brain and Ct 37.6 in hMPO transgenic brain (lanes 5 and 6). Each 

increase of one Ct is equal to a twofold decrease in expression levels. Results were analyzed 

using GraphPad Prism ANOVA.

(G) In embryonic cultured neurons, hMPO mRNA expression was at Ct 30 (lane 7), similar 

to expression levels in brain (lane 4) while mMPO expression was at Ct 38 (lane 8), 

equivalent to levels in brain (lane 6). The qPCR results are shown as the mean Ct ± S.E.M. 

of three independent experiments performed in duplicate. Results in panel G were analyzed 

using GraphPad Prism and Student’s t-test. (H-J) Immunostaining of a cultured embryonic 

neuron from MPO-A53T model showing neuron marker GluR1 (H), MPO (I), and the 

merged image showing colocalization (J). Scale bar 10 μm. All mice used in these studies 

were males.
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Figure 4. hMPO expression in neurons in the hMPO-A53T model is associated with increased 
nitration of αSyn.
(A) Immunostaining of dystrophic midbrain neurons containing αSyn (red, Syn505) and 

hMPO (black) (boxed region enlarged in B). (C) In cortical neurons, MPO is 

immunodetected in neuronal soma (red) while nitroTyr modified proteins are detected in 

neurite projections (green), seen more clearly in the single channel green (C’). (D) 

Quantitation of the percentage of hippocampal neurons in CA2/3 region that costain for both 

MPO and nSyn14 are shown for MPO A53T and A53T. (n = 3 mice of each genotype, three 

sections per brain, and 4 images per section were analyzed.)

(E-I) Immunostaining of the hippocampal CA2/3 region for MPO (E), nitrated αSyn 

(monoclonal antibody nSyn14 specific to nitrated αSyn) (G) and the merged image (I). 

Boxed area in panel I and the equivalent regions in E,G are enlarged below in F,H,J. The 

boxed area in merged J is enlarged in L (both MPO and nSyn14). The boxed area in H is 

enlarged in K (nSyn14 alone). All mice used in these studies were males.
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Scale bar A (30 μm), B (10 μm), C and C’ (30 μm), E,G,I (30 μm), F,H,J (10 μm), K,L (15 

μm).
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Figure 5. NitroTyr levels are higher in the hippocampus and cortex of hMPO-A53T mice as 
compared to the A53T mice.
(A,B,C,D) Immunohistochemical staining of nitroTyr in the hippocampus of the hMPO-

A53T mice (A, boxed area enlarged in B) and the A53T mice (C, boxed area enlarged in D) 

(Millipore rabbit anti-nitrotyrosine, 1/200). (E,F,G,H) Immunohistochemical staining of 

nitroTyr in the cortex of the hMPO-A53T mice (E, enlarged in F) and the A53T mice (G, 

enlarged in H). (I,J) Quantitation of relative levels of nitrotyrosine staining in hippocampus 

(I) and in cortex (J). Fluorescence signal was measured as integrated density after 

background subtraction using Image J/Fiji software. Quantitation was performed on five 

biological replicates of each genotype using three paraffin sections of each, and analysis of 

four regions within each section of hippocampal CA2/3 and four regions from the cortex 

(**p <0.005, Student’s t-test). Scale bar 30 mm. All mice used in these studies were males.
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Figure 6. MPO colocalizes with HOCl-modified epitopes in hMPO-A53T brain.
(A)MPO immunostaining of cortical neurons in hMPO-A53T brain showing speckled 

vesicular pattern (AlexaFluor488, green). (B) Immunostaining for HOCl-modified epitopes 

using monoclonal antibody clone 2D10G9 (AlexaFluor 594, red). (C) Merged image with 

boxed central neuron enlarged at lower left inset, and same for panels A and B. (D) Left 

upper inset in panel C enlarged to show region of colocalization of HOCl epitopes and MPO 

(yellow, arrow) in neuron with unstained nucleus (arrowhead). The no primary antibody 

control image for merged green and red channels is shown in panel E. Scale bar A 10 mm. 

Scale bar insets 5 mm. Scale bar E 5 μm. Representative immunoperoxidase images show 

MPO-generated HOCl-modified epitopes detected in cortical neurons from MPO A53T (F) 

or A53T (G) with monoclonal antibody 2D10G9. (H) Image analysis of levels of 2D10G9 

immunoreactivity expressed as corrected optical density analyzed by ImageJ/Fiji software 

(Student’s t-test). N = 5 mice of each genotype, 3 sections analyzed, 4 images analyzed per 

section. All mice used in these studies were male.

Maki et al. Page 52

Free Radic Biol Med. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Carbamylated αSyn and MPO colocalize in hippocampal neurons of the hMPO-A53T 
mice.
(A)Immunostaining of MPO (red) and carbamylated αSyn (green) in mouse hippocampus 

(merged confocal image). (B) Boxed area in A is enlarged. (C) Green channel shows 

carbamylated αSyn alone. (D) Red channel shows MPO alone. (E,F) Carbamylated αSyn 

staining in MPO-A53T (E) and A53T (F) in the CA3 region of the hippocampus. (G) 

Quantitation of numbers of CA3 neurons positive for carbamylated αSyn in MPO-A53T and 

A53T hippocampus. (H) Mass spectrometry quantitation of levels of carbamylated lysine 

(homocitrulline) in the A53T mouse brain as compared to the hMPO-A53T mouse brain 

(**p <0.005). (I) Characterization of the carbsyn-1 antibody. The carbsyn-1 antibody 

recognizes carbamylated αSyn (Lane 1) but not αSyn (Lane 2). Both carbamylated αSyn 

and αSyn are recognized by the antibody to αSyn (BD). When the carbsyn-1 antibody was 

neutralized with a-Syn peptide #1 neither carbamylated αSyn (Lane 5) nor αSyn (Lane 6) 

were recognized by the carbsyn-1 antibody. For both carbamylated αSyn and αSyn, 0.2 

micrograms of sample was loaded on the gel. Data represent mean ± S.E.M. (Student’s t 

test. ***p <0.001). Scale bar A (50 μm), B-D (15 μm), E,F (10 μm). All mice used in these 

studies were male. N = 5 mice of each genotype, three sections from each brain, four images 

analyzed per section.
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Figure 8. MPO nitrates and carbamylates αSyn in vitro giving rise to dimers and oligomers.
(A)(Lane 1–3) αSyn was incubated with MPO, glucose oxidase, and glucose (MPO-GO) 

and nitrite and subjected to SDS-PAGE (4–12%). Western blots were performed using an 

antibody to nitroTyr (Millipore) demonstrating the presence of nitrated monomer, dimers, 

trimers and oligomers (lane 2). The MPO-GO system (lane 1) or unmodified αSyn (lane 3) 

were used as controls. (B)(Lane 47) αSyn was incubated with the MPO-GO system in the 

presence of cyanate (SCN−) (lane 5) or nitrite (lane 6). Samples were again subjected to 

SDS-PAGE and Western blots were performed using an affinity purified mAb to 

nonmodified αSyn (BD). Evidence of dimers was observed when αSyn was incubated with 

the MPO-GO system and SCN− (lane 5) or dimers and oligomers when incubated with 

nitrite (lane 6). The MPO-GO system (lane 4) or unmodified αSyn (lane 7) were used as 

controls. (C) Schematic depiction of amino acid sequence of αSyn and identified sites of 

oxidation by MPO carbamylation (blue boxes) and nitration (red boxes) identified by mass 

spectrometry. (D) Model of carbamylation and nitration sites in αSyn (PDB ID:1XQ8) [84, 

85]. (E) Synaptosome preparations from A53T and hMPO-A53T mouse brains were diluted 

in PBS + 1% NP40 for 1 h prior to mild suction through cellulose acetate filters (0.2 μm) 

and washed with PBS + 1% SDS prior to being probed with antibody LB509 that was 

generated against Lewy bodies and recognizes human but not mouse αSyn. Detection was 

with HRP labeled anti-mouse IgG. (F) Bar-graph of densitometric quantification of LB509 

bands in E. Quantitation of band intensity was performed with Image Studio Lite software. 

Analysis of statistical significance was performed with GraphPad Prism (**p <0.001, 

Student’s t-test). All mice used in this study were males.
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Figure 9. Impaired motor abilities in hMPO-A53T mice compared to A53T.
(A) Rotarod analysis was performed with the indicated genotypes A53T, hMPO-A53T, 

hMPO transgenics (MPO), and wild-type (WT, C57Bl/6) (n = 47 A53T, 40 hMPO-A53T, 10 

hMPO, 23 WT). Only male mice were used in these experiments. Three consecutive trials 

(T1 – T3) with rest intervals were performed for each group. Only the third trial is shown for 

WT and hMPO mice. (B) The wire hang was performed with the indicated genotypes as in 

(A) (n = 38 A53T, 32 hMPO-A53T, 13 hMPO, 13 WT). Three trials with rest intervals were 

performed for each group. Only the third trial is shown for WT and MPO mice. (C) Balance 

beam was performed with the genotypes indicated (n = 6–11 for each group). Behavior data 

were analyzed using a one-way analysis of variance (ANOVA) followed by Dunnets post-

hoc test using GraphPad Prism v8. Data are represented as mean +/− S.E.M. (**p, < 0.005, 

***p, <0.001, ****p, <0.0001). (D) hMPO-A53T mice reach end stage paralysis earlier than 

A53T mice. This is shown for the hMPO-A53T, A53T, hMPO, and WT mice (n = 23 

hMPO-A53T, 23 A53T, 10 hMPO, 10 WT). Onset of hind limb paralysis was the end point. 

Statistical significance determined by Kaplan-Meier survival analysis (Mantel-Cox) for 

hMPO-A53T and A53T (***P = 0.0002).
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Fig. 10. Accumulation of αSyn aggregates in hippocampal CA2 region associated w ith ATF4 
expression in dendrites.
(A) A sagittal section of MPO-A53T brain was immunostained with αSyn505 (green) and 

ATF4 (red). An arrow points to the hippocampal CA2 region with red and green staining. 

(B) Higher magnification of the CA2 region shows the dentate gyrus (DG), CA3, and CA2 

regions. ATF4 immunostaining (red) is seen in CA2 neurites terminating in a region of αSyn 

aggregates (green) in the stratum lacunosum moleculare (SLM). (C,D,E) Higher definition 

confocal image (C) shows two boxed regions in CA2 that are magnified in D and E. (D) 

ATF4 present in punctate vesicles (red) in CA2 neurites passing through the mossy fiber 

tract (MF). (E) CA2 neurites with ATF4 (red) passing through larger bead-like aggregates of 

αSyn (Syn505) (green) in the SLM. (F,G,H) This staining pattern for ATF4 and αSyn 

aggregates is also seen in A53T brain lacking hMPO, though staining is less intense (F), as 

well as in the hMPO-Syn61 model (G), and in the PDGF-αSyn model (H). (I) The hMPO-

MSA model shows lower level of ATF4 staining in CA2 neurites (red) but lacks the αSyn 
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aggregates (green). (J) CA2 region from wild-type mice lacks both ATF4 staining and αSyn 

aggregates. (K) The CA2 region of hMPO-A53T brain is stained with hematoxylin and eosin 

showing pyknotic neurons. (L,M,N) Immunostaining of MPO-A53T CA2 region for MPO 

(L), CHOP (M), and cleaved caspase-3 (N). (O) A low magnification image of the 

hippocampus shows ATF4 immunostaining (black) throughout the CA2 and CA3 soma 

while only CA2 apical dendrites (AP) express significant ATF4. (P,Q,R) Confocal images 

show immunostaining of the CA2 region for RGS14 (R), a specific marker for CA2 neurons, 

ATF4 (Q), and the merged images (P). Scale bars A 1 mm, B 40 μm, C 70 μm, D 15 μm, E 

15 μm, F-J 100 μm, K 25 μm, O 30 μm P-R 30 μm. All mice used in these studies were 

males.
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Figure 11. MPO is expressed in neurons in PD substantia nigra.
(A) Sections of PD SNpc were immunostained with anti-MPO antibodies (rabbit polyclonal, 

Dako) followed by biotinylated secondary antibodies and developed with Vector SG 

peroxidase substrate (black). Arrowheads denote the tract of melanized neurons. Boxed area 

is enlarged in panel C. (B) Paraffin block containing control human SNpc with arrow 

indicating the melanized tract. (C) MPO immunostaining of melanized neurons in PD SNpc 

at higher magnification. (D) Magnification of MPO immunostained neurons from the 

melanized tract. (E) Melanized neurons lacking MPO immunostaining showing brown 

neuromelanin. (F,G) MPO immunostaining (black) of melanized neurons (brown) in control 

aged brain tissue (F) with higher magnification in G. (H,I) MPO immunostaining (black) in 

melanized (brown) neurons in the SNpc from early stage PD (H), shown at higher 

magnification in I. (J,K) MPO immunostaining (black) in dystrophic SNpc neurons 

exhibiting fibrous dystrophic morphology in advanced stage PD (J), with higher 

Maki et al. Page 58

Free Radic Biol Med. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



magnification in K. (L) Low magnification image of an adjacent region showing MPO 

immunostaining of a different subset of neurons, shown at higher magnification in (M). (N) 

A minimum of three sections from eight PD and eight normal control SN were analyzed by 

counting the numbers of melanized neurons with MPO immunostaining, with four areas 

imaged per section. Representative examples are shown. Scale bar A (2 mm), C (200 μm), 

D,E (5 μm), F, (20 μm), G (10 μm), L (250 μm), M (50 μm).
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Figure 12. MPO specific HOCl-modification products in melanized neurons in PD SNpc.
(A-D) Two representative examples (A and C) of confocal immunofluorescence staining of 

neurons from PD SNpc showing MPO (Dako rabbit anti-hMPO, Alexafluor 594, red), αSyn 

(mouse monoclonal antibody Syn505, Alexafluor 488, green), and DAPI (blue) (63x 

objective). (B and D) The single green channel immunofluorescence shows αSyn from A 

and C respectively. (E) Immunoperoxidase staining of MPO (Dako rabbit) and nitrated αSyn 

(nSyn14)(red) in melanized neurons in human PD SNpc. (F) Quantitation of percent of 

melanized neurons in human PD SNpc and aged control SN that costain for both MPO and 

nitrated αSyn. (G, I, J) Monoclonal antibody 2D10G9 detects HOCl-modified epitopes 

(black, arrows) in melanized neurons (G). (H) Quantitation of neuromelanin containing 

neurons positive for HOCl-modified epitopes in PD SNpc versus control SNpc. (I,J) 

Immunostaining for MPO (red) in melanized neurons that also show positive staining for 

HOCl-modified epitopes using 2D10G9 (black) (arrows denote small vesicles positive for 
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HOCl epitopes). (K) Quantitation of MPO positive neurons with HOCl epitopes in PD SNpc 

versus control aged SNpc. (L) Confocal image of MPO immunostaining (red, AlexaFluor 

594) in neurons with tyrosine hydroxylase (green, AlexaFluor 488), a marker for 

dopaminergic neurons. These immunohistological studies assayed eight PD SN and eight 

normal control SN. In E and F, percent of immunopositive cells was determined from a 

minimum of three sections from each donor, spaced by five sections, with four digital 

images analyzed from each section. Counting of immunopositive neurons was performed by 

investigators blinded to PD or control status. Statistical significance in F, H, and K was 

determined by Student’s t test. Scale bars A (5 μm), C (10 μm), E (40 μm), G (5 μm), I (15 

μm), J (10 μm), L (15 μm).
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