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Abstract: Parkinson’s disease (PD) is due to the oxidation of alpha synuclein (αSyn) contributing to
motor impairment. We developed a transgenic mouse model of PD that overexpresses the mutated
human αSyn gene (A53T) crossed to a mouse expressing the human MPO gene. This model exhibits
increased oxidation and chlorination of αSyn leading to greater motor impairment. In the current
study, the hMPO-A53T mice were treated with thiocyanate (SCN−) which is a favored substrate
of MPO as compared to chlorine. We show that hMPO-A53T mice treated with SCN− have less
chlorination in the brain and show an improvement in motor skills compared to the nontreated
hMPO-A53T mice. Interestingly, in the hMPO-A53T mice we found a possible link between MPO-
related disease and the glymphatic system which clears waste including αSyn from the brain. The
untreated hMPO-A53T mice exhibited an increase in the size of periventricular glymphatic vessels
expressing the glymphatic marker LYVE1 and aquaporin 4 (AQP4). These vessels also exhibited
an increase in MPO and HOCl-modified epitopes in the glymphatic vessels correlating with loss of
ependymal cells lining the ventricles. These findings suggest that MPO may significantly promote
the impairment of the glymphatic waste removal system thus contributing to neurodegeneration
in PD. Moreover, the inhibition of MPO chlorination/oxidation by SCN− may provide a potential
therapeutic approach to this disease.

Keywords: alpha synuclein; aquaporin 4; carbamylation; endothelial hyaluronan receptor 1; glial
fibrillary acidic protein; glymphatics; hypochlorous acid; myeloperoxidase; nitration; Parkinson’s
disease; reactive oxygen species

1. Introduction

Parkinson’s disease (PD), the second most common neurodegenerative disease, is asso-
ciated with the selective loss of dopaminergic neurons in the substantia nigra pars compacta
leading to tremor, bradykinesia, rigidity, and postural instability (reviewed [1,2]). αSyn is
considered to be a major contributor to the development of PD due to its susceptibility to
oxidation leading to formation of aggregates [3,4]. While there are several pathways that
can lead to the oxidation of αSyn, reactive oxygen species (ROS) promoting halogenation
and nitration are likely to be involved [5–10].

Myeloperoxidase (MPO), abundantly present in neutrophils (up to 5% of cellular
proteins) and monocytes (up to 1% of cellular protein) is commonly known to generate
ROS and reactive nitrogen species [11]. MPO is a component of the armamentarium of
the innate immune system, present at high levels in storage vesicles in phagocytes [12].
When neutrophils and monocytes engulf microbes, MPO-containing vesicles fuse with
the phagosome releasing the enzyme which reacts in the presence of hydrogen peroxide
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(H2O2) with chloride ions (Cl−) to produce the potent oxidant, hypochlorous acid (HOCl,
commonly known as bleach) [13,14]. MPO can also react with other halides (Br− and I−)
and pseudohalide ions (thiocyanate, SCN−) to form hypohalous acids such as hypobromous
acid (HOBr), hypoiodus acid (HOI), and hypothiocyanous acid (HOSCN), respectively [15,16].
Nitration is also an oxidation product by the MPO-H2O2-nitrite (NO2

−) system and is often
seen at sites of inflammation [17].

While MPO-generated oxidants are microbicidal and thus beneficial, these oxidants
can also damage normal cells and tissues/proteins by excess production of respective
halides [12,18]. There has been considerable evidence linking the production of HOCl with
damage to host proteins, including DNA, RNA, lipids, and (lipo)proteins (reviewed in [19]).
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 macrophages in cardiovascular disease [20–25], microglia,
astrocytes and neurons in Alzheimer’s Disease (AD) [26–28] and in astrocytes and neurons
in PD [29–32].

In order to study the effects of hMPO expression in mouse models of neurodegener-
ative diseases, we created a humanized mouse model transgenic for a single copy of the
hMPO gene in a 32 kb restriction fragment [33]. When this mouse strain was crossed to
the A53T mouse model of PD, the MPO gene was expressed in neurons [31]. 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 (including retinoic acid receptor, thyroid hormone
receptor, and peroxisome proliferator-activated receptor γ as well as SP1 [34–37]. A poly-
morphism in these Alu nuclear receptor sites, −463G, increases hMPO expression and
has been linked to increased risk for AD [26,38–42], cardiovascular disease [20–25], lung
cancer [43,44], and some epithelial cancers [45]. The murine MPO (mMPO) gene, lacking
the primate-specific Alu moiety, is expressed at relatively low levels in mouse models of
AD [27] or in the A53T-αSyn model of PD [31].

Within the halogenation process the MPO-H2O2 system uses SCN− to form HOSCN [16].
HOSCN plays a beneficial role as a bacteriostatic agent and is a less powerful oxidizing
agent and is more thiol specific than HOCl or HOBr [46–48]. The beneficial effects of SCN−

may stem from competition with Cl− as a potential MPO substrate, thereby reducing HOCl
formation in the presence of H2O2. Several animal studies suggest that SCN− treatment
may be useful therapeutically. A recent study used our humanized MPO mice crossed to
low-density lipoprotein receptor knockout mice (Ldlr–/-) as a model for atherosclerosis [49].
Supplementation of SCN− in the drinking water led to reduced oxidative damage by the
MPO product HOCl. In mice treated with SCN− there was a 2-fold increase in plasma
SCN− and a 26% reduction in atherosclerotic plaque area compared to control mice [49].

This result led us to investigate the effects of SCN− in the hMPO-A53T mouse model
of PD. Our findings demonstrate that treatment of mice with SCN− improved the motor
abilities on the rotarod, balance beam, and the wire hang in the hMPO-A53T mice as
compared to nontreated hMPO-A53T mice. There was also less chlorination and nitration
in the brains of the treated hMPO-A53T mice compared to the nontreated controls.

Importantly, the glymphatics system, a term used to describe the brain lymphatic
vessels associated with glial cells (astrocytes), is a newly described network in the brain that
is largely responsible for the removal of solutes and metabolic waste from the extracellular
spaces in the brain (reviewed in Refs. [50,51]). In PD, a dysfunctional glymphatic system
impaired by the oxidation and aggregation of proteins such as αSyn is likely to contribute
to disease progression. Our previous studies showed that MPO contributes to the oxidation
and aggregation of αSyn [31]. With the increasing interest in the role of glymphatics
in neurodegenerative diseases, we set out to evaluate the role of MPO in the proper
functioning of the glymphatic system through immunohistochemistry using a series of
antibodies for glymphatic markers as well as antibodies to MPO oxidation products in the
hMPO-A53T mouse model.
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In a surprising discovery we noted that there was increased chlorination and nitration
in enlarged glymphatic vessels colocalizing with glymphatic markers in the hMPO-A53T
model. Interestingly, when these mice were treated with SCN− there was a significant
reduction in chlorination and nitration around the glymphatic vessels located near the
ventricles, as well as a reduction in vessel size. This was accompanied by a significant
improvement in the motor behavior tests. The results suggest that the inhibition of MPO
may provide a therapeutic option for PD and other neurodegenerative diseases in which
MPO has been implicated.

2. Materials and Methods
2.1. Reagents

DAPI (4′, 6-diamidino-2-phenylindole) (D-1306), the surfactants Tween-20 (P7949),
NP40 (NP40S) and Triton X-100 (T8787), potassium cyanate, deoxyribonuclease I (D5025)
were from Sigma. Vectashield™ mounting media (H-1000) was from Vector Labs. Non-
immune donkey (017-000-121 or horse serum (008-000-121) were obtained from Jackson
Immunoresearch Labs. Bovine serum albumin (BP1600100) as well as all general chemicals
used for these studies were from Thermo Fisher, San Diego, CA, USA.

2.2. Antibodies

Primary antibodies used in this study included polyclonal antibodies (pAbs) such
as rabbit anti-hMPO (DAKO A0398, 1/500 for immunohistochemistry (IHC) and goat
anti-hMPO that is affinity purified against hMPO (R&D Systems, AF3174, 1/500 IHC).
These antibodies have been used in a number of studies involving MPO including a recent
report in which we showed the DAKO pAb rabbit and R&D goat MPO antibodies recognize
MPO in immunoblots or immunostains of T47D cells transfected with a hMPO expression
construct but did not recognize nontranfected T47D cells [52]. We generated our own
rabbit pAb using purified neutrophil-derived MPO from Lee Biosciences as the antigen.
Our rabbit pAb was used interchangeably with R&D goat pAb for immunofluorescence
with no discernible difference in the results [52]. We further generated rabbit pAb against
carbamylated αSyn (1:200 IHC). The characterization of the antibody has been previously
described [31].

Other antibodies used in this study include monoclonal antibody (mAb) αSyn
(Cell Signaling (Danvers, Ma, USA), D37A6, 1/500 IHC), mAb αSyn (BD Biosciences,
San Diego, CA, USA, 6107877; 1/500 IHC), mAb anti-nitrated αSyn (Syn505, Life Technolo-
gies, San Diego, CA USA, 358300, 1/500 IHC), [8], mAb anti-αSyn raised against Lewy
bodies which recognizes an epitope encoded by amino acids 115-122, and recognizing
human but not mouse αSyn (LB509, Santa Cruz, Dallas, TX, USA, sc-58480, 1/100 IHC) [53],
rabbit pAb anti-nitrotyrosine (nitroTyr, Millipore, St. Louis, MO, USA AB5411, 1/200 IHC),
mAb anti-nitro-synuclein (recognizing Tyr39 clone nSyn14, Millipore-Sigma, 36-012 1/200
IHC) [54], mAbs raised against HOCl-modified proteins (clone 2D10G9) (1/50 IHC) have
been previously validated [55,56], rabbit pAb against aquaporin 4 (Anti-AQP4, Sigma-Aldrich,
St. Louis, MO, USA, HPA014784, 1/200 IHC), rabbit pAb against lymphatic vessel endothelial
hyaluronan receptor (anti-LYVE 1 AB2988, EMD Millipore, Temecula, CA, USA 1/200 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, West Grove, PN, USA.
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2.3. Immunohistochemistry (IHC)

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 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 [57,58]. Primary antibodies were detected with biotinylated secondary antibodies
and avidin-conjugated horseradish peroxidase (Vectastain ABC kit, Vector Laboratories,
Burlingame, CA, USA) and detected with peroxidase chromogen (SG (peroxidase substrate)
or 3-amino-9-ethylcarbazole, Vector Laboratories). 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 antibod-
ies (Vector) (1:200, 1 h) and avidin–biotin conjugates (Vector Elite ABC system) (1:200, 2 h),
and developed with peroxidase substrate. Images were obtained with an Olympus BX51
microscope with 20×, 40×, and 100× objectives. All sections were processed simultane-
ously under the same conditions and each experiment was repeated at least three times
with multiple biological replicates.

Paraffin-embedded sections of mouse brains were cleared by xylene and ethanol prior
to heat induced antigen retrieval in 10 mM sodium citrate buffer, 0.05% 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 1:3000 dilution for 1 h. Images were obtained on a conventional fluorescent microscope
(Olympus BX51). Images were saved as tiff files in 8-bit per channel format (24-bit RGB)
and processed with Photoshop for assembly of figures. All images presented here are
representative of at least three independent immunostaining experiments.

2.4. Quantitative Immunohistochemical Analysis

Immunostained sections were analyzed with a digital Olympus bright-field and fluo-
rescence microscope (BX51). For each analysis, a minimum of five mice of each genotype
were used. For each mouse, a minimum of three paraffin sections were analyzed. In each
section, four areas of interest were imaged. Quantitation of immunoreactivity was deter-
mined 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 soft-
ware (v9) and Student’s t-test for comparing the means of two samples or one-way ANOVA
with posthoc Dunnet when comparing the hMPO-A53T, hMPO, and A53T transgenic mice
versus wildtype (WT, C57Bl/6) animals.

2.5. 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.
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2.6. Transgenic Mice

Transgenic mice carrying the human −463G MPO allele have been previously de-
scribed [32,33,35,59]. 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 32kb BST11071
restriction fragment into C57BL6/J eggs [33]. Male mice were used for all 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. These mice are
currently available from Jackson Labs (Tg(MPO*-463G)1Wfr/J) (Jackson 035208). All
experiments were performed with mice hemizygous for the hMPO or αSyn transgenes.
Mice overexpressing the human A53T αSyn mutant gene under control of the human thy-
mus cell antigen 1 (Thy1) promoter (THY1-SNCA*A53T)M53SUD/J) (Jackson, 008135)
have been described [60–62]. The primers for geno-typing the mice are: hMPO for:
5′-GCAATGGTTCAAGCGATTCTT-3′; hMPO rev: 5′-CGGTATAGGCACACAATGGTGAG-
3′; hSNCA for: 5′-GGCACCTAGAGGATCTCGACTAGTGG-3′; Thy1-SNCA rev: 5′-GATG
ATGGCATGCAGCACTGG-3′.

2.7. Behavior Tests
2.7.1. 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 v9. SCN− treatment began at weaning at 21 days. Trials were
performed at ages between 40 to 50 days.

2.7.2. RotaRod Test

The test assesses motor coordination of mice placed on a five-lane rotating rod
(San Diego Instruments, CA, USA) 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 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 v9. SCN− treatment began at weaning at 21 days. Trials were performed
at ages between 50 to 60 days.

2.7.3. 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 v9. SCN− treatment began at weaning at 21 days. Trials were performed at ages
between 50 to 60 days.
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2.7.4. Statistical Analysis

All experiments were performed blinded. 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 v9. Behavior data were analyzed using a one-way
analysis of variance (ANOVA) followed by a Dunnets post hoc test or the t-test.

3. Results
3.1. Motor Behavior

To determine if treating mice with SCN− had effects on motor activity in the hMPO-
A53T model we carried out several standard motor behavior tests. Mice heterozygous for
the hMPO and A53T transgenes were used in the behavior assays to ensure that there were
equivalent copy numbers of each transgene. Our earlier study [31] showed that insertion
of a single copy of the hMPO transgene in the A53T model of PD led to exacerbation of
PD-like brain oxidative damage and greater motor impairment. The hMPO-A53T mice
exhibited worse motor abilities than the A53T mice on the balance beam, wire hang, and
rotarod [31]. Moreover, the impaired motor abilities in hMPO-A53T mice correlated with
greater oxidative damage in the brain.

MPO reacts with Cl− in the presence of H2O2 to generate HOCl, a toxic chlorinat-
ing agent. SCN− is a more favorable substrate of hMPO, and generates the less toxic
carbamylated lysine, which can be reversible, unlike HOCl-modified epitopes. In this
study, we investigated whether SCN− treatment of hMPO-A53T mice would compete with
Cl−, resulting in less Cl− oxidation and less motor impairment. At 21 days of age, the
hMPO-A53T and A53T mice were treated or not treated with SCN− for 40 to 60 days. Motor
abilities were assessed in three behavior tests, time required to traverse the balance beam,
ability to support their weight holding onto a wire mesh, and ability to maintain balance
on a rotating rod.

3.1.1. Balance Beam

The balance beam is a test of balance and motor impairment (Figure 1). Mice are
required to traverse a dowel (1 m) with a diameter of 1 cm. Consistent with our prior study,
hMPO-A53T required significantly more time to traverse the beam (Figure 1A, red bars)
(scores 25, 30, 34 s) than A53T (Figure 1A, white bars) (scores 12, 16, 17 s). This indicates
a functional interaction between hMPO and αSyn to increase motor impairment at these
early stages of αSyn mediated damage. WT mice (Figure 1C, trial 8) or hMPO transgenic
mice lacking the A53T gene (Figure 1C, trial 7) were able to traverse the beam much faster
than A53T (scores 10 and 9 s, respectively).

When the hMPO-A53T mice were either treated or not treated with SCN−, the treated
hMPO-A53T mice were able to cross the beam more rapidly (Figure 1B, green bars)
(scores 14, 18, 22 s) than untreated hMPO-A53T mice (Figure 1B, red bars) (scores 25,
30, 34 s). Interestingly, the SCN− treated hMPO-A53T scores (Figure 1B, green bars), scores
14, 18, 22 s) were similar to the scores of A53T lacking hMPO in panel A (Figure 1A, white
bars) (scores 12, 16, 17 s), indicating that SCN− counteracts the deleterious effects of hMPO
in the hMPO-A53T model.

When the A53T mice were treated or untreated with SCN− the treatment did not alter
the traversal times for A53T mice (Figure 1C, blue bars), scores 16, 18, 20 s) versus untreated
A53T (Figure 1C, white bars) (scores 12, 16, 17 s), indicating the beneficial effect of SCN− in
hMPO A53T mice is dependent on the presence of the hMPO transgene.



Antioxidants 2022, 11, 2342 7 of 26Antioxidants 2022, 11, 2342 7 of 26

Figure 1. Impaired motor abilities in hMPO-A53T mice compared to A53T. (A) Balance beam anal-
ysis was performed with genotypes hMPO-A53T (n = 10) (lanes 1,3,5) versus A53T (n = 10) (lanes 
2,4,6). Only male mice were used in these experiments. Three consecutive trials were performed for 
each group with rest intervals of 5 min. (B) hMPO-A53T (n = 10) (lanes 1,3,5) vs. hMPO-A53T SCN−

treated (n = 8) (lanes 2,4,6). (C) A53T (n = 10) (lanes 1,3,5) vs. A53T SCN− treated (n = 10) (lanes 2,4,6). 
hMPO mice (n = 10) (lane 7) vs. WT (C57Bl/6) (n = 9) (lane 8). Only the third trial is shown for WT 
and hMPO mice. Trials A lanes 1,3,5 are the same as B lanes 1,3,5. Trials A lanes 2,4,6 are the same 
as C lanes 1,3,5. (D–F) The wire hang was performed with the indicated genotypes as in panels 
A,B,C (n = 10 A53T, n = 10 hMPO-A53T, n = 10 hMPO, n = 10 WT). Three trials with rest intervals 
were performed for each group. Only the third trial is shown for WT and hMPO mice. (G,H,I) 
Rotarod analysis was performed with the genotypes indicated in panels A,B,C (n = 39–44 for each 
group, n = 10 hMPO, n = 10 WT). Three consecutive trials were performed for each group with rest 
intervals of 5 min. Only the third trial is shown for WT and hMPO mice. Behavior data were ana-
lyzed using a one-way analysis of variance (ANOVA) followed by Dunnets post- hoc test using 
GraphPad Prism v9. Data are represented as mean +/− S.E.M. (* p < 0.01, ** p, < 0.005, *** p, < 0.001). 

3.1.2. Wire Hang 
The wire hang is a method to test grip strength, stamina, and neuromuscular dys-

function. The mice are required to support their weight inverted on a cage top for up to 

Figure 1. Impaired motor abilities in hMPO-A53T mice compared to A53T. (A) Balance beam analysis
was performed with genotypes hMPO-A53T (n = 10) (lanes 1,3,5) versus A53T (n = 10) (lanes 2,4,6).
Only male mice were used in these experiments. Three consecutive trials were performed for each
group with rest intervals of 5 min. (B) hMPO-A53T (n = 10) (lanes 1,3,5) vs. hMPO-A53T SCN−

treated (n = 8) (lanes 2,4,6). (C) A53T (n = 10) (lanes 1,3,5) vs. A53T SCN− treated (n = 10) (lanes
2,4,6). hMPO mice (n = 10) (lane 7) vs. WT (C57Bl/6) (n = 9) (lane 8). Only the third trial is shown
for WT and hMPO mice. Trials A lanes 1,3,5 are the same as B lanes 1,3,5. Trials A lanes 2,4,6 are the
same as C lanes 1,3,5. (D–F) The wire hang was performed with the indicated genotypes as in panels
A,B,C (n = 10 A53T, n = 10 hMPO-A53T, n = 10 hMPO, n = 10 WT). Three trials with rest intervals
were performed for each group. Only the third trial is shown for WT and hMPO mice. (G–I) Rotarod
analysis was performed with the genotypes indicated in panels A,B,C (n = 39–44 for each group,
n = 10 hMPO, n = 10 WT). Three consecutive trials were performed for each group with rest intervals
of 5 min. Only the third trial is shown for WT and hMPO mice. Behavior data were analyzed using a
one-way analysis of variance (ANOVA) followed by Dunnets post- hoc test using GraphPad Prism
v9. Data are represented as mean +/− S.E.M. (* p < 0.01, ** p < 0.005, *** p < 0.001).
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3.1.2. Wire Hang

The wire hang is a method to test grip strength, stamina, and neuromuscular dysfunc-
tion. The mice are required to support their weight inverted on a cage top for up to 60 s for
three consecutive tests with 5 min rest intervals. In most cases, WT or hMPO mice easily
maintained grip through the three 60 s trials (mean latency to fall of 56 s) (Figure 1F, lanes 7
and 8). The A53T mice (Figure 1D, white bars) fell at a mean of 36 s on the first trial and
earlier on succeeding trials. The hMPO-A53T (Figure 1D, red bars) fell earlier at a mean of
14 s, and still earlier on successive trials.

When the hMPO-A53T mice were either treated or not treated with SCN−, the treated
hMPO-A53T mice were able to hold onto the wire cage longer (Figure 1E, green bars),
(scores 23, 15, 16 s) than the untreated hMPO-A53T mice (Figure 1E, red bars) (scores 14,
10, 9 s). The scores of the SCN− treated hMPO-A53T mice (Figure 1E, green bars) thus
approach the scores of the untreated A53T mice (Figure 1D, white bars) (scores 36, 25, 17 s)
indicating that SCN− enhances motor abilities by counteracting the effects of the hMPO
gene. The hMPO gene expresses higher levels of MPO in the brain than mouse MPO,
resulting in high levels of HOCl, a potent oxidant. SCN- is a more favored substrate for
MPO than Cl-, thus SCN- treatment reduces production of HOCl, thus counteracting the
deleterious oxidative effects of hMPO in the hMPO-A53T model, resulting in improved
motor abilities.

When the A53T mice were either treated or not treated with SCN−, both groups
showed a gradual reduction in ability to hold on to the wire on the three consecutive trials
(Figure 1F). The treated A53T mice were slightly less able to maintain hold on the wire
cage (Figure 1F, blue bars) (scores 32, 16, 12 s) as compared to untreated A53T (Figure 1F,
white bars) (scores 36, 25, 17 s). This indicates that SCN- treatment has a mild deleterious
effect in the absence of hMPO expression. The A53T mice do express mouse MPO which
reacts with SCN- to produce the oxidant HOSCN which oxidizes many proteins, including
mitochondrial proteins, which could result in the reduced ability to maintain hold on the
wire. MPO reacts with Cl- to produce the more toxic HOCl. Treatment of the hMPO-A53T
mice with SCN- would generate HOSCN thereby competing against production of the
more toxic HOCl-, thereby enhancing motor abilities.

3.1.3. Rotarod

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 50 and 60 days were tested on the
rotarod with three consecutive tests of up to 300 s with a 5 min rest interval (Figure 1G–I).
The WT and hMPO control mice were able to maintain balance for most of the 300 s test
period (Figure 1I, trials 7 and 8).

The A53T mice (Figure 1G, white bars) were less able than controls to maintain balance
resulting in a mean latency to fall of 194 s on trial 1, while the hMPO-A53T mice (Figure 1,
Panel G, red bars) were less able to maintain hold with a mean latency of 130 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 motor
abilities in the absence of the A53T gene (compare WT; Figure 1I, trial 8 and hMPO; Figure 1I,
trial 7), indicating that hMPO synergizes with αSyn to exacerbate motor impairment.
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When the hMPO-A53T mice were either treated or not treated with SCN−, the treated
hMPO-A53T mice were able to stay on the rotarod longer (Figure 1H, green bars) (scores 194,
196, 197 s) than the untreated hMPO-A53T mice (Figure 1H, red bars) 140, 147, 151 s). The
scores of the treated hMPO-A53T mice (Figure 1H, green bars) (scores 194, 196, 197 s) were
similar to the untreated A53T mice (Figure 1G, white bars) (scores 194, 195, 213 s) indicating
that SCN− counteracts the deleterious effects of hMPO in the hMPO-A53T model.

When the A53T mice were treated or untreated with SCN-, SCN- treatment again
moderately impaired the ability to stay on the rotarod (Figure 1I, blue bars) (scores 165, 170,
185 s) as compared to untreated A53T (Figure 1I, white bars) (scores 194, 195, 212). Thus,
SCN- slightly impairs motor abilities in A53T mice lacking hMPO. As in panel F, this is
likely due to expression of mouse MPO which reacts with SCN- to produce HOSCN which
oxidizes many proteins, likely contributing to motor impairment.

In conclusion, SCN− treatment enhanced motor abilities of the hMPO-A53T mice, but
not the A53T mice lacking hMPO. SCN- had no effect on the hMPO mice lacking A53T or
the A53T control mice lacking hMPO.

3.2. MPO, MPO-Generated HOCl Epitopes and LYVE1 Colocalize in Vessels around the Lateral
Ventricles in the hMPO-A53T Mouse

Immunostaining was performed to investigate the mechanism by which SCN− re-
verses the deleterious impact of hMPO in the A53T model. To identify sites modified by
the hMPO-H2O2-Cl− system we used antibodies to MPO along with mAb 2D10G9 that
specifically recognizes HOCl modified epitopes/proteins [56].

Sagittal sections from hMPO-A53T brain were probed with 2D10G9 and antibodies to
LYVE1, a marker for LYmphatic VEssels, also termed glymphatic vessels (glia-lymphatics)
in the brain referring to the astrocytic end feet with AQP4 water channels that encase the
blood vessels creating peri-arterial channels that convey cerebral spinal fluid (CSF) into the
brain parenchyma and peri-venous channels that carry waste such as oxidized αSyn out of
the parenchyma.

In sagittal sections (Figure 2A–C), 2D10G9 and LYVE1 antibodies colocalized in groups
of blood/lymph vessels located around the perimeter of the lateral ventricles (LV) and 4th
ventricle (4v). Higher magnification (20×, Figure 2D–F) revealed that these vessels have
a thick vessel wall colocalizing with 2D10G9 and LYVE1 antibodies. Lumens are clearly
visible in these vessels. The same staining pattern was observed with antibodies to MPO
and LYVE1. At greater magnification (100×), MPO (Figure 2G) and LYVE1 (Figure 2H)
were found to colocalize in the vessel walls which appear irregular rather than smooth,
comprised of filamentous material with some granularity (Figure 2G–I). Some of these
vessels (upper right in I) appear to merge with the ependymal cell lining of the ventricle.
The periventricular location of these atypical LYVE1 positive vessels suggests a connection
to the glymphatic system of waste removal from the brain.



Antioxidants 2022, 11, 2342 10 of 26

Antioxidants 2022, 11, 2342 9 of 26 
 

this is likely due to expression of mouse MPO which reacts with SCN- to produce HOSCN 
which oxidizes many proteins, likely contributing to motor impairment. 

In conclusion, SCN− treatment enhanced motor abilities of the hMPO-A53T mice, but 
not the A53T mice lacking hMPO. SCN- had no effect on the hMPO mice lacking A53T or 
the A53T control mice lacking hMPO. 

3.2. MPO, MPO-Generated HOCl Epitopes and LYVE1 Colocalize in Vessels around the Lateral 
Ventricles in the hMPO-A53T Mouse 

Immunostaining was performed to investigate the mechanism by which SCN− re-
verses the deleterious impact of hMPO in the A53T model. To identify sites modified by 
the hMPO-H2O2-Cl− system we used antibodies to MPO along with mAb 2D10G9 that 
specifically recognizes HOCl modified epitopes/proteins [56]. 

Sagittal sections from hMPO-A53T brain were probed with 2D10G9 and antibodies 
to LYVE1, a marker for LYmphatic VEssels, also termed glymphatic vessels (glia-lymphat-
ics) in the brain referring to the astrocytic end feet with AQP4 water channels that encase 
the blood vessels creating peri-arterial channels that convey cerebral spinal fluid (CSF) 
into the brain parenchyma and peri-venous channels that carry waste such as oxidized 
αSyn out of the parenchyma. 

In sagittal sections (Figure 2A–C), 2D10G9 and LYVE1 antibodies colocalized in 
groups of blood/lymph vessels located around the perimeter of the lateral ventricles (LV) 
and 4th ventricle (4v). Higher magnification (20×, Figure 2D–F) revealed that these vessels 
have a thick vessel wall colocalizing with 2D10G9 and LYVE1 antibodies. Lumens are 
clearly visible in these vessels. The same staining pattern was observed with antibodies to 
MPO and LYVE1. At greater magnification (100×), MPO (Figure 2G) and LYVE1 (Figure 
2H) were found to colocalize in the vessel walls which appear irregular rather than 
smooth, comprised of filamentous material with some granularity (Figure 2G–I). Some of 
these vessels (upper right in I) appear to merge with the ependymal cell lining of the ven-
tricle. The periventricular location of these atypical LYVE1 positive vessels suggests a con-
nection to the glymphatic system of waste removal from the brain. 

 
Figure 2. Antibodies to hMPO, 2D10G9 (detects HOCl modified epitopes), and LYVE1 (glymphatic
vessel marker) colocalize in dystrophic vessels bordering the lateral ventricles in the hMPO-A53T
mouse brain. (A–C) Immunofluorescence staining of a whole mount sagittal section of hMPO-A53T
mouse brain shows colocalization of 2D10G9 ((A), Alexafluor 594, red) and LYVE1 ((B), Alexafluor
488, green) and the merged image in Panel (C). Immunofluorescence is visible in vessels around the
lateral ventricles (LV), and 4th ventricle under the cerebellum. The box (C) shows an example of
location of vessels as seen in (D–F). Scale bar: (A–C) 1.5 mm. (D–F) Higher magnification (20×) of
these regions shows the vessels around the ventricle stained for 2D10G9 ((D), Alexafluor 594, red)
and LYVE1 glymphatic/lymphatic vessel marker ((E), Alexafluor 488, green) and the merged image
(F). Scale bar: (D–F) 0.1 mm. (G–I) Higher magnification of panels of (D–F) (100×, oil immersion)
shows the atypical structure of the vessels which have lumens surrounded by walls of filamentous
and granular components. Some vessels appear to open to the lateral ventricle (LV). Scale bar: (G–I)
0.03 mm.

3.3. SCN− Treatment Reduces the Size and Number of 2D10G9 MPO Modified HOCl Epitopes in
the hMPO-A53T Mice but Not in A53T Lacking the hMPO Transgene

Coronal sections of hMPO-A53T brain revealed colocalization of HOCl-modified
epitopes (Figure 3A) and LYVE1 (Figure 3B, merged in 3C and another example in 3D) in
vessels surrounding the LVs, as well as the dorsal third ventricle (D3V) and third ventricle
(3V) (Figure 3B,M). To gain insight into the mechanisms by which SCN− reduces the
impact of MPO on motor dysfunction, we analyzed the peri-ventricle vessel morphology
in hMPO-A53T mice that were not treated with SCN− (Figure 3E–H) versus hMPO-A53T
mice treated with SCN− (Figure 3I–L) at several magnifications (10× through 100×). In
hMPO-A53T mice lacking SCN− treatment (Figure 3E–H), there were greater numbers of
HOCl-modified vessels (2D10G9) around the ventricles, and the vessels had larger lumens.
Some of the vessels appear to be in contact with the ependymal layer (DAPI, blue) and
some may open to the ependymal layer (Figure 3H, asterisk). In hMPO-A53T mice that had
been treated with SCN− (Figure 3I–L) there were fewer 2D10G9 positive vessels (red) and
the vessels were smaller and generally lacked lumens suggesting the vessels had collapsed.
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Figure 3. Thiocyanate treatment reduces size and number of 2D10G9 MPO modified HOCl epitopes
in the MPO A53T mice but not in A53T lacking hMPO. (A–D) Coronal sections of hMPO-A53T
brain show colocalization of MPO-generated HOCl epitopes (using 2D10G9) (A) and LYVE1 (B) with
merged image in (C) and another merged image from a more anterior position (D). Panel (B) shows
location of the lateral ventricles (LV), dorsal third ventricle (D3V) and third ventricle (3V). (M) 2D10G9
staining of numerous vessels surrounding the dorsal third ventricle. Scale bar (A–D) 1 mm. (E-H)
2D10G9 immunostaining of periventricular vessels in hMPO-A53T brain from mice that were not
treated with SCN−. Images were made at 10× (E), 20× (F), 40×, (G), and 100× (H) objectives. Scale
bar for E–L: E 0.1 mm. (I–L) Immunoreactivity of 2D10G9 in periventricular vessels in hMPO-A53T
brain from mice that were treated with SCN−. Images were made at 10× (E), 20×, (F) 40× (G), and
100× (H) objectives. Choroid Plexus (CP, Panel (J)). (N–Q) 2D10G9 immunofluorescence staining of
hMPO-A53T lateral ventricle from mice not treated with SCN− (N), compared to hMPO-A53T mice
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treated with SCN− (O). D10 staining of A53T mice not treated with SCN− (P), compared to A53T
mice treated with SCN− (Q). Controls show D10 staining of the lateral ventricle from MPO trans-
genic mice lacking the A53T transgene (R) and WT mouse brain (S). Objective was 20×. Scale
bar: (N–S) 0.1 mm. (T) 2D10G9 immunofluorescence staining was quantitated for the periventricular
regions from hMPO-A53T and A53T brain with or without SCN− treatment. Lane 1 shows the
relative 2D10G9 fluorescence signal in hMPO-A53T mice not treated with SCN− (n = 7). Lane 2
shows the signal for hMPO-A53T mice treated with SCN− (n = 7). Lane 3 shows the signal in A53T
mice not treated with SCN− (n = 8). Lane 4 shows the signal in A53T mice treated with SCN− (n = 7).
Little to no signals were obtained for sections of hMPO transgenic mouse brain lacking A53T (lane 5)
or WT mouse brain (lane 6). Statistical analysis was conducted in Panel T using GraphPad Prism
software (v9) and Student’s t-test for comparing the means of two samples (p < 0.01 **).

Quantitation was carried out to measure the HOCl-modified epitopes in the peri-ventricular
regions from hMPO-A53T mice without SCN− treatment (Figure 3N, n = 7) versus hMPO-A53T
with SCN− treatment (Figure 3O, n = 8) (Figure 3, Panel T, lanes 1 and 2). SCN− significantly
reduced the 2D10G9 immunoreactivity in peri-ventricular vessels in the hMPO-A53T mice
(Figure 3T, lane 2), as compared to hMPO-A53T lacking SCN− treatment (Figure 3T, lane 1).
In contrast, there was no significant effect of SCN− on 2D10G9 signal in A53T mice with
SCN− (Figure 3Q) (Figure 3T, lane 4) or without SCN− treatment (Figure 3P) (Figure 3T,
lane 3). The peri-ventricular vessels were not detected by 2D10G9 in the hMPO mouse
brain lacking the A53T transgene (Figure 3R) (Figure 3T, lane 5) nor in WT mouse brain
(Figure 3S) (Figure 3T, lane 6), indicating that A53T transgene is required for these atypical
peri-ventricular vessels.

3.4. SCN− Treatment of hMPO-A53T Mice Reduces Levels of Nitrated αSyn in Glymphatic
Vessels Surrounding the Ventricles

Nitrated αSyn is an established marker of PD pathology. Our prior studies of the
hMPO-A53T model showed increased nitration of αSyn in dystrophic neurons using
mAb nSyn14 [31]. Here, we investigated whether hMPO expression in A53T brain led to
increased levels of nitrated αSyn in the periventricular glymphatic vessels. We focused on
the vessels around the 3rd ventricle (Figures 4G and 3V). Immunostaining was carried out
on brain sections from hMPO-A53T mice not treated with SCN− (Figure 4A) or treated
with SCN− (Figure 4B), as well as A53T mice that were not treated with SCN− (Figure 4C)
or treated with SCN− (Figure 4D).

Fluorescence quantification (Figure 4H) revealed higher levels of nSyn14 staining in
vessels around the 3rd ventricle (Figures 4G and 3V) in hMPO-A53T brain lacking SCN−

treatment (Figure 4A,H lane 1) than hMPO-A53T treated with SCN− (Figure 4B,H lane 2).
A53T brain lacking hMPO (Figure 4C,H lane 3) had less nSyn14 reactivity than hMPO-
A53T brain (Figure 4A, and 4H lane 1), and A53T brain showed no difference in levels
of nSyn14 reactivity with (Figure 4C,H lane 4) or without SCN− treatment (Figure 4D,H
lane 3). In controls, there was no significant nSyn14 staining in brains of mouse MPO−/−

(C57Bl/6 background) (Figure 4E,H lane 5) or WT (C57Bl/6) mice (Figure 4F,H lane 6).
Glymphatic vessels are encased in astrocytic end feet with AQP4 water channels

enabling transport of CSF/water from the ventricles through astrocytes and into the
parenchyma. To determine if astrocytes are present in these vessels, we stained the 3rd
ventricle region with GFAP astrocytic marker along with 2D10G9 HOCl modified epitopes
(Figure 4I,J). We detected astrocytes with typical elongate processes staining for GFAP
(green) along with HOCl modified epitopes (2D10G9, red).
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Figure 4. Thiocyanate treatment of hMPO-A53T mice reduces levels of nitrated aSyn in glymphatic
vessels surrounding the ventricles. Immunostaining with antibodies to nitrated αSyn (nSyn14) was
performed on brain sections from hMPO-A53T and A53T mice that had been treated (B,D) or not
treated (A,C) with SCN−. Higher levels of nSyn14 staining were detected in vessels in hMPO-
A53T brain lacking SCN− treatment (A) than hMPO-A53T mice treated with SCN− (B). A53T brain
lacking hMPO (C) had less nSyn14 reactivity than hMPO-A53T brain (A). There was no difference in
levels of nSyn14 reactivity in A53T brain with SCN− treatment (D) or without SCN− treatment (C).
As controls, there were no significant 2D10G9 staining in brains of hMPO KO (C57Bl/6) (E) or WT
mice (F). Scale bar 0.1 mm. (G). Coronal section of hMPOA53T brain immunostained for nitrated aSyn
in vessels surrounding the lateral ventricles (LV), dorsal third ventricle (D3V) and third ventricle (3V).
(H) Levels of nitrated αSyn detected by nSyn14 antibody and Alexafluor594, red in areas around the
third ventricle. Numbers of mouse brains examined were 5 to 7 for each genotype and treatment.
Lane 1 shows hMPO A53T mice not treated with SCN−. Lane 2 shows hMPO-A53T mice that had
SCN− treatment. Lane 3 shows A53T mice that lacked SCN− treatment. Lane 4 shows A53T mice that
had SCN− treatment. Control lane 5 shows MPO KO (C57Bl/6) mice that lacked SCN− treatment.
Lane 6 shows hMPO mice that lacked SCN− treatment. Statistical analysis was conducted in Panel H
using GraphPad Prism software (v9) and Student’s t-test for comparing the means of two samples
(p < 0.01 **). (I) hMPO-A53T brain was immunostained for GFAP astrocyte marker (green) and
2D10G9 HOCl oxidized epitopes(red) alongside the 3rd ventricle. One vessel is enlarged in (J)
showing astrocytic processes indicative of astrocytes.

3.5. Glymphatic Vessels Colocalizing for MPO, LYVE1, AQP4, GFAP, 2D10G9, ntSyn14,
and Carbamylated αSyn Can Be Toxic to Ependymal Cells Lining the Third Ventricle in
hMPO-A53T Mice

The 3rd ventricle is situated at the base of the mouse brain (Figure 4G) and can appear
in coronal sections as two closely associated parallel rows of ependymal cell nuclei. In the
hMPO-A53T model, the 3rd ventricle (3V) is associated with the unusual glymphatic vessel
structures on both sides (Figure 5). Figure 5A shows colocalization of MPO (B) and GFAP
(C), a marker of activated astrocytes, in vessels that appear to be loosely organized, most
lacking a clear lumen while some have a number of small lumens. Interestingly, when these
abnormal vessels are located close to the ependymal cells, there is loss of the DAPI stained
nuclei at that location as shown in the merged image of MPO/GFAP staining in Figure 5D.
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(A–D) show colocalization of MPO (B) and GFAP (C), marker for activated astrocytes, with merged
image in (A) in glymphatic vessels alongside the ependymal cell nuclei of the 3rd ventricle. Scale
bar 0.01 mm. The boxed area in (A) is enlarged in (D) to show loss of ependymal DAPI stained nu-
clei adjacent to the glymphatic vessels. (E–H) Panels E through H show colocalization in the glym-
phatic vessels of LYVE1 (F), marker of glymphatic vessels and 2D10G9 HOCl modified epitopes
(G) with merge in (E). The boxed areas in (F) are enlarged in (H) to show loss of ependymal DAPI
stained nuclei next to vessels. The scale is the same as in Figure 5A. Panels (I) through (M) show colo-
calization of nitrated aSyn (NTSYN14) and AQP4, marker of astrocytic end feet that encase glymphatic
vessels, with merged image in (I). The boxed area in (J) and in (K) are enlarged in (M) and (L), respec-
tively, to show loss of ependymal nuclei close to the vessels. The scale is the same as in Figure 5A.
Panels (N–Q) show colocalization of 2D10G9 HOCl modified epitopes and carbamylated αSyn
(carbsyn), a marker of hMPO oxidation. The boxed area in (O) is enlarged in (Q) to show loss of
DAPI stained ependymal nuclei near the vessels. (R) shows lack of staining for 2D10G9 and carb-syn
around control wildtype (WT) brain which exhibits healthy DAPI stained nuclei in the ependymal
nuclei. Objective 20×. Scale bar under A, 0.01 mm.

Analogous findings were observed for the same 3V region costained for LYVE1
(Figure 5F) and 2D10G9 HOCl-epitopes (Figure 5G), merged in Figure 5E. Boxed areas of
LYVE1 staining (Figure 5F), shown at greater magnification in Figure 5H, similarly show
loss of DAPI staining of ependymal nuclei in close proximity to the vessels. The small holes
or fenestrations in these vessel regions are more visible in these LYVE1 or 2D10G9 stained
sections (Figure 5H). Costaining for ntSyn14 (Figure 5J) and AQP4 (Figure 5K, merged
in I)) similarly showed loss of ependymal nuclei proximal to the vessels (enlarged in
Figure 5L,M). Complete loss of DAPI stained ependymal nuclei was also observed for
2D10G9 staining (Figure 5O, enlarged in Figure 5Q) as well as carbamylated αSyn
(CARBSYN) (Figure 5P). Figure 5R shows DAPI stained 3rd V nuclei from WT mouse
brain that show absence of 2D10G9 and carbsyn staining, providing evidence that MPO
and αSyn A53T must be present to elicit these atypical glymphatic vessels.

The confluence of these several markers associated with the glymphatic system (GFAP,
AQP4, LYVE1) and PD (MPO, HOCl-modified epitopes, carbsyn, ntSyn14) argue that MPO
oxidants may be an important contributor to the impairment of the glymphatic system
in PD.

3.6. AQP4 and HOCl-Epitopes in Periventricular Vessels Suggest MPO Contributes to
Glymphatic Impairment

AQP4 is a water channel protein present in astrocytic end feet which form a protective
sheath around vessels, creating a peri-vascular space in which CSF can flow into the brain
vasculature, then exit through AQP4 channels into astrocytes and exiting to the parenchyma
providing water, CSF, and nutrients. In Figure 6, we see interaction between AQP4 and HOCl-
modified epitopes on dystrophic glymphatic vessels near lateral ventricles. MPO oxidants are
likely to damage the glymphatic vessels in the hMPO-A53T model, potentially impairing the
glymphatic waste removal system, contributing to the observed motor impairment.

In hMPO-A53T brain, AQP4 (red) (Figure 6B) is detected in ependymal cells lining the
lateral ventricles and in some nearby vessels. Immunostaining for HOCl-modified epitopes
using 2D10G9 is observed in some of the ependymal cells and nearby vessels (Figure 6B–D,
merged in Figure 6A). Traces of AQP4 staining are associated with these 2D10G9 positive
vessels (boxed area in Figure 6B,C, enlarged in Figure 6D). The small box in Figure 6, Panel
A, is enlarged in Panel D to show two green 2D10G9 stained vessels partly encircled with
red AQP4 filaments, possibly astrocytic end feet wrapping glymphatic vessels. The lower
box in Figure 6, Panel D shows another example of AQP4 (red) association with HOCl
modified epitopes (green) in vessels at the ependymal layer.
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the boxed area. (C) 2D10G9 staining is seen in adjacent vessels in the boxed area and in some epen-
dymal cells. (D) The small box in Panel (A) is enlarged in (D) to show two 2D10G9 positive vessels 
(green) with AQP4 (red) in filaments or astrocytic sheath encircling the vessel. The lower Panel 
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Figure 6. Colocalization of AQP4 and HOCl-modifed epitopes in vessels near the lateral ventricles
suggest a role for MPO in glymphatic impairment (A–C). Immunostaining of hMPO-A53T brain
shows 2D10G9 and AQP4 costained in a subset of ependymal cells lining the lateral ventricle (LV)
(A). Scale bar under C, 70 um. (B) AQP4 staining is seen in the ependymal cells and a few vessels
in the boxed area. (C) 2D10G9 staining is seen in adjacent vessels in the boxed area and in some
ependymal cells. (D) The small box in Panel (A) is enlarged in (D) to show two 2D10G9 positive
vessels (green) with AQP4 (red) in filaments or astrocytic sheath encircling the vessel. The lower
Panel shows a region from the big box in A with 2D10G9 stained vessels (green) colocalizing with
AQP4 (red). (E–I) Panel (E) shows AQP4 (red) and 2D10G9 (green) staining along a vessel near the
ependymal cells (EC) of the lateral ventricle (LV). The boxed area is enlarged in panel (F) showing
what appears to be distinct layers of AQP4 and 2D10G9 staining. Panel (G) shows another example
of AQP4 and 2D10G9 in layered staining along a vessel. Panel (H) show AQP4 (red) in vessels whose
ends interact with 2D10G9 (green) stained vessels. Panel (I) shows AQP4 again in vessels that contact
2D10G9 vessels without colocalizing. Panel (J) show colocalization of GFAP (red) astrocyte marker, and
LYVE1 (green) glymphatic marker in the vessels along the 3rd ventricle (3V) (not DAPI stained). Panel
(K) shows LYVE1 staining only, which allows visualization of lumens in some vessels. Panel (L) shows
the boxed area in Panel (J) enlarged to reveal lumens in LYVE1+ vessels around GFAP astrocyte marker
(red).20× and 40× objectives was used in (A–E), (H–K), and 100× objective in (F,G,L).



Antioxidants 2022, 11, 2342 17 of 26

In another example, AQP4 (red) (Figure 6E, box enlarged in Figure 6F) is associated
with HOCl-modified epitopes (green) along a vessel. Another example is shown in Figure 6,
Panel G with AQP4 (red) aligned with 2D10G9 stained vessels. Figure 6, Panels H and I
show several 2D10G9 positive stained vessels (green) contacting AQP4 positive vessels
(red) near the ependymal layer.

As further evidence that the AQP4 detected in vessels along the ventricles is in
astrocytic end feet, Figure 6 (Panels J, K, and L) shows vessels along the third ventricle
that stain for LYVE1, a marker for glymphatic vessels (green) and GFAP (red), a marker
for astrocytes. At higher magnification (Figure 6L), there appears to be several openings
in LYVE1-positive vessels associated with GFAP-positive astrocytes. The association of
HOCl-modified epitopes with glymphatic vessels could be linked to impaired clearance of
waste products including oxidized αSyn from hMPO-A53T brain.

4. Discussion
4.1. Deleterious Versus Protective Effects of MPO

PD is a major neurodegenerative disease with only limited therapeutic options. Pre-
viously we have shown that MPO oxidation products are a major contributor to motor
deficits and oxidative damage in the mouse model of PD, hMPO-A53T [31]. In the current
study we found that supplying a less toxic, alternative substrate to MPO, namely SCN−,
we could reduce the level of the more toxic HOCl-modified epitopes and improve motor
behavior in the hMPO-A53T mouse model. In an unexpected result we also demonstrated
in this mouse model that there was significant oxidative damage in vessels we determined
were glymphatic vessels along the lateral, 3rd and 4th ventricles. This oxidative damage
was reduced when the mice were treated with SCN− in keeping with our hypothesis that
providing a less toxic substrate to MPO will reduce damage to the surrounding tissues.
Importantly, this further suggests that MPO oxidation of glymphatic vessels impedes
clearance of oxidized αSyn and other waste, thereby exacerbating PD.

The MPO-H2O2 system catalyzes halogenation of SCN− to form hypothiocyanous acid
(HOSCN) [63]. HOSCN plays a beneficial role as a bacteriostatic agent but may also have
deleterious effects on normal cellular function [64]. MPO-catalyzed oxidation of SCN− has
been linked to carbamylation of lipoproteins such as LDL [65] and lipoproteins of the high
density range [66], leading to pro-atherosclerotic events including cholesterol accumulation
and foam-cell formation (reviewed in Ref. [67]). Sources of SCN− include tobacco smoke,
environmental pollutants, diet, or the metabolism of cyanide by sulfurtransferases [68].
Recently, an alternative source of cyanate has been identified [69]. MPO was found to
catalyze the two-electron oxidation of cyanide to cyanate and promote the carbamylation
of taurine, lysine and LDL [69].

SCN− may have beneficial effects therapeutically due to the fact that HOSCN is less
toxic than HOCl [70,71]. HOSCN is a less powerful oxidizing agent compared to HOCl
and HOBr [72,73]. In a recent study using murine macrophages, HOSCN was shown to
modulate damage caused by HOCl [46,74]. Several animal studies have been performed
suggesting that SCN− treatment may be therapeutically useful. Nebulized SCN− effectively
reduced bacterial load, infection mediated morbidity, and airway inflammation in mice
infected with P. aeruginosa [75]. In a cystic fibrosis mouse model nebulized SCN− was
administered to mice and was shown to significantly decrease airway neutrophil infiltrate
and restore the redox ratio of glutathione in lung tissue and airway epithelial lining fluid to
levels comparable to WT [71].

In another example, supplementation of SCN− in the drinking water was tested as
a possible therapy to reduce the oxidative damage by HOCl. When humanized MPO
mice were crossed to LDLR−/− 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 [49]. In another mouse model of
atherosclerosis, SCN− supplementation also reduced plaque size in apolipoprotein E−/−

mice and reduced oxidative damage while improving endothelial function [76]. In a rat
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model of myocardial ischemia-reperfusion injury oral dosing of rats with SCN− before
acute ischemia-reperfusion injury significantly reduced the infarct size as a percentage
of the total reperfused area (54% versus 74%) and increased the salvageable area (46%
versus 26%) as determined by MRI imaging [77]. 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.

We cannot rule out other pathways to reduce the hMPO injury response with SCN−

treatment namely, the contribution of the redox system, (e.g., thioredoxin reductase) which
may also play a role in reducing oxidative damage [78,79]. It has been reported that
HOSCN formation could have detrimental effects on the basis of alterations in redox
signaling (e.g., targeting free cysteines from low-molecular mass protein residues) and
promotion of cellular dysfunction following HOSCN treatment of cellular models [78,79].
The formation of reversible oxidation products from HOSCN and its catalytic reduction
via direct reaction with mammalian thioreductase via electron transfer from NADPH and
reduction of disulfides and other substrates could also contribute to the improvement we
see in motor behavior [78,80].

4.2. Impairment of the Glymphatic Waste Clearance System in hMPO-A53T Mice

The glial-lymphatic or glymphatic system is a fluid transport mechanism that delivers
CSF and nutrients into the brain along peri-arterial channels created by interlocking astrocytic
end feet that wrap around the vessels creating a peri-arterial space for CSF to flow into the
brain [81,82]. This system utilizes the AQP4 water channel protein which is highly localized
in orthogonal arrays on the astrocyte end feet, allowing transport of water and nutrients into
astrocytes and then into the interstitial space of the brain. Waste products such as oxidized αSyn
are propelled by convective flux produced by heart contractions through the interstitial spaces
and finally into peri-venous channels that lead out of the brain.

Our findings raise the possibility that MPO-mediated oxidation of αSyn in the hMPO-
A53T model creates insoluble misfolded protein aggregates that adhere to the walls of the
glymphatic vessels, causing stiffening of the walls such that the vessels cannot deflate and
inflate with the convective flux of CSF into the perivascular spaces. This could explain the
enlarged peri-ventricular vessels around the LVs in the hMPO-A53T brain as compared
to smaller and flatter vessels in A53T mouse brain, or the lack of peri-ventricular vessels
in WT or transgenic hMPO brain. Deposition of these oxidized or aggregated proteins
(e.g., hMPO, nitSyn, 2D10G9 HOCl oxidized epitopes, carbsyn, LYVE1, GFAP, AQP4) may
prevent the collapse of the glymphatic vessel walls. Glymphatic vessels were for some
years undetectable in normal mouse brains because these vessels collapse at the time of
death or fixation [83]. Only in the presence of hMPO and A53T αSyn expression do we
significantly detect dystrophic vessels coated by MPO, αSyn, AQP4, and GFAP, presumably
because these deposits prevent the collapse of the vessel walls. Such deposits may also
block valves in lymphatic vessels that normally allow outflow of CSF and nutrients into
the brain parenchyma.

Recently, the glymphatic system has become a research focus due to its involvement
in neurodegenerative diseases, notably AD and PD. While the original credit for a waste
disposal system belongs to B. Lewis [84] and H. Obersteiner [85], the concept has been
recently rediscovered [82] (reviewed in Ref. [86]). Soon after this discovery the meningial
glymphatic system was uncovered [87]. A more recent study used IHC to define the
position of glymphatic markers in 12 areas of human brain and together these reports have
helped to generate a promising field of research [88]. There is however continued debate as
to the mechanisms of flow in the glymphatic system as well as the role of the glymphatic
system in normal homeostasis and neurodegenerative diseases [89–93].
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4.3. The Possible Role of MPO in Glymphatics in PD

The work presented here suggests an active role for MPO in the impairment of the
glymphatic system in the vessels surrounding the lateral, 3rd, and 4th ventricles in the
hMPO-A53T mouse model of PD. These glymphatic vessels were immunostained for MPO
and for HOCl modified epitopes. Since MPO is the only peroxidase able to generate HOCl,
this result indicates that MPO is enzymatically active and able to oxidize proteins and
probably also lipids (via intermediate formation of HOCl) in these vessels. These vessels
were also stained with the glymphatic marker LYVE1. Furthermore, in the same vessels
there is immunostaining for GFAP, a marker for activated astrocytes. Finally, the astrocytes
in these vessels were immunostained for AQP4, a water channel that intakes water from the
peri-arterial vessels and transports it through astrocytes and interstitial fluid to wash out
waste such as αSyn from the brain. These results point to a role for MPO in the impairment
of the glymphatic system leading to development of PD in this murine model system.
Interestingly, there was no MPO immunostaining in periventricular vessels in the hMPO
transgenic mice lacking A53T, nor in WT mice. Thus, it is the genetic background of the
hMPO mice crossed to the A53T mice that gives rise to MPO expression and formation
of HOCl-modified epitopes, leading to deposition of oxidized proteins on the glymphatic
walls, impairing transport of oxidized waste out of the brain parenchyma.

One interesting finding is that the ependymal cells that line the ventricles are often
killed by close proximity of the peri-ventricular glymphatic vessels, suggesting that MPO
oxidants or nitrated/chlorinated αSyn are toxic to these ependymal cells. This would likely
contribute to the greater motor disability of the MPO αSyn mice due to loss of integrity of
the blood–brain barrier.

It is hypothesized that failures of the glymphatic system to successfully remove
misfolded and oxidized proteins contributes to PD. The question remains as to where
the MPO protein in these vessels originates. First, the MPO gene could be activated
in astrocytes that encase the vessels to create the peri-arterial channel. We previously
showed that the hMPO transgene is expressed at high levels in astrocytes around amyloid
β plaques in the hMPO-APP23 model [27], and here we show MPO is expressed in subsets
of astrocytes in hMPO-A53T (Figure 3U,V and Figure 5A). We further have shown that
in the hMPO-A53T model, this peroxidase can be expressed in neurons [31]. The MPO
expressed there is a 90kD unprocessed form that is secreted. This would fit the current
results as secreted 90kD MPO could be enzymatically active in and around the vessels
which would explain the oxidative damage at the vessels. Several years-ago experiments
were conducted that support this hypothesis. Horseradish peroxidase was infused into the
lateral cerebral ventricles of anesthetized cats and dogs [94]. The flow of the peroxidase
then proceeded towards the perivenous space [94]. This may be relevant to the current
studies since horseradish peroxidase and MPO are functionally related it may be that hMPO
expressed in the brains of our mouse PD model follows a similar path. The results presented
here show that there is significant oxidation in the vessels around the ventricles which
most likely prevents their collapse during fixation. We cannot rule out the possibility that
MPO is transported into the parenchyma by unknown transporters [81] or by extracellular
vesicles [95]. Interestingly, we have recently shown that MPO can be encapsulated by
extracellular vesicles and is enzymatically active (unpublished observation). It will be
particularly interesting to follow up the analysis of this model system using a variety of
techniques to follow glymphatic flow under different conditions.
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The presence of MPO along with HOCl-modified epitopes in the vessels argues that
MPO is enzymatically active and further suggests that oxidation of αSyn as well as other
proteins is occurring. It is therefore not surprising to see deficits in motor ability in the hMPO-
A53T model system. A recent report identified MPO in the CSF of PD [96]. While the authors of
this study did not find a correlation between CSF MPO in PD patients versus healthy controls,
they did notice a correlation of MPO concentration with disease duration [96]. We and others
have shown that MPO expression is implicated in PD [29,31,97–100]. Furthermore, we and
others have also shown that there is an increase in MPO in neurons and activated glial cells
in PD [29,31,101–103]. As mentioned above, normally MPO is only expressed in myeloid
cells. The abnormal expression in neurons and glial cells in neurodegenerative diseases
suggests that MPO can promote these diseases.

These findings suggest that MPO may be a good target for the development of ther-
apeutics to block its activity (reviewed in Ref. [104]). The results presented here provide
evidence that SCN− treatment can improve activities in several motor tests. While SCN−

may not be a viable therapeutic itself for the treatment of PD due to toxicity issues, several
other 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 [105]. Studies in animal models of Multiple Sclerosis
(EAE) [106], multiple system atrophy [107,108] and in an animal model of amyotrophic lat-
eral sclerosis [109] indicate that blocking MPO activity lessens disease and improves motor
behavior, pointing to the usefulness of developing MPO inhibitors. A safe and therapeuti-
cally 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 Alpha synuclein
AD Alzheimer’s disease
AQP4 aquaporin 4
Br− bromide
Cl− chloride
CSF cerebral spinal fluid
DAPI 4′, 6-diamidino-2-phenylindole
GFAP glial fibrillary acidic protein
hMPO human MPO
HOBr hypobromous acid
HOCl hypochlorous acid
HOI hypoiodous acid
HOSCN hypothiocyanous acid
I− iodide
IHC immunohistochemistry
LV lateral ventricle
LYVE1 lymphatic vessel endothelial hyaluronan receptor 1
mAb monoclonal antibody
mMPO murine MPO
MPO myeloperoxidase
NaSCN sodium thiocyanate
pAb polyclonal antibody
PBS phosphate-buffered saline
PBST PBS + 0.05% Tween 20
PD Parkinson’s disease
ROS reactive oxygen species
SCN− thiocyanate
Thy1 human thymus cell antigen 1
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