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Abstract
Environmental toxicant exposure has been strongly implicated in the pathogenesis of Parkinson’s disease (PD). Clinical man-
ifestations of non-motor and motor symptoms in PD stem from decades of progressive neurodegeneration selectively afflicting
discrete neuronal populations along a caudo-rostral axis. However, recapitulating this spatiotemporal neurodegenerative pattern
in rodents has been unsuccessful. The purpose of this study was to generate such animal PD models and delineate mechanism
underlying the ascending neurodegeneration. Neuroinflammation, oxidative stress, and neuronal death in mice brains were
measured at different times following a single systemic injection of lipopolysaccharide (LPS). We demonstrate that LPS pro-
duced an ascending neurodegeneration that temporally afflicted neurons initially in the locus coeruleus (LC), followed by
substantia nigra, and lastly the primary motor cortex and hippocampus. To test the hypothesis that LPS-elicited early loss of
noradrenergic LC neurons may underlie this ascending pattern, we used a neurotoxin N-(2-chloroethyl)-N-ethyl-2-
bromobenzylamine (DSP-4) to deplete brain norepinephrine. DSP-4 injection resulted in a time-dependent ascending degener-
ative pattern similar to that generated by the LPS model. Mechanistic studies revealed that increase in nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase-2 (NOX2)-dependent superoxide/reactive oxygen species (ROS) production plays a
key role in both LPS- and DSP-4-elicited neurotoxicity. We found that toxin-elicited chronic neuroinflammation, oxidative
neuronal injuries, and neurodegeneration were greatly suppressed in mice deficient in NOX2 gene or treated with NOX2-
specific inhibitor. Our studies document the first rodent PD model recapturing the ascending neurodegenerative pattern of PD
patients and provide convincing evidence that the loss of brain norepinephrine is critical in initiating and maintaining chronic
neuroinflammation and the discrete neurodegeneration in PD.
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Abbreviations
3-NT 3-nitrotyrosine
4-HNE 4-hydroxy-2-nonenal
CPu caudate-putamen
CD11b integrin αM chain
DA dopamine
DAMPs danger-associated molecular patterns
DHE dihydroethidium
DPI diphenyleneiodonium
DSP-4 N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine
FDG fludeoxyglucose
Hip hippocampus
Iba-1 ionized calcium-binding adapter molecule-1
LC locus coeruleus
LPS lipopolysaccharide
MCtx motor cortex
NE norepinephrine
NeuN neuronal nuclei
NOX2 nicotinamide adenine dinucleotide phosphate

(NADPH) oxidase-2
PBR peripheral benzodiazepine receptor
PET positron emission tomography
ROS reactive oxygen species
SNpc substantia nigra pars compacta
SUV standard uptake value
TH tyrosine hydroxylase
TSPO translocator protein
VTA ventral tegmental area

Introduction

Parkinson’s disease is an age-associated neurodegenerative
disorder that progresses through several decades. The hall-
mark movement symptoms of Parkinson’s disease are pro-
duced by the loss of dopaminergic neurons in the substantia
nigra pars compacta (DA-SNpc), while neurodegeneration
outside the basal ganglia produces mood changes [1, 2], cog-
nitive impairment [3–6], anosmia [7], and gastrointestinal is-
sues [8]. Though assessment of neurodegeneration outside the
basal ganglia varies greatly among individuals with
Parkinson’s disease [9], retrospective studies have associated
parkinsonian symptom severity with caudo-rostral degenera-
tion of discrete neuronal populations [9–13]. While many ge-
netic and environmental factors are thought to contribute to
Parkinson’s disease, the mechanism behind the caudo-rostral
progression and neurodegeneration in Parkinson’s disease re-
mains unknown.

Many groups have postulated that “prion-like” transmis-
sion and propagation of α-synuclein along functionally con-
nected neurons may explain the spatiotemporal pattern of pro-
gression and neurodegeneration. In support of this hypothesis,
α-synuclein inclusions populate the brain in a caudo-rostral

order known as Braak stages that begins in neuronal terminals
of the olfactory bulb and gut and spreads to the dorsal motor
nucleus of the vagus before ascending through the hindbrain,
midbrain, and forebrain structures into higher-order cortical
centers in parkinsonian brains [14]. However, the involvement
of α-synuclein variants in neurodegeneration has been incon-
sistent in animal studies [15–17], suggesting that α-synuclein
may be necessary but not sufficient in the progression of neu-
rodegeneration in Parkinson’s disease.We previously reported
that chronic neuroinflammation induced by a single systemic
injection of the bacterial endotoxin lipopolysaccharide in mice
was sufficient to produce degeneration of the dopaminergic
neurons in the substantia nigra pars compacta with motor def-
icits [18–20]. The main purpose of this study was to extend
this finding and investigate whether chronic neuroinflamma-
tion is a principal factor producing discrete caudo-rostral pat-
terns of neurodegeneration in Parkinson’s disease.

In this study, we first assessed whether lipopolysaccha-
ride (LPS)-induced chronic neuroinflammation could reca-
pitulate the spatiotemporal order of neurodegeneration in
Parkinson’s disease. Interestingly, a discrete caudo-rostral
pattern of neurodegeneration was observed in LPS-injected
mice; loss of neurons was first detected in noradrenergic
locus coeruleus (NE-LC) neurons, followed by DA-SNpc
neurons, and finally hippocampus and primary motor cor-
tex. The finding showing early loss of NE-LC neurons in
LPS-injected mice prompted us to further investigate the
role of brain NE in modulating the susceptibility of neu-
rons in regions innervated by NE-LC neurons. We hypoth-
esized that an early loss of NE-LC neurons in Parkinson’s
disease may disrupt microglial immunohomeostasis to
generate neuroinflammation and lead to neurodegeneration
[21–24], similar to that observed following LPS injection.
To test this possibility, we used a neurotoxicant N-(2-
chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4) to se-
lectively deplete central norepinephrine in NE-LC neurons.
Consistent with our speculation, depletion of central nor-
epinephrine produced discrete oxidative and nitrosylative
neuronal injuries and degeneration along the predicted spa-
tiotemporal order similar to that observed in LPS-treated
mice. Results from both LPS and DSP-4 studies further
emphasize the essential role of chronic neuroinflammation
as a common driving factor in causing the neurodegenera-
tion. Finally, the critical role of nicotinamide adenine di-
nucleotide phosphate (NADPH) oxidase-2 (NOX2) in the
generation and maintenance of DSP-4-induced chronic
neuroinflammation was substantiated in mice with geneti-
cally ablated CYBB gene coding for NOX2 or pharmaco-
logical inhibition of NOX2. Together, this study offers new
insight into the critical role of NE-LC neurons in driving
neurodegeneration in Parkinson’s disease. This animal
model is the first to show that early loss of central norepi-
nephrine from the loss of NE-LC neurons is critical in

2654 Mol Neurobiol (2019) 56:2653–2669



dysregulation of microglia throughout the brain to induce
chronic neuroinflammation that afflicts the most vulnera-
ble neuronal populations to produce the spatiotemporal
pattern of neurodegeneration associated with Parkinson’s
disease.

Materials and Methods

Animals and Exposure Models

C57BL/6J and gp91phox−/− mice were obtained from the
Jackson Laboratory (Bar Harbor, ME) and maintained in a
12-h light/dark cycle with ab lib access to food and water.
All procedures were in strict accordance with the NIH animal
welfare guidelines. Three-month-old male mice were exposed
to either a single intraperitoneal injection of the bacterial en-
dotoxin LPS (Sigma-Aldrich, L3012, 15 × 106 EU/kg), the
norepinephrine-depleting neurotoxin DSP-4 (Sigma-Aldrich,
C8417, 50 mg/kg), or a saline vehicle (5 ml/kg). Coronal-
sectioned brain slices were used to assess neurodegeneration
at 1, 4, 7, and 10 months following injections (n = 6–8/group)
to determine whether exposures could initiate progressive
caudo-rostral neurodegeneration. gp91phox−/− transgenic mice
incapable of NOX2 activation and producing superoxide were
treated with DSP-4 and assessed at 4 months following injec-
tion to examine whether NOX2 activation during neuroin-
flammation drives neurodegeneration. Wild-type mice (C57/
BL) were subjected to subcutaneous implants of osmotic
mini-pumps that infuse 10 ng/kg/day of the NOX2 inhibitor
diphenyleneiodonium (DPI) for three months beginning a
month after DSP-4 injection and assessed at four months after
injection. All mice were euthanized by pentobarbital overdose
and cardiac perfusion prior to excising their brains, post-
fixation with 4% paraformaldehyde at 4 °C for 48 h, and
subsequently infiltrated with 30% sucrose in PBS prior to
sectioning.

Immunohistochemistry and Stereological/Automated
Counting Assessments of Neurodegeneration

Free-floating 35 μm coronal sections containing the LC,
SNpc, VTA, hippocampus (Hip), motor cortex (MCtx), and
caudate putamen (CPu) were cut on a horizontal sliding mi-
crotome. Noradrenergic neurons of the LC and dopaminergic
neurons of the VTA and SNpc were identified through TH+

immunohistochemistry, whereas the pan-neuronal marker
NeuN was used to identify all neurons in the Hip, MCtx,
and CPu. Stereological counts of TH+ LC, VTA, and SNpc
neurons were estimated using an optical fractionator method
on an Olympus BX50 stereological microscope within user-
defined boundaries [20]. Automated counting was performed
on high-density clusters of NeuN+ neurons in the Hip, MCtx,

and CPu, which was performed using an automated counting
feature on ImageJ [25]. All immunohistochemistry images
were captured by a Leica Aperio AT2 scanner.

PET Imaging of Glucose Metabolism to Assess
Neurodegeneration

Regional differences in [18F]-fludeoxyglucose (FDG) tracer
accumulation is a widely-used clinical technique that quan-
tifies changes in local cerebral metabolic rates of glucose that
are suppressed in neurodegenerative disorders [26–28]. Mice
underwent [18F]-FDG positron emission tomography (PET),
and the radiotracer accumulation was mapped in standardized
uptake values (SUVs) and quantified by brain region using a
mouse [18F]-FDG atlas [29] and the software package
AMIRA (v5.2, FEI).

Immunohistochemistry and Densitometry
Assessments of Reactive Microgliosis

Reactive microgliosis was assessed in the SNpc, Hip, MCtx,
and CPu by immunohistochemistry using either a polyclonal
rabbit antibody against Iba-1 (Wako, 019-19741, 1:5000) or a
monoclonal rat antibody against CD11b (AbD Serotec,
MCA711G, 1:400). Densitometry of Iba-1+ or CD11b+ ex-
pression by microglial was assessed in the substantia nigra
(SN), Hip, and MCtx using ImageJ as reported previously
[30].

Autoradiography and PET Assessment
of Neuroinflammation

Recent clinical PET imaging studies have implemented the
binding of the radioligand [18F]-peripheral benzodiazepine
receptor (PBR) to mitochondrial transmembrane proteins
(TSPO) selectively upregulated in immunologically activated
microglia and astrocytes as a functional marker for neuroin-
flammation. The specificity of the ligand was validated by
performing autoradiography of the radioligand and overlaying
it with the immunohistochemistry detecting reactive
microgliosis on the same sections. [18F]-PBR-111 uptake
was measured in vivo with PET imaging, and standardized
uptake values were extracted from several brain regions to
evaluate neuroinflammation.

In Situ and Immunohistochemistry Assessments
of ROS and Oxidative and Nitrosylative Injuries

Coronal sections of the SNpc, MCtx, and the DG, CA1, CA2,
and CA3 layers of the hippocampus were assessed for elevat-
ed superoxide/reactive oxygen species (ROS) production
through an in situ method. Dihydroethidium (DHE, 20 mg/
kg; i.p.) was injected to living mice 18 h before whole-body
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perfusion. DHE that entered the brain was oxidized by super-
oxide and other oxidative radicals to form red fluorescent
metabolites. Oxidative and nitrosylative cellular injuries were
assessed by immunohistochemistry for 4-hydroxy-2-nonenal
(4-HNE) lipid peroxidation adducts and 3-nitrotyrosine (3-
NT) protein adducts, respectively. Densitometry was per-
formed using ImageJ.

Statistical Analysis

All group data are expressed as mean ± SEM. Group means
were compared using one- or two-way ANOVA with treat-
ments as the independent variable, and statistical significance
was defined at an alpha level of 0.05. Pairwise comparisons
between group means were examined using the Dunnett’s
post-hoc test among groups with significant differences.
Statistical analyses were performed on Prism (GraphPad,
v7.00).

Additional methods are provided in the Supplementary
Material.

Results

LPS-Induced Chronic Neuroinflammation Drives
Progressive Neurodegeneration

We previously reported that a single LPS injection in mice
produces parkinsonian-like neurodegeneration of DA-SNpc
neurons with motor deficits [18], yet neurodegeneration out-
side the basal ganglia was not assessed in this model.
Immunostaining of six discrete brain neuronal populations
revealed that the earliest neurodegeneration occurred in TH+

NE-LC neurons after LPS injection, which is similar to the
early loss of NE-LC neurons observed in some Parkinson’s
disease patients. Significant NE-LC neurodegeneration was
observed at 4, 7, and 10 months following LPS injection with
27 ± 1.8% (p = 0.009), 42 ± 2.6% (p < 0.001), and 54 ± 2.1%
(p < 0.001) losses when compared to neuronal counts in age-
matched vehicle controls (Fig. 1a,b). Analogous to the pro-
gression of neurodegeneration during Parkinson’s disease,
significant loss of TH+ DA-SNpc neurons trailed the loss of
NE-LC neurons by 3 months, becoming significant by
7 months (34 ± 2.1%, p = 0.001) and 10 months (50 ± 3.0%,
p < 0.001) following LPS injection (Fig. 1a,b). Significant
losses were observed in NeuN+ neurons in the MCtx prefer-
entially afflicted layers I, V, and VI (28 ± 0.9%, p < 0.001) and
the hippocampal dentate gyrus (30 ± 1.2%, p < 0.001; Fig.
1a,b) by 10 months following LPS injection. Loss of neurons
in these regions may correspond to the development of cog-
nitive impairments, dementia, and psychosis at late stages of
Parkinson’s disease. By contrast, similar to the findings from
parkinsonian patients [31, 32], the numbers of intrinsic NeuN+

neurons in the CPu and TH+ DA neurons in the VTAwere not
significantly affected up to10 months following LPS injection
(Fig. 1a,b).

To further validate the spatial pattern of neurodegeneration,
we assessed [18F]-FDG uptake by in vivo whole-brain PET
imaging to identify brain regions with depressed cerebral met-
abolic rates of glucose to detect regions of neurodegeneration.
Significant suppression in glucose metabolism was observed
by 10 months following LPS-induced chronic neuroinflam-
mation by 28 ± 1.1% in the hindbrain (p = 0.01), midbrain
by 28 ± 0.6% (p = 0.02), hippocampus by 23 ± 0.7% (p =
0.02), and across all cerebral cortices by 16 ± 1.0% (p =
0.01) when compared to basal metabolic levels of the vehicle
control cohort (Fig. 1c,d). Furthermore, significant reductions
in glucose metabolism were observed in the cerebellum (9 ±
0.8%, p = 0.01), olfactory bulb (22 ± 0.6%, p = 0.01), and
thalamus (27 ± 0.7%, p = 0.01; Fig. 1c,d). By contrast, glucose
metabolism was unchanged in the CPu (p = 0.21). Taken to-
gether, it appears that LPS-induced reductions in glucose me-
tabolism and neurodegeneration in various brain regions are
well-correlated.

The intensity of microglia activationmay contribute largely
to the rate of collateral neurodegeneration [33]. To determine
microglial activation in different regions of the brain, we first
assessed the intensity of microgliosis by immunostaining
CD11b antigen, which is a selective marker for microglia, in
sagittal sections of brains 10 months following injection of
either LPS or a vehicle control. Results indicated clear en-
hancement of CD11b immunoreactivity in the MCtx, Hip,
SN, and LC, with the exception of the caudate/putamen
(CPu), which showed little change (Fig. 2a). Results from
Figs. 1a and 2a suggest a high degree of correlation among
the brain regions, which display enhanced immunostaining
CD11b and neuronal loss in LPS-injected mice.

Next, we employed [18F]-PBR-111 as a tool to further
characterize the activation of microglia after LPS injec-
tion. Functional maps of immunologically activated mi-
croglia can be generated by PET imaging by determining
the selective uptake of [18F]-PBR-111 in Parkinson’s dis-
ease patients [26]. We first performed autoradiography of
[18F]-PBR-111 and immunostaining of CD11b+ microglia
on the same sections to verify the cell type. Results
showed that the increase of uptake of [18F]-PBR-111 cor-
related well with the activated microglia (Fig. 2b). Uptake
of [18F]-PBR-111 by PET imaging in mice at 10 months
following LPS injection was significantly elevated in the
cerebellum (81 ± 8.5%, p < 0.001), hindbrain (88 ± 9.5%,
p < 0.001), midbrain (168 ± 8.4%, p < 0.001), hippocam-
pus (147 ± 8.6%, p < 0.001), thalamus (194 ± 6.7%, p <
0.001), and across the entire cerebral cortex (267 ±
13.2%, p < 0.001) with much less increase in caudate/
putamen (31 ± 2.4%, p = 0.04) when compared to age-
matched vehicle controls (Fig. 2c,d).
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Fig. 1 Chronic neuroinflammation generated by a single LPS injection
(15 × 106 EU/kg; i.p.) was sufficient to generate discrete, progressive
neurodegeneration resembling the spatiotemporal pattern of
neurodegenera t ion in Park inson ’s d isease . We assessed
neurodegeneration in percent neuronal loss compared to stereological
counts of age-matched vehicle controls at 1, 4, 7, and 10 months
following LPS injection (n = 4–6/group). a Representative
immunostaining images show TH-positive noradrenergic neurons in
locus coeruleus (LC), dopaminergic neurons in substantia nigra pars
compacta (SNpc) and ventral tegmental area (VTA), and NeuN-positive
neurons in caudate/putamen (CPu), dentate gyrus (DG), and motor cortex
(MCtx) at 10 months following LPS or saline vehicle injections. The
stereological counting number of TH+ DA neurons in the SNpc of

saline and LPS-treated mice is 6859 ± 278 and 4078 ± 206. Bar =
300 μm. b Neurodegeneration following LPS injection was sequentially
observed to occur at NE-LC, DA-SNpc, DG, and MCtx neurons while
sparing DA-VTA and CPu neurons. c Upper panel shows the anatomical
orientation and brain regions for all PET maps. Lower panels are
averaged whole-brain [18F]-FDG PET maps (n = 4/group) of mice at
10 months following exposures to vehicle control (left) and LPS (right).
LPS results in brain-wide reductions in glucose metabolism. Warmer
colors represent increases in the Z score of [18F]-FDG standard uptake
values. d Quantification of standard uptake value changes among
different brain regions following LPS injection displayed as percent
reduction from vehicle control uptake. Data are expressed as mean ±
SEM. * denotes p < 0.05, ** p < 0.01, and *** p < 0.001
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Depletion of Brain Norepinephrine by DSP-4 Elicits
Progressive Neurodegeneration

In LPS-injected mice, brain regions showing neuronal loss are
heavily innervated by noradrenergic nerve fibers with the ex-
ception of the caudate/putamen, which receive little noradren-
ergic innervation. The early loss of NE-LC neurons following
an LPS injection led us to speculate that depletion of central
norepinephrine from degeneration of NE-LC neurons may
contribute to progressive neurodegeneration in the LPS model
and even possibly in Parkinson’s disease. To test this possibil-
ity, we injected mice with the neurotoxin DSP-4 to selectively
deplete central norepinephrine. At different time points after
DSP-4 injection, tissue extracts from different brain regions
were prepared for the determination of tissue levels of norepi-
nephrine by a high-performance liquid chromatograph

analysis. Significant decrease of tissue levels of norepineph-
rine was observed one day after DSP-4 injection with losses of
55 ± 1.6% in the midbrain (p < 0.001), 70 ± 4.3% in the motor
cortex (p < 0.001), and 78 ± 2.7% in the hippocampus (p <
0.001). Brain norepinephrine levels remained significantly re-
duced for up to 4 months. However, reduced levels of norepi-
nephrine returned to normal values by 10 months post-
injection (Fig. 3a). This observation suggests that DSP-4 tem-
porarily suppresses the production of norepinephrine, but it
does not cause loss of NE-LC. This finding is in line with
the previous studies indicating that DSP-4 injection can alter
TH expression without actually killing TH+ NE-LC neurons
[34].

DA-SNpc neurons degenerated by 27 ± 2.5% (p = 0.009),
35 ± 1.4% (p = 0.002), and 53 ± 1.5% (p < 0.001) at 4, 7, and
10 months following DSP-4 injection, respectively, when

Fig. 2 LPS induces chronic neuroinflammation with heterogeneous
densities of microgliosis across several brain regions associated with
neurodegeneration in Parkinson’s disease. a Representative
immunostaining images of CD11b+ microglia of sagittal sections from
mice at 10 months following exposures to vehicle control (left) and LPS
(right). Panels show immunostaining images with increased
magnification in the motor cortex (MCtx), hippocampus (Hip), caudate/
putamen (CPu), substantia nigra (SN), and locus coeruleus (LC). Scale
bar = 60 μm. b Representative autoradiography of [18F]-PBR-111 uptake
corresponds to matching CD11b+ immunostaining images on the same
coronal section and confirms that change in radioligand uptake is

dependent on microglia density. [18F]-PBR-111 accumulation detected
in age-matched vehicle controls seems to form in ventricles, likely
detecting excretion of the radioligands into the cerebral spinal fluid. c
In vivo PET imaging of [18F]-PBR-111 uptake is detectable in the
olfactory bulb and the hindbrain of age-matched vehicle controls and
becomes significant throughout most of the brain with exception in the
caudate/putamen. d Quantification of [18F]-PBR-111 uptake is expressed
as percentage increase in standard uptake values among different brain
regions following LPS injection compared to vehicle control
counterparts ± SEM. * denotes p < 0.05, ** p < 0.01, and *** p < 0.001
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Fig. 3 A single systemic injection of DSP-4 (50 mg/kg, i.p.) induced
progressive neurodegeneration resembling the spatiotemporal pattern
observed in Parkinson’s disease. a DSP-4 significantly reduced
vesicular NE levels (measured by HPLC) in the midbrain, hippocampus
(Hip), and motor cortex (MCtx). Results are expressed as percent
reduction compared with age-matched vehicle controls (mean ± SEM;
n = 5–6 mice/group). b Stereological counts were performed to
determine percent neurodegeneration following DSP-4 injection; data
were calculated compared to age-matched vehicle controls at 1, 4, 7,
and 10 months following injection (n = 4–6/group). DSP-4 injection
resulted in sequentially neurodegeneration in dopaminergic substantia
nigra pars compacta (DA-SNpc), dentate gyrus (DG), and MCtx
neurons while sparing caudate/putamen (CPu) and VTA neurons. The
stereological counting number of TH+ DA neurons in the SNpc of

saline- and DSP-4-treated mice is 6859 ± 278 and 3893 ± 176. c
Representative immunostaining images show TH+ NE-LC and DA-
SNpc/VTA neurons and NeuN+ CPu, DG, and MCtx neurons at
10 months following vehicle and DSP-4. Bar = 300 μm. d Reductions
in regional glucose metabolism levels are observed in mice at 10 months
following DSP-4 injection in averaged whole-brain [18F]-FDG PETmaps
(n = 4/group) compared to age-matched vehicle controls. [18F]-FDG
standard uptake values were extracted for each brain region and
normalized among subject using Z score transformation. Warmer colors
represent brain regions with higher glucose uptake. e Brain region-
specific changes in standard uptake values following DSP-4 injection
were expressed as percent uptake reduction compared to vehicle
controls. Data are expressed as mean ± SEM. * denotes p < 0.05 and **
p < 0.01
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compared to age-matched vehicle controls (Fig. 3b,c). DSP-4
injection also resulted in NeuN+ neurodegeneration in the mo-
tor cortex and hippocampus, showing respective losses of 11 ±
2.1% (p = 0.03) and 15 ± 1.7% (p = 0.01) at 7 months and 28 ±
0.9% (p = 0.001) and 30 ± 1.2% (p = 0.001) at 10 months fol-
lowing injection compared to age-matched vehicle controls
(Fig. 3b,c). Similar to LPS-injected mice, motor cortex atrophy
preferentially targeted layers I, V, and VI neurons (Fig. 3c) and
indiscriminately targeted NeuN+ neurons of the pyramidal
layers in the hippocampus. Seven months after DSP-4 injec-
tion, the CA1, CA2, and CA3 degenerated by 28 ± 2.1% (p <
0.001), 20 ± 3.0% (p = 0.006), and 24 ± 3.5% (p < 0.001) and
by 10 months following exposure had decreased by 45 ± 0.8%
(p < 0.001), 37 ± 2.2% (p < 0.001), and 45 ± 1.4% (p < 0.001),
respectively (Supplementary Fig. 1). NeuN+ neurons in the
caudate/putamen were spared from degeneration even
10 months after DSP-4 injection (p = 0.12; Fig. 3b,c).

To confirm that the loss of DA-SNpc neurons observed at
10 months following DSP-4 injection represents true neuro-
degeneration, we co-stained against the pan-neuronal marker
NeuN, which confirmed that the 59 ± 4.8% loss of TH+ DA
neurons in the SNpc (p < 0.001) was proportionally reflected
by a 52 ± 11.2% loss of NeuN+ neurons (p = 0.02; Fig. 4a,b).

DSP-4-elicited neuronal loss in different brain regions was
accompanied by a decrease in glucose metabolism measured
by PET imaging of [18F]-FDG; levels were reduced in the
hindbrain by 24 ± 0.7% (p = 0.006), midbrain by 21 ± 0.8%
(p = 0.008), hippocampus by 23 ± 0.4% (p = 0.006), and
across all cerebral cortices by 15 ± 0.9% (p = 0.07) at
10 months in DSP-4 injected mice compared with vehicle
controls (Fig. 3d,e). Furthermore, glucose metabolism was
significantly reduced in the olfactory bulb by 18 ± 0.4% (p =
0.04) and thalamus by 25 ± 0.9% (p = 0.009) implicating pu-
tative neurodegeneration in these brain regions. No changes
were observed in the cerebellum (−5 ± 0.9%, p = 0.7) or the
caudate/putamen (4 ± 0.8%, p = 0.8; Fig. 3d,e).

DSP-4 Elicits Reactive Microgliosis in Brain Regions
Innervated by NE-LC Neurons

Central norepinephrine serves as both a neuromodulator and
an anti-inflammatory factor capable of subduing LPS-induced
reactive microgliosis [24] by suppressing their release of su-
peroxide, TNFα, IL-1ß, IL-6, iNOS, and other pro-
inflammatory factors [24, 35, 36]. We hypothesized that
DSP-4-mediated progressive neurodegeneration is likely at-
tributed to the loss of volume transmission signaling from
central norepinephrine, which is essential for maintaining mi-
croglia quiescence in brain regions innervated by NE-LC neu-
rons. Before investigating whether DSP-4 could induce chron-
ic neuroinflammation, we first verified that DSP-4 is incapa-
ble of directly activating microglia in primary neuron-glial
cultures (Supplementary Fig. 2a,b). Next, we investigated

the spatiotemporal pattern of the microgliosis marker CD11b
in different regions throughout the brain following DSP-4
injection. In densitometry assessments found by 7 days fol-
lowing DSP-4 injection, CD11b+ reactive microglia expres-
sionwas intensified by 90 ± 15.4% in the substantia nigra (p <
0.001), 70 ± 6.9% in the motor cortex (p = 0.001), and 50 ±
12.2% in the hippocampus (p = 0.001), and it peaked at
14 days following injection by 140 ± 12% in the substantia
nigra (p < 0.001), 130 ± 6.4% in the motor cortex (p <
0.001), and 100 ± 20.5% in the hippocampus (p < 0.001
Fig. 5a,b). CD11b+ reactive microglia expression remained
sustained at these levels at 10 months following DSP-4 injec-
tion (Fig. 5a,b). We further performed autoradiography of
[18F]-PBR-111 and immunostaining of CD11b+ microglia on
the same sections to verify the cell type. Results showed that
the increase of uptake of [18F]-PBR-111 correlated well with
the activated microglia (Fig. 5c). We also examined whether
DSP-4 injection altered microglial morphology into the im-
munologically activated amoeboid form using the marker Iba-
1. Densitometry assessments of Iba-1+ expression on microg-
lia increased significantly at 7 days following DSP-4 injection
by 25 ± 3.8% in the substantia nigra (p = 0.002), 30 ± 6.6% in
the motor cortex (p = 0.005), and 25 ± 8.2% in the hippocam-
pus (p = 0.002), and it peaked by 14 days following injection
by 35 ± 7.8% in the substantia nigra (p < 0.001), 35 ± 8.7% in
the motor cortex (p < 0.001), and 30 ± 10.2% in the hippocam-
pus (p < 0.001), where their expression remained stable at
these levels for at least 10 months (Supplementary
Fig. 3a,b). No significant changes were observed in CD11b+

(p = 0.2–0.5; Fig. 5a,b) or Iba-1+ expression (p = 0.4–0.9;
Supplementary Fig. 3a,b) on microglia in the caudate/
putamen.

DSP-4-induced chronic neuroinflammation was function-
ally assessed by [18F]-PBR-111 PET imaging. At 10 months
following DSP-4 injection, neuroinflammation was signifi-
cantly elevated in the hindbrain by 77 ± 8.5% (p = 0.02), the
midbrain by 191 ± 9.0% (p < 0.001), the hippocampus by 147
± 8.6% (p < 0.001), across all cerebral cortices by 214 ±
10.6% (p < 0.001), the thalamus by 380 ± 12.9% (p < 0.001),
the cerebellum by 90 ± 9.1% (p = 0.02), and the olfactory bulb
by 49 ± 6.3% (p = 0.04) compared to age-matched vehicle
controls (Fig. 5d,e). Neuroinflammation in the caudate-
putamen remained unchanged (5 ± 1.58%, p = 0.7; Fig. 5d,e).

DSP-4-Induced Chronic Neuroinflammation Elevates
Oxidative and Nitrosylative Stress in Discrete
Neuronal Populations Prior to Their Degeneration

Sustained production of superoxide and other derivative reac-
tive oxygen species (ROS) released by reactive microglia are
essential in the maintenance of chronic neuroinflammation
and subsequent neurodegeneration. To test whether the pro-
gressive neurodegeneration from DSP-4 is attributed to
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oxidative injuries, we assessed the accumulations of oxidative
stress markers in known regions of neurodegeneration. ROS
production was visualized in situ by injecting mice with DHE
that penetrates the blood-brain barrier and becomes oxidized
by superoxide and other forms of ROS into the fluorescent red
metabolites 2-hydroxyethidium and ethidium that can be vi-
sualized by microscopy. DHE oxidization was significantly
increased by 56 ± 9.6% in the substantia nigra (p = 0.02),
whereas, no obvious changes were found in the hippocampus
and motor cortex by 4 months after DSP-4 injection
(Fig. 6a,b). At 10 months following DSP-4 injection, DHE
oxidization was significantly accumulated by 72 ± 7.4% in
the SN (p < 0.01), 33 ± 8.8% in the dentate (p = 0.005), 24 ±
1.0% in CA1 (p = 0.008), 40 ± 7.6% in CA2 (p = 0.001), 26 ±
5.7% in CA3 (p = 0.002) of the hippocampus, and 46 ± 13.6%
(p = 0.002) in the motor cortex compared to age-matched con-
trols (Fig. 6a,b).

DSP-4-elicited increase in the production of superoxide/
ROS can react with lipid membranes, mitochondria, proteins,
and nucleic acids to form both oxidative and nitrosylative
products which serve as a marker of inflammation-mediated
cell damage. We assessed nitrosylation injuries in DA-SNpc
neurons by using immunohistochemistry to identify protein
nitrosylation through the formation of 3-nitrotyrosine (3-NT)
adducts. DSP-4 injection resulted in 855 ± 51.6% increase in
3-NTadduct formation at 10 months following injection com-
pared with age-matched control (p < 0.001; Fig. 6c,d).We also
performed immunohistochemistry to visualize 4-hydroxy-2-
nonenal (HNE) adducts on damaged lipid membranes and
found that HNE expression was significantly increased by
528 ± 50% inTH+DA-SNpc neurons (p < 0.001) at 10months
following DSP-4 injection compared to age-matched controls

(Fig. 6c,e). Taken together, oxidative and nitrosylative injuries
may predict vulnerable neuronal populations at risk of chronic
neuroinflammation-driven degeneration.

Suppressing NOX2-Generated Superoxide Following
DSP-4-Induced Chronic Neuroinflammation Mitigates
Neurodegeneration and Restores Motor Deficits

We have previously reported that addition of norepinephrine
to primary neuro-glial cell cultures protects LPS-elicited do-
paminergic neurotoxicity through inhibition of microglial
NOX2-generated superoxide [24]. To address whether
NOX2-derived superoxide in response to DSP-4 exposure is
necessary and sufficient to induce progressive neurodegener-
ation, we injected transgenicmice lacking the catalytic subunit
gp91 of NOX2 required for superoxide generation with DSP-
4. Baseline microglial densities were not altered in gp91-
deficient mice (Fig. 7a) and paired age-matched vehicle con-
trols were evaluated in mice with and without gp91 to account
for aging-related changes. Reactive microgliosis, as detected
by densitometry analysis of CD11b+ expression, was marked-
ly subdued in the SN, hippocampus, and motor cortex of
gp91-deficient mice compared to C57BL/6J mice at 4 months
following DSP-4 injection (Fig. 7a,b). Similarly, DSP-4 injec-
tion produced a 20% loss of DA-SNpc neurons in the C57BL/
6J mice (p = 0.02), but not in gp91-deficient mice (p = 0.29)
(Fig. 7c,d).

Though the use of mice with genetic ablations is indispens-
able for deciphering mechanisms, we also explored whether
we could achieve the same findings using a pharmacological
NOX2 inhibitor DPI due to its more direct clinical relevance.
DPI inhibits superoxide production by irreversibly binding to

Fig. 4 DSP-4 induced reduction in dopaminergic neuron numbers
reflects cell death rather than the downregulation of TH-
immunoreactivity. a Double immunofluorescent staining of
dopaminergic substantia nigra pars compacta (DA-SNpc) neurons
using anti-TH (green) and anti-NeuN (red) antibodies revealed that the
decrease of TH+ DA-SNpc neurons at 10 months following DSP-4 was

attributed to loss of neurons rather than downregulation of TH+

expression. The area inside the white box is shown enlarged on the
right. Scale bar = 500 μm. b NeuN+ neurons in the SNpc were
quantified. Results are expressed as a percentage of time-matched DSP-
4-treated mice (n = 5/group). Data are expressed as mean ± SEM. **
denotes p < 0.01
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the catalytic subunit of gp91phox and when administered at
ultralow doses can safely ameliorate DA-SNpc neurodegener-
ation in two models of Parkinson’s disease [20]. Mice first
received a DSP-4 injection and after a month subcutaneous
mini-pumps were implanted, which delivered an ultralow
dose of DPI (10 ng/kg/day; s.c.) for 3 months (for the exper-
imental design, see Fig. 8a). Results showed that DPI attenu-
ated DSP-4-induced reactive microgliosis in brain regions in-
nervated by NE-LC neurons. Densitometry analysis of
CD11b+ expression by reactive microglia was markedly re-
duced by 68 ± 12.0% in the substantia nigra (p = 0.001), 94 ±
14.2% in the dentate (p < 0.001), 85 ± 13.8% in the CA1 (p =
0.01), 87 ± 8.7% in the CA2 (p < 0.001), 85 ± 10.6 in the CA3
(p < 0.001) of the hippocampus, and 77 ± 11.8% in the motor
cortex (p < 0.001) compared to age-matched mice injected
only with DSP-4 (Fig. 8b,c). DSP-4 injection increased the
production of superoxide as measured by the amounts of ox-
idized DHE metabolites by 56 ± 12.1% in the substantia nigra
(p < 0.001), which was completely reversed by co-infusion

with DPI (Fig. 8d,e). DPI also protected TH+ DA-SNpc neu-
rons from degeneration at 4 months after DPI injection (36 ±
9.4% loss in the DSP-4 group, 15 ± 16.9% loss in the DPI plus
DSP-4 group; Fig. 8f,g). The ability of DPI to rescue DA-
SNpc neurons from DSP-4-mediated degeneration is also
reflected in the restoration of DSP-4-elicited motor deficits
as shown in wire hang and rotarod tests in DPI-treated mice
(Fig. 8h,i).

Discussion

This study demonstrates that chronic neuroinflammation, in-
duced either by LPS or by DSP-4-elicited depletion of central
norepinephrine, is sufficient to induce progressive caudo-
rostral degeneration among vulnerable neuronal populations.
The spatiotemporal patterns of the neurodegeneration in both
mouse models of chronic neuroinflammation approximate the
discrete pattern of neurodegeneration [9] and α-synuclein

Fig. 5 DSP-4 induces chronic neuroinflammation with heterogeneous
densities of microgliosis across several brain regions associated with
neurodegeneration in Parkinson’s disease. a Activation of microglia
was assessed by densitometry of CD11b expression in the substantia
nigra (SN), hippocampus (Hip), motor cortex (MCtx), and caudate/
putamen (CPu) at 1, 4, 7, and 14 days and at 1, 4, and 10 months
following an injection of DSP-4 or vehicle to age-matched mice (n = 4–
6/group). b Representative immunostaining images of CD11b+ microglia
show significant expression levels associated with reactive microgliosis
in the SN, Hip, and MCtx but not the CPu at 10 months following DSP-4
injection. Scale bar = 300 μm. c Representative autoradiography of [18F]-
PBR-111 uptake corresponds to matching CD11b+ immunostaining

images on the same coronal section and confirms that change in
radioligand uptake is dependent on microglia density. Age-matched
vehicle controls accumulate [18F]-PBR-111 in ventricles, capturing the
excretion of the radioligands into the cerebral spinal fluid. d In vivo PET
imaging of [18F]-PBR-111 uptake is detectable in the olfactory bulb and
the hindbrain of age-matched vehicle controls and becomes significant
throughout most of the brain with the exception of CPu at 10 months
following DSP-4 injection. e Quantification of [18F]-PBR-111 uptake is
expressed as percentage increase in standard uptake values among
different brain regions which was expressed as a percentage increase in
uptake following DSP-4 injection compared to vehicle controls. Data are
expressed as mean ± SEM. ** denotes p < 0.01 and *** p < 0.001
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Fig. 6 DSP-4-induced chronic neuroinflammation accumulates oxidative
and nitrosylative injuries in vulnerable neurons along the same
spatiotemporal pattern of neurodegeneration. a DSP-4 injection
enhanced red fluorescence intensities indicating increase in production
of superoxide/ROS emitted by the oxidized metabolites of DHE
following DSP-4 injection compared to age-matched vehicle controls. b
Densitometry analysis found that DHE significantly accumulates in the
SN at 4 months following DSP-4 injection and becomes significantly
elevated in the dentate gyrus (DG), CA1, CA2, and CA3 of the
hippocampus and motor cortex (MCtx) by 10 months after injection. c

Densitometry analysis found that DSP-4 injected mice had significantly
elevated expression of 3-nitrotyrosine (3-NT) and 4-hydroxynonenal (4-
HNE) adducts. d,e Enhanced oxidative damage following DSP-4
injection was shown by the increase in both nitrosylation of proteins
stained by antibody against 3-NT (d) and lipid peroxidation by
antibody against 4-HNE (e). Data were expressed as the percent
increase of DSP-4-exposed mice compared to their age-matched vehicle
control ± SEM. * denotes p < 0.05, ** p < 0.01, and *** p < 0.001. Bar =
50 μm. n = 5–6
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aggregation observed in Parkinson’s disease [14].Mechanistic
studies revealed that LPS and DSP-4 produce a similar pattern
of chronic neuroinflammation despite differences in chemical
structure and mode of actions to activate microglia. Our stud-
ies further indicate that prolonged increase in the production
of superoxide/ROS is essential for maintaining chronic neu-
roinflammation in both LPS and DSP-4 models. Chronic neu-
roinflammation leads to enhanced oxidative and nitrosylative
injuries that dictate the temporal order of degeneration ob-
served among different susceptible neuronal populations.
Inhibiting NOX2, the key enzyme involved in inflammation-
mediated production of superoxide, successfully suppressed
chronic neuroinflammation and prevented oxidative neuronal
injuries and neurodegeneration following DSP-4 injection.
Together, our findings provide strong evidence supporting
the idea that the loss of central NE plays a key role in the
initiation and maintenance of chronic neuroinflammation

and subsequent neurodegenerative process in Parkinson’s
disease.

Involvement of Chronic Neuroinflammation
in Parkinson’s Disease

The etiological involvement of chronic neuroinflammation in
Parkinson’s disease was first proposed several decades ago,
and PET imaging studies have since confirmed that
Parkinson’s disease patients have prominent and heteroge-
neous neuroinflammation throughout their brains [37, 38].
This study extends our previous findings that LPS-induced
chronic neuroinflammation is sufficient not only to produce
discrete degeneration of DA-SNpc neurons [18, 19, 39] but
also to drive the degeneration of other vulnerable neuronal
populations outside the basal ganglia in a progressive tempo-
ral order similar to that observed in Parkinson’s disease.

Fig. 7 Genetic ablation of gp91phox, the catalytic subunit of NOX2,
abolishes DSP-4-induced reactive microgliosis and DA-SNpc
neurodegeneration. a Assessment of CD11b+ reactive microgliosis was
performed in the substantia nigra (SN), hippocampus (Hip), motor cortex
(MCtx), and caudate/putamen (CPu) of wild-type and gp91phox−/−mice at
4 months following DSP-4 and vehicle injections. b Densitometry
analysis of CD11b expression found that gp91phox-deficient mice failed

to induce reactive microgliosis following exposure to DSP-4. c,d
Ablation of gp91phox rescued TH+ DA-SNpc neurons from DSP-4-
mediated neurodegeneration at 4 months following exposure. Data were
expressed as percentage neuronal loss following DSP-4 injection
compared to age-matched vehicle controls (n = 5/group) ± SEM. *
denotes p < 0.05 and ** p < 0.01. Scale bar = 300 μm
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Mechanistically, this systemic LPS injection model generates
a sub-lethal septicemia that is capable of immunologically
activating the microglia without rupturing the blood-brain bar-
rier, generating a low-grade chronic neuroinflammation for
the remaining lifetime of the mouse [18]. The delayed neuro-
degeneration that occurs in this model implicates that unlike
intracranial injection of LPS that result in acute neurodegen-
eration, chronic neuroinflammation from systemic LPS injec-
tion results in a steady release of cytotoxic factors that damage
bystander neurons. The re-activation of neighboring microglia
through the release of distress factors, such as danger-
associated molecular pattern (DAMP), from damaged/dying
neurons [40] establishes a self-propelling cycle that eventually

results in the irreversible damage and death of neurons that are
particularly vulnerable to oxidative damage.

Role of the Loss of Central Norepinephrine
in Progressive Neurodegeneration

NE-LC neurons were the most vulnerable to degeneration
following LPS-induced chronic neuroinflammation (Fig. 1),
likely due to innate features that make them extremely vulner-
able to damage from oxidative stress [41, 42]. In Parkinson’s
disease, central norepinephrine reductions following NE-LC
neurodegeneration is primarily associated with the develop-
ment of several prodromal symptoms [9, 12, 43, 44]. Previous

Fig. 8 Post-treatment with a NOX2 inhibitor DPI attenuates DSP-4-
induced reactive microgliosis, oxidative stress, DA-SNpc
neurodegeneration, and motor deficits. a Depiction of experimental
design, whereby continuous infusion of vehicle or DPI (10 ng/kg/day,
s.c.) via osmotic mini-pump was administered one month following
DSP-4 injection and maintained for three additional months. b DPI
treatment significantly suppressed CD11b+-reactive microgliosis in the
substantia nigra (SN), dentate gyrus (DG), CA1, CA2, CA3, and motor
cortex (MCtx) at 4 months following DSP-4 injection verified by (c)
densitometry of CD11b expression. d DPI treatment suppressed DSP-4-

mediated increases in oxidative stress as detected by oxidation of DHE
(red) in TH+ DA-SNpc neurons (green) and confirmed by (e)
densitometry. f,g Stereological assessment of TH+ DA-SNpc neurons
found that DPI treatment was sufficient to protect against DSP-4-
mediated neurodegeneration (n = 5/group). DPI effectively restored
DSP-4-induced motor deficits observed in (h) wire hang and (i) rotarod
performance tests (n = 8–9/group). Data were expressed as the percent
increase in DSP-4-exposed mice compared to their age-matched vehicle
control counterparts ± SEM. * denotes p < 0.05 and ** p < 0.01. Scale =
300 μm
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reports indicate that depletion of central norepinephrine sig-
nificantly potentiates neuronal lesions in LPS, MPTP, and 6-
OHDA Parkinsonian models [24, 36, 45–48]. Conversely, we
have previously reported that post-treatment of LPS-injected
mice with a ß2-adrenergic receptor agonist salmeterol signif-
icantly protects dopaminergic neuron degeneration and pre-
vents motor function deficits [49]. Moreover, asthmatic pa-
tients prescribed the ß2-adrenergic receptor agonist
salbutamol had reduced lifetime risk of developing
Parkinson’s disease [50]. These findings suggest that reduc-
tions in central norepinephrine may render microglia more
prone to over-activation and contribute to the neurodegenera-
tive process in Parkinson’s disease. Evidence generated from
our DSP-4 study lends strong support to this possibility.
Though others have previously reported that norepinephrine
disrupts neuro-immune homeostasis [21, 24, 51–53], we are
the first to show that a single DSP-4 injection induces perma-
nent chronic neuroinflammation and progressive loss of neu-
rons in several vulnerable brain regions. It is interesting to
note that both neuroinflammation and neurodegeneration be-
came persistent even after central norepinephrine levels
started to recover (Fig. 3a).

One salient finding of our study was that neurodegenera-
tion in both LPS and DSP-4 chronic neuroinflammation
models approximates the spatiotemporal progression ob-
served in Parkinson’s disease. Both models show significant
DA-SNpc neuronal loss a few months following the degener-
ation of highly vulnerable NE-LC neurons, consistent with the
temporal order observed in Parkinson’s disease and the spar-
ing of DA neurons in the VTA regions. Furthermore, the num-
bers of striatal neurons in both LPS- and DSP-4-injected mice
were not significantly different from that of saline-injected
mice. These findings are similar to the reports indicating, de-
spite clear presence of dendritic degeneration, nonsignificant
changes of numbers of medium-spiny neurons that were
found in PD patients [31, 32]. Cortical [54, 55] and hippocam-
pal atrophy [56, 57] observed in the late stages of Parkinson’s
disease occur 10 months following LPS- or DSP-4-induced
chronic neuroinflammation. Though microglial densities do
seem to differ among the laminar layers of the motor cortex
(Figs. 2a, 5b), neurodegeneration was restricted to laminar
layers I, V, and VI in both models (Figs. 1a, 3c)—reflecting
a topology-dependent susceptibility of pyramidal neurons in
these three layers likely due to higher metabolic demands
required for long-projection neurotransmission [58]. In line
with neurocircuit changes associated with neurodegeneration,
both models of chronic neuroinflammation developed behav-
ioral phenotypes that resemble Parkinson’s disease symptoms.
Fine motor deficits were observed in this (Fig. 8h,i) and pre-
vious studies [18], whereas impairments in non-motor pheno-
types including anxiety-like behavior, decreased sociability,
impaired pre-pulse inhibition to startle, and reduced spatial
memory afflicted both LPS- and DSP-4-treated mice [59].

Mechanisms Underlying Chronic
Inflammation-Related Spatiotemporal Pattern
of Neurodegeneration

In exploring the mechanism that likely drives the discrete
spatiotemporal pattern of neurodegeneration following both
chronic neuroinflammation models, we speculated that dis-
tinct neuronal populations likely respond differently to micro-
environments with chronic neuroinflammation and may dif-
ferentially succumb to oxidative damage associated with ag-
ing and Parkinson’s disease [60]. The most vulnerable neuro-
nal population seems to share three endogenous features: (1)
depleted antioxidant buffering capabilities [61, 62]; (2) greater
energetic demands in neurons with long-axon projections or
multi-synaptic neurotransmission and pacemaker firing [63,
64]; and (3) are surrounded by high densities of microglia
[33, 65]. Following DSP-4-induced chronic neuroinflamma-
tion, we found that production of ROS measured by oxidation
of DHE and oxidative/nitrosative products, 4-HNE peroxida-
tion and 3-NT nitrosylation adducts were significantly elevat-
ed amongDA-SNpc compared to age-matched vehicle control
and far before oxidative injuries appeared in the motor cortex,
dentate gyrus, and CA1, CA2, and CA3 neurons of the hip-
pocampus (Fig. 6). Increased production of oxidative radicals
led to oxidative injuries that eventually overcome the defen-
sive buffering and cellular repair mechanisms and irreversible
damage mitochondria in vulnerable neuronal populations
driving bioenergetics failure and cell death [42, 66–69].
Thus, it is likely that the discrete, progressive spatiotemporal
patterns of neurodegeneration largely occur in neuronal pop-
ulations that are vulnerable to oxidative injuries. Consistent
with this possibility, we found that in non-injected mice, high
basal levels of glucose utilization measured by [18F]-FDG
uptake were observed in olfactory bulb, thalamus, and mid-
brain and hindbrain regions (Figs. 1c,d, 3d,e). We also detect-
ed significantly elevated neuroinflammation as detected by
[18F]-PBR uptake in the same brain areas after LPS or DSP-
4 injection (Figs. 2b,d, 5c–e). These two findings further in-
dicate an intimate relationship between the energy demand
and neuronal susceptibility to neuroinflammation and subse-
quent oxidative injury-related neurodegeneration. Together,
these findings strongly suggest that the caudo-rostral order
of neurodegeneration may be attributed to an exogenous ex-
posure that generates chronic neuroinflammation and endog-
enous vulnerability to the oxidative injuries among the
degenerating neuronal populations.

NOX2 Is a Key Player in Disease Progression
and Prime Target for Development
of Disease-Modifying Therapy

Anti-inflammatory therapy has immerged as a disease-
modifying strategy for a variety of neurodegenerative diseases
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[20, 49, 70–72]. However, the progress of developing effica-
cious anti-inflammatory therapy for Parkinson’s disease has
been hampered partly due to the lack of knowledge
pinpointing the immune factors released during chronic neu-
roinflammation. We and others have recently reported that
reducing production of superoxide/ROS by targeting both
microglial and neuronal NOX2 is an effective strategy to calm
neuroinflammation and ameliorate neurodegeneration [20].
We have recently demonstrated that a NOX2 inhibitor DPI
in an ultralow dose (10 ng/kg/day; s.c. via mini-pump infu-
sion) exerted potent anti-inflammatory and neuroprotective
effects in LPS-injected mice. Post-treatment with DPI in an
ultralow dose to LPS-injected mice which has already shown
significant loss of nigral dopaminergic neurons and motor
deficits could effectively protect the remaining neuronal pop-
ulation and restore motor function [20].With similar treatment
regimens, here, we further established the efficacy of DPI in
DSP-4 injected mice. Post-treatment of an ultralow dose of
DPI greatly reduced activation of microglia, decreased the
production of superoxide/ROS and oxidative products, and
most importantly protected SN/DA neuron loss and restored
the motor deficits (Fig. 8). The success of using DPI in the
DSP-4 model further underlines the importance of targeting
the system as future therapeutic strategy for Parkinson’s dis-
ease patients. Taken together, these studies demonstrated that
DPI treatment exerted similar neuroprotective effect in animal
models by either infectious agent (LPS) or non-infectious
agent (DSP-4) and provided strong evidence suggesting that
anti-inflammatory therapy by targeting NOX2 can be an effi-
cacious strategy for Parkinson’s disease treatment.

Conclusion

In summary, this study provides strong evidence to further
support the idea that chronic neuroinflammation is a critical
factor in the progressive neurodegeneration observed in
Parkinson’s disease. We identified that the loss of central nor-
epinephrine from the degeneration of NE-LC neurons is suf-
ficient to initiate chronic neuroinflammation and drive the
progressive and sequential loss of neuronal populations that
are vulnerable to oxidative damage. Microglial and neuronal
NOX2 is an important regulator of chronic neuroinflamma-
tion, and inhibition of this enzyme is sufficient to halt chronic
neuroinflammation and oxidative injuries and neurodegener-
ation among vulnerable neuronal populations and may offer a
promising disease-modifying therapeutic strategy for
Parkinson’s disease.
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