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Abstract

The loss of central norepinephrine (NE) released by neurons of the locus coeruleus (LC) occurs
with aging, and is thought to be an important factor in producing the many of the nonmotor
symptoms and exacerbating the degenerative process in animal models of Parkinson’s disease
(PD). We hypothesize that selectively depleting noradrenergic LC neurons prior to the induction of
chronic neuroinflammation may not only accelerate the rate of progressive neurodegeneration
throughout the brain, but may exacerbate nonmotor and motor behavioral phenotypes that
recapitulate symptoms of PD. For this reason, we used a “two-hit” mouse model whereby brain
NE were initially depleted by DSP-4 one week prior to exposing mice to LPS. We found that
pretreatment with DSP-4 potentiated LPS-induced sequential neurodegeneration in SNpc,
hippocampus, and motor cortex, but not in VTA and caudate/putamen. Mechanistic study revealed
that DSP-4 enhanced LPS-induced microglial activation and subsequently elevated neuronal
oxidative stress in affected brain regions in a time-dependent pattern. To further characterize the
effects of DSP-4 on non-motor and motor symptoms in the LPS model, physiological and
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behavioral tests were performed at different time points following injection. Consistent with the
enhanced neurodegeneration, DSP-4 accelerated the progressive deficits of non-motor symptoms
including hyposmia, constipation, anxiety, sociability, exaggerated startle response and impaired
learning. Furthermore, notable decreases of motor functions, including decreased rotarod activity,
grip strength, and gait disturbance, were observed in treated mice. In summary, our studies
provided not only an accelerated “two-hit” PD model that recapitulates the features of sequential
neuron loss and the progression of motor/non-motor symptoms of PD, but also revealed the critical
role of early LC noradrenergic neuron damage in the pathogenesis of PD-like symptoms.

Keywords

Parkinson’s diseases; progressive neurodegeneration; chronic neuroinflammation; locus coeruleus;
norepinephrine; motor symptoms; nonmotor symptoms

1. Introduction

Parkinson’s disease (PD) has traditionally been considered a motor movement disease. The
pathological hallmark of PD is progressive neuronal loss in the dopaminergic (DA)
substantia nigra pars compacta (SNpc) and the appearance of proteinaceous intracellular
inclusions known as Lewy bodies (Dickson et al., 2009; Hoehn and Yahr, 1967; Litvan et al.,
2003; Olanow and Tatton, 1999). The cardinal motor signs of PD become clinically evident
when approximately 60% of SNpc neurons and 70%-80% of striatal dopamine content are
lost (Fearnley and Lees, 1991). In addition to motor dysfunction, accumulating evidence
indicates that PD patients also suffer from a wide range of non-motor symptoms, including
hyposmia, gastrointestinal (GI) disturbances, anxiety, depression, and cognitive impairment,
many of which are evident before the onset of motor disturbances (Braak et al., 2003;
Langston, 2006).

Recent clinical and preclinical studies suggest that noradrenergic (NA) dysfunction in the
locus coeruleus (LC) plays a critical role in the pathogenesis of PD (Richard et al., 2012). In
PD patients, there is a caudo-rostral progression of neurodegeneration, in which neuronal
loss is greater and earlier in the LC than nucleus basalis and SN (Braak et al., 2004; Braak et
al., 2011; Zarow et al., 2003). The marked reduction of norepinephrine (NE) is found
throughout the brain, a change that also occurs earlier than the loss of striatal dopamine
(Rommelfanger et al., 2007). This raises intriguing questions about the NA system as a
morphological marker and a potential target for therapeutic intervention, specifically
targeting pre-motor symptoms, which usually occur 10-20 years prior to the clinical onset of
PD (Hawkes et al., 2010).

Currently, the progress of research on the pathogenesis of PD non-motor symptoms and
sequential neuronal loss has been hampered due to the lack of suitable animal models.
Conventional neurotoxins such as MPTP and 6-hydroxydopamine used in acute PD models
causes a rapid death of dopamine neurons, thereby limiting the experimental duration
needed to study disease progression and emergence of non-motor symptoms. It has been
reported that endotoxin is an environmental factor in the cause of PD (Niehaus and Lange,
2003). Moreover, our recent study revealed a caudo-rostral progression of neurodegeneration
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in LPS-injected mouse (Song et al., 2018). This neuroinflammatory model recapitulates the
delayed and progressive motor deficits and DA neurodegeneration (Block et al., 2007; Qin et
al., 2007), however, its relevance to PD-like non-motor symptoms remain undefined.

We have reported that NE has potent anti-inflammatory/neuroprotective properties in the
central nervous system (Jiang et al., 2015). Given the wide projection of LC-NA neurons to
almost the entire brain and their important role in regulating non-motor behaviors, we
hypothesized that prior damage of LC-NA neurons may render neurons in LC-NA
innervated regions more vulnerable to inflammation-mediated neurodegeneration and
accelerate the appearance of both non-motor and motor symptoms. To test this possibility,
we depleted mouse NE by using a selective NA neurotoxin N-(2-chloroethyl)-N-ethyl-2-
bromobenzylamine (DSP-4) (Fritschy and Grzanna, 1989; Jonsson et al., 1981; Ross and
Renyl, 1976), followed by a systemic injection of LPS. We found DSP-4 greatly enhanced
LPS-induced microglial activation and sequential neuronal loss in all LC-NA innervated
regions and accelerated the appearance of non-motor/motor symptoms in this combined
toxin model. This study provides a novel “two-hit” mouse model that closely mimics human
sequential and progressive neuronal loss and non-motor/motor manifestations of PD, and a
window of opportunity for screening neuroprotective interventions.

Materials and Methods

2.1. Animals and treatment

Male C57BL/6J mice were obtained from the Jackson Laboratory (Bar Harbor, ME).
Housing and breeding of animals were performed humanely with regard for alleviation of
suffering following the National Institutes of Health’s Guide for the Care and Use of
Laboratory Animals (Institute of Laboratory Animal Resources, 2011). A single systemic
injection of DSP-4 (50 mg/kg, i.p.; Sigma-Aldrich, St. Louis, MO) or vehicle (saline, 5
ml/kg, i.p.) was administered to 9-week old male C57BL/6 mice (9-14 weeks of age for the
second batch of animals) to deplete NE in the brain. One week later, LPS (15x108 EU/kg,
i.p.; Sigma-Aldrich, L3012, St. Louis, MO) or vehicle was injected to both groups to induce
chronic neuroinflammation. LD50 of LPS in these mice is around 25-30 mg/kg, which
equals 5x107 - 6x107 EU/kg (Li et al., 2018). Since the potency of LPS varies from lot to lot
even with the same catalog number, we used EU/Kg as a dose unit of LPS is more accurate
and consistent than mg/kg. We dosed two batches of animals for behavioral tests. The first
batch of animals was evaluated for both non-motor and motor symptoms along with
histological changes in different brain regions within a one-year time duration. The second
batch of animals was used to further characterize non-motor symptoms in our “two-hit”
mouse model, with the duration of behavioral tests extended to 21 months, since the first
batch had been sacrificed for histological studies. The body weight was monitored twice per
week.

Mice were housed on a 12 h:12 h light:dark schedule with lights on at 7 AM. All behavioral
testing was conducted during the light phase of the light/dark cycle. All the experimental
mice are transferred to the behavior testing room 30 min prior to beginning the first trial to
habituate to the condition of the behavior testing room. Testing was conducted under
fluorescent laboratory lighting (180-205 1x for the Morris water maze; 320-340 1x for
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elevated plus maze and 3-chamber social choice test). All procedures were approved by the
National Institutes of Environmental Health Sciences Animal Care and Use Committee.

Immunohistochemistry

Mice were euthanized using fatal plus at the desired time points after injection. Under deep
anesthesia, mice were rapidly transcardially perfused with 15ml of ice-cold 1X PBS
containing heparin for approximately 2 miniutes, followed by perfusion with ice-cold 4%
paraformaldehyde (PFA; 25 ml at 5 ml/min). Brains were further post-fixed in 4% PFA for
24 hours, then transferred to ice-cold 10% sucrose solution and incubated at 4°C overnight.
The 10% sucrose were then replaced with ice-cold 30% sucrose, and brains were allowed to
equilibrate completely at 4 °C, as evidenced by their sinking to the bottom of the container.
Brains were then sectioned immediately on a freezing sliding microtome and processed for
immune-staining as described previously (Wang et al., 2014; Wang et al., 2015). We used
the following primary antibodies for immunohistochemistry: antibodies against tyrosine
hydroxylase (TH, rabbit: AB152, 1:4000; EMD Millipore, Temecula, CA), neuronal nuclei
(Neu-N, 1:4000, CHEMICON, Temecula, CA), ionized calcium binding adaptor molecule-1
(Iba-1; 1:5000, Wako Chemicals, Richmond, VVA), and CD11b (1:400, AbD Serotec,
Raleigh, NC). Immuno-staining was visualized by using 3,3"-diaminobenzidine (DAB) and
urea-hydrogen peroxide tablets or nickel-enhanced DAB.

2.3. Cell counts

2.3.1. Stereological counting assessments of neurodegeneration.—Free-
floating 35 pm coronal sections containing the SNpc, VTA, hippocampus, motor cortex and
caudate/putamen (CPu) were cut on a horizontal sliding microtome. A total of 8 sections
were sampled at 105 um intervals for each brain region. 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 hippocampus, motor cortex and CPu.
Stereological counts of TH* VTA and SNpc neurons were estimated using an optical
fractionator method on an Olympus BX50 stereological microscope within user-defined
boundaries (Song et al., 2018; Wang et al., 2014; Wang et al., 2015). Briefly, systematic
random sampling of sites with an unbiased counting frame (100 um x 100 pm) within
defined boundaries of the SN was performed. An 11 um dissector height was used, and the
guard zone was set at 2 um. The counts were conducted with an Olympus BX50 microscope
using a 60x 1.4NA oil immersion objective, and the coefficient of error values were less than
0.1.

2.3.2. Automated counting of single color images.—The number of NeuN
positive neurons in the hippocampus granule layer, motor cortex and CPu was measured by
automated counting of single color images using ImageJ software (Cai et al., 2011). This
method was based on the protocol created by Christine Labno (University of Chicago,
Integrated Light Microscopy Core). Briefly, the color images were converted into gray scale,
and then the threshold of the image was adjusted to highlight all the structures to be counted.
After using the Binary Watershed to separate the merged particles, the total number of cells
was analyzed (with the size of the target particles adjusted to avoid the “noise” pixels). The
threshold of the image and the size of the counted particles were kept consistent among all
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the images. All immunohistochemistry images were captured by a Leica Aperio AT2
Scanner.

2.4. Quantification of the immunohistochemistry staining density

The quantification of 1ba-1 or CD11b immunohistological staining in SN, VTA, CPu,
hippocampus, and motor cortex was performed by Image J software based on a protocol for
quantifying western blots (Gassmann et al., 2009). Briefly, the image was first converted
into the grayscale picture, and the background was adjusted before the quantifying area was
selected for the measurement of the total pixels. The relative density of the staining was
compared based on the density of the total pixels of a certain brain region (total pixels/area).

2.5. Confocal double-label immunofluorescence

The free-floating sections were immune-blocked with 4% goat serum in 0.25% triton/PBS
for 2 hours and then incubated with 3-Nitrotyrosine (3-NT, mouse, 1:200, Abcam,
Cambridge, MA), 4-Hydroxynonenal (4-HNE, rabbit, 1:200, Abcam, Cambridge, MA) or
gp91PhoX antibody (mouse, 1:500, BD Biosciences, 611414) antibodies overnight at 4 °C.
On the second day, the sections were washed with 1% BSA in 0.25% triton/PBS before
incubation with polyclonal rabbit anti-TH antibody (mouse: MAB318, 1:2000; rabbit:
AB152, 1:2000; EMD Millipore, Temecula, CA) overnight at 4 °C. The double-label
immunofluorescence pictures were taken under the confocal microscope using Alexa-488
(green) and Alexa-594 (red) conjugated secondary antibodies (1:1,000) to visualize the
double TH and 3-NT, 4-HNE or gp91P"%%_positive neurons. Densitometry was performed
using ImageJ.

2.6. One-hour stool collection

2.7.

Each mouse was placed in a separate clean cage and observed throughout the 60 min
collection period. Fecal pellets were collected immediately after expulsion and placed in
sealed (to avoid evaporation) 1.5 ml tubes. Tubes were weighed to obtain the wet weight of
the stool; this was then dried overnight at 65°C and reweighed to obtain the dry weight (Li et
al., 2006).

Buried food test for olfactory function

Several days before the olfactory test, an unfamiliar food (Froot Loops, Kellogg Co., Battle
Creek, MI) was placed overnight in the home cages of the mice. Observations of
consumption were taken to ensure that the novel food was palatable. Sixteen to twenty hours
before the test, all food was removed from the home cage. On the day of the test, each
mouse was placed in a large, clean tub cage (46 cm L x 23.5 cm W x 20 cm H), containing
paper chip bedding (3 cm deep), and allowed to explore for five minutes. The mouse was
removed from the cage, and one Froot Loop was buried in the cage bedding. The mouse was
then returned to the cage and given fifteen minutes to locate the buried food. Measures were
taken of latency to find the food reward.
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2.8. Elevated plus maze

This test was used to assess anxiety-like behavior, based on a natural tendency of mice to
actively explore a new environment, versus a fear of being in an open area. Mice were given
one five-minute trial on the plus maze, which had two walled arms (the closed arms, 20 cm
in height) and two open arms. The maze was elevated 50 cm from the floor, and the arms
were 30 cm long. Mice were placed on the center section (8 cm x 8 cm) and allowed to
freely explore the maze. Measures were taken of time on, and number of entries into, the
open and closed arms.

2.9. Social approach in a 3-chamber choice test

Mice were evaluated for the effects of DSP-4 and/or LPS on social preference. The
procedure consisted of 3 x 10-minute phases: a habituation period, a test for sociability, and
a test for social novelty preference. The interphase duration between each phase was
approximately 1 minute, the time needed to place one or both of the stranger mice into
Plexiglas cages in the side chambers. The test mouse was confined to the center chamber
during these two interphase periods. For the sociability assay, mice were given a choice
between proximity to an unfamiliar male C57BL/6J adult mouse (stranger 1), versus being
alone. In the social novelty phase, mice were given a choice between the already-
investigated stranger 1, versus a new unfamiliar mouse (stranger 2). The social testing
apparatus was a rectangular, 3-chambered box fabricated from clear Plexiglas. Dividing
walls had doorways allowing access into each chamber. An automated image tracking
system (Noldus Ethovision) provided measures of time spent in proximity to each cage and
entries into each side of the social test box.

2.10. Acoustic startle/prepulse inhibition (PPI)

Measures were taken of the reflexive whole-body flinch, or startle response, following
exposure to a sudden noise. Mice were tested with a San Diego Instruments SR-Lab system.
Briefly, mice were placed in a small Plexiglas cylinder within a larger, sound-attenuating
chamber (San Diego Instruments). The cylinder was seated upon a piezoelectric transducer,
which allowed vibrations to be quantified and displayed on a computer. The chamber
included a ceiling light, fan, and a loudspeaker for the acoustic stimuli (bursts of white
noise). Background sound levels (70 dB) and calibration of the acoustic stimuli were
confirmed with a digital sound level meter (San Diego Instruments). Each test session
consisted of 42 trials, presented following a 5-min habituation period. There were 7 different
types of trials: the no-stimulus trials, trials with the acoustic startle stimulus (40 ms; 120 dB)
alone, and trials in which a prepulse stimulus (20 ms; either 74, 78, 82, 86, or 90 dB) had
onset 100 ms before the onset of the startle stimulus. The different trial types were presented
in blocks of 7, in randomized order within each block, with an average intertrial interval of
15 seconds (range: 10 to 20 sec). Measures were taken of the startle amplitude for each trial,
defined as the peak response during a 65-msec sampling window that began with the onset
of the startle stimulus. Levels of PPI (prepulse inhibition) at each prepulse sound level were
calculated as 100 - [(response amplitude for prepulse stimulus and startle stimulus together /
response amplitude for startle stimulus alone) x 100].
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Morris water maze

2.11.1. Visible platform test.—The Morris water maze task was used to assess spatial
learning. The maze consisted of a large circular pool (diameter=122 cm) partially filled with
water (45 cm deep, 24-26°C), located in a room with numerous visual cues. Mice were first
tested using a visible platform. In this case, each animal was given four trials per day, across
two days, to swim to an escape platform cued by a patterned cylinder extending above the
surface of the water. For each trial, the mouse was placed in the pool at one of four possible
locations (randomly ordered), and then given 60 seconds to find the visible platform. If the
mouse found the platform, the trial ended, and the animal was allowed to remain on the
platform 10 seconds before the next trial began. If the platform was not found, the mouse
was placed on the platform for 10 seconds, and then given the next trial. Measures were
taken of latency to find the platform via an automated tracking system (Noldus Ethovision).

2.11.2. Hidden platform test.—Following the visual cue task, mice were trained to
find a submerged, hidden escape platform (diameter=12 cm). As in the procedure for visual
cue learning, each animal was given four trials per day, with one minute per trial, to swim to
the hidden platform. Following five days of training, mice were given a one-minute probe
trial in the pool with the platform removed. Selective quadrant search was evaluated by
measuring time spent in the quadrant where the platform (the target) had been placed during
training, versus time in the other three quadrants.

2.12. Accelerated Rotarod test

The accelerated Rotarod behavioral test was measured using a Rotamex device (Columbus
Instruments). The parameters of the rotarod system include start speed, acceleration, and
highest speed (1 rpm, accelerate 1 rpm/12 s, 50 rpm). In order to reach a stable performance,
all mice were trained on the rotarod. The training was performed on three consecutive days
before the first test. On the test day, accelerating rotarod was performed. The mice
underwent three consecutive trials. The rest period between each trial was 30 min. The mean
latency time to fall off the rotating rod for the last two trials was used for the analysis.

2.13. Wire hang test

The neuromuscular strength was determined by wire hang test. Each mouse was placed on a
wire lid of a conventional housing cage, which was then inverted and suspended above the
home cage; the latency to when the animal fell was recorded. This test was performed three
times per time point with three trials per session. The average performance for each session
was presented as the average of the trials.

2.14. Gait analysis

2.14.1. Forced gait analysis.—The forced gait analysis was performed using the
DigiGait™ system (Mouse Specifics Inc., Boston, MA). Briefly, mice were placed on a
transparent motor-driven treadmill belt and the gait was recorded with a high-speed digital
video camera placed below the belt at a speed of 25 cm/s. The collected images were
analyzed with the specific DigiGait Software 9.0 (Mouse Specifics, Quincy, MA) and
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relevant gait parameters including stride length, stride variability and step angle were
assessed.

2.14.2. Freely walking gait analysis.—To obtain footprints, the hind- and forefeet of
the mice were coated with purple and orange nontoxic paints, respectively. The animals were
then allowed to walk along a 50-cm-long, 10-cm-wide runway (with 10-cm-high walls) into
an enclosed box. All mice had three training runs and were then given one run per week. A
fresh sheet of white paper was placed on the floor of the runway for each run. The footprint
patterns were analyzed for four step parameters (all measured in centimeters). Stride length
was measured as the average distance of forward movement between each stride. For each
step parameter, three values were measured from each run, excluding footprints made at the
beginning and end of the run where the animal was initiating and finishing movement,
respectively. The mean value of each set of three values was used in subsequent analysis.

2.15. Statistical analysis

All data are reported as means = SEM. GraphPad Prism 8 (GraphPad Software, La Jolla,
CA) was used for statistical analyses. In behavioral tests, data were collected by an
experimenter blinded to treatment. To assess the effect of different treatments and time
points on neuronal loss (Fig. 1B and 1D), microglial activation (Fig. 2), oxidative stress (Fig.
3), defecatory dysfunction (Fig. 6), Rotarod, Wire hang and DigiGait test (Fig. 10 A-D),
two-way Analysis of Variance (ANOVA) followed by post hoc Tukey multiple comparison
test was performed. The neuronal loss in Fig. 1C were performed by one-way ANOVA for
each region with time as main effect, followed by post hoc Tukey multiple comparison test.
The stride length of right forepaws (Fig. 10D) was analyzed using ordinary on-way ANOVA
followed by post hoc Tukey multiple comparison test. Behavioral results from sociability
test (Fig.4), Morris water maze test (Fig. 5), startle response test (Fig. 7), elevated plus maze
test (Fig. 8), and olfactory test (Fig. 9) were analyzed using repeated measures ANOVA.
Fisher’s protected least-significant difference (PLSD) tests were used for comparing group
means only when a significant F value was determined in the overall ANOVA. Within-group
repeated measures analyses were used to determine side preference in the social approach
test, and quadrant preference in the Morris water maze. For all comparisons, significance
was set at adjusted p < 0.05.

3. Results

3.1

Pathological changes in “two-hit” mouse brain

We previously demonstrated that a single injection of LPS or DSP-4 in mice produces
almost identical Parkinsonian-like neurodegeneration of DA-SNpc neurons with motor
deficits at 10 months after injection (Song et al., 2018). To further characterize the
pathological changes in “two-hit” mice, brains were evaluated for neurodegeneration,
microglial activation, and oxidative stress.

3.1.1. DSP-4 treatment accelerates LPS-induced neuron loss in the NA
neuron-innervated brain regions—Mice received a single systemic injection of DSP-4
(first treatment, 50 mg/kg; i.p.), a selective NA neurotoxin one week before LPS dosing
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(second treatment, 15 x 10% EU/kg; i.p.), followed by examination of the neuronal loss in
different brain regions at different time points (Fig. 1A). Results showed a significantly
increase in neuronal loss in SNpc (25+7.5%) 3 months after “two-hit” treatment, while both
DSP-4 and LPS alone failed to induce neuronal loss in SNpc (Fig. 1B, Supplementary Fig.
1A and C). LPS-induced neuronal loss was aggravated by DSP-4 in SNpc (37.5+5.5%) and
the occurrence of neuronal loss was also observed in hippocampus (22.3+5.2%) and motor
cortex (15+4.6%) regions 6 months after “two-hit” treatment (Fig. 1C-E). It is worth noting
that, both DSP-4 alone and LPS alone mice show a delayed DA neuron loss at 6 months
after injection, DSP-4 significantly potentiated LPS-induced DA neuron loss (Fig. 1B and
D). However, in comparison to DSP-4 or LPS alone group, no significant synergistic toxicity
was observed in SNpc (Fig. 1B) in “two-hit” mice, with a loss of 49+7.1% neurons, at 10
months after injection. Meanwhile, the synergistic toxicity of LPS by DSP-4 was also not
found in hippocampus and motor cortex (Supplementary Fig. 1B and D) at 10 months,
where there was a loss of 31.846.9% and 27.9+6.7% neurons, respectively. The loss of Neu-
N* cell in hippocampal granular layer in Fig. 1E was further confirmed by hematoxylin
staining in 5 pm paraffine-embedded sections (Supplementary Fig. 2A).

Interestingly, the regionally selective neurodegeneration was consistent with clinical
evidence in PD patients, where no neurodegeneration was observed in two regions: caudate/
putamen (CPu) and VTA, which are closely related to SN (Fig 1C and E, and Supplementary
Fig. 1). The high-power images also showed very comparable Neu-N staining in CPu in all
groups, while the decrease in Neu-N positive staining was found in motor cortex of DSP-4
alone, LPS alone, and “two-hit” animals (Supplementary Fig. 2A). Although no changes in
VTA THir cells was found in the experimental animals, a significant decrease of neurites in
SN reticulata (SNr) and VTA was observed in all toxin-treated animals (Supplementary Fig.
2B). Collectively, these results suggest that DSP-4 treatment potentiated not only LPS-
induced neurodegeneration in LC/NE-innervated brain regions in our inflammation-
mediated mouse model, but also exhibited a progressive and caudo-rostral pattern.

3.1.2. DSP-4 treatment potentiates LPS-induced microglial activation in the
NA neuron-innervated brain—Chronic microglial activation is essential for
inflammation-mediated neurotoxicity of dopaminergic neurons (Block et al., 2007; Qin et
al., 2007). We previously reported that the release of NE in the SN region can exert a
protective effect on DA neurons from LPS-elicited neuroinflammatory damage, which is
dependent on the presence of microglia (Jiang et al., 2015). To explore if the synergistic
toxicity of DSP-4 on LPS-induced inflammatory mouse model is associated with microglial
activation, we used immunocytochemistry to measure CD11b and Iba-1, two microglia
markers whose elevated expression is associated with microglial activation. Results showed
that 6 months after DSP-4 alone or LPS alone treatment, microglia were significantly
activated in SN, which was characterized by intensified CD11b (Fig. 2A-C) and Iba-1
staining (Fig. 2C-D) and hypertrophied morphology (Fig. 2C-D). The chronic and low-
grade microglial activation was also found in SN, hippocampus and motor cortex at 3
months after DSP-4/LPS injection, and was sustained up to 10 months (Supplementary Fig.
3). However, LPS-induced microglial activation was markedly potentiated by DSP-4 in all
these noradrenergic-innervated brain regions only at the early timepoints. Compared to the
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LPS alone group, DSP-4 combined with LPS injection resulted in 128+5.1% (*p<0.05),
112+9.2%, and 111+ 9.0% increase of CD11b density in SN, hippocampus, and motor
cortex at 3 months after treatment (Supplementary Fig. 3A and C), which was elevated to
129+5.2% (*p<0.05), 131+11.0% (*p<0.05), and 146+6.0% (*p<0.05) at 6 months (Fig. 2A—
B) and reduced to 110+14.2%, 116+30.3%, and 118+20.1% at 10 months (Supplementary
Fig. 3B and D). Although DSP-4-, LPS- and “two-hit”-induced microglial activation was
time-dependently increased in affected regions, no obvious synergetic microglial activation
was found in all the regions in “two-hit” mouse brains at 10 months after treatment,
indicating a saturated stable plateau.

However, as no changes in neuron loss were found in CPu and VTA, microglia in these two
regions also remained unchanged in all the groups (Fig. 2A-B and Supplementary Fig. 3).

3.1.3. NE deficiency accelerates neuronal oxidative stress in “two-hit”
mouse brains—Oxidative stress plays a central role in nigral DA neurodegeneration in
PD patients and animal models (Dias et al., 2013). One of the major sources of superoxide in
the brain is activated microglia, with most superoxide being produced by NADPH oxidase
(Block et al., 2007). Since NE can inhibit NOX2 activation, we therefore measured oxidative
stress in LC/NE-innervated brain regions to further explore the mechanism of caudo-rostral
neurodegeneration. To this end, we quantified the levels of two products of oxidative stress,
the 3-nitrotyrosine (3-NT) and 4-hydroxynonenal (4-HNE). Immunofluorescence analysis
showed a clear increase in neuronal 3-NT and 4-HNE staining in SNpc at 6 months after
DSP-4 or LPS injection (Fig. 3A-B), as evidenced by TH and 3-NT/4-HNE double
immunolabeling (Fig. 3C). In addition, DSP-4 drastically enhanced LPS-induced neuronal
oxidative stress in SNpc in a time-dependent manner: 3NT and 4-HNE (Fig. 3A-B).
Furthermore, the increase of gp91Ph°X staining, a key subunit of NADPH oxidase, also
showed the same staining pattern as 3-NT/4-HNE after the injection of all toxins (Fig. 3D).
Meanwhile, the double immunolabeling studies demonstrated that gp91Phox
immunoreactivity appeared to co-localize with Iba-1-positive cells (Fig. 3E and F). In
addition to SN, the increased oxidative stress was also found in all those LC-innervated
regions, such as CAl, DG, and motor cortex (Supplementary Fig. 4). Moreover, the striatal
oxidative stress remains unchanged in all groups. Altogether, these results suggest that
DSP-4 time-dependently potentiated LPS-induced neuronal oxidative stress in SN in a
progressive manner.

DSP-4 treatment accelerates the appearance of non-motor symptoms in LPS-treated

mice: Phenotypes in younger mice (4.5-12 months of age)

To determine whether DSP-4-enhanced caudo-rostral neurodegeneration in the different
brain regions is associated with the appearance of non-motor symptoms, mice were assessed
in non-motor behavioral tests at different ages. Mice were given the first treatment (either
vehicle or DSP-4) at 9 weeks of age, and the second treatment (either vehicle or LPS) at 10
weeks of age. Mice were then tested in an elevated plus maze (no statistically significant
difference, data not shown), acoustic startle procedure, social approach assay, buried food
assay (no statistically significant difference, data not shown), and the Morris water maze.
These results showed that, before one year of age, treatments showed no effects on
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performance in the elevated plus maze or olfactory tests. However, as described below,
exposure to DSP-4 and LPS led to significant changes in social preference, spatial learning,
defecatory function, and startle response. There were no differences in body weight between
treated groups vs. controls during these studies (Supplementary Fig. 5).

3.2.1. Loss of sociability in mice at 3.5 months after exposed to both DSP-4
and LPS—The three-chamber test can serve as a tool to identify deficits in sociability
and/or social novelty in rodent models of CNS disorders. Under normal circumstances,
rodents prefer to spend more time with another rodent (sociability) and will investigate a
novel intruder more so than a familiar one (preference for social novelty). As shown in Fig.
4A, at 3.5 months after injections, mice treated with vehicle, DSP-4 alone, or LPS alone
demonstrated robust preference for spending more time in proximity to the stranger mouse,
versus an empty cage. In contrast, “two-hit” mice failed to show sociability, as they spent
significantly less time in proximity to the stranger mouse than all three other groups.

The subsequent test for social novelty preference required mice to discriminate between
stranger 1 and a newly introduced mouse (stranger 2; Fig. 4B). In this more complex social
test, the vehicle group had significant preference for novel stranger 2, while all three of the
other treatment groups failed to demonstrate this shift in preference.

The changes in social preference could not be attributed to low exploration in the treated
groups. In fact, during the sociability test (Fig. 4C), the “two-hit” mice made significantly
more entries into the empty cage side than all three other treatment groups. No significant
effects of treatment or side were observed for entries during the test for social novelty
preference (Fig. 4D).

3.2.2. Impaired spatial learning in Morris water maze in mice at 7.5 months
following LPS or “two-hit” treatments—PD is primarily a movement disorder that can
eventually result in memory abnormalities and dementia in about 50% of the patients
(Caballol et al., 2007). The memory function of these treated mice was measured by using
Morris water maze (MWM) test. Before one year of age, no effects of treatment were
observed on swimming ability in a visible platform test, or latencies to escape during a 5-
day training period in a hidden platform test (Fig. 5A-B). Following acquisition, mice were
given a one-minute probe test with the platform removed. As shown in Fig. 5C, mice treated
with either vehicle or DSP-4 alone spent significantly more percent time in the target
quadrant, where the platform had been located. In contrast, mice exposed to LPS or “two-
hit” failed to demonstrate quadrant selectivity. A significant effect of quadrant was also
found for crossings of the platform and corresponding locations; however, within-treatment
group tests indicated that the LPS alone group and “two-hit” mice failed to demonstrate a
preference for swimming across the previous location of the platform (Fig. 5D). Since
swimming speed did not differ between the groups (Supplementary Table 1), the learning
deficits in the probe test were not due to deficits in swimming ability. In addition, all groups
of mice demonstrated a high degree of proficiency in the visual cue task.

3.2.3. “Two-hit” mice display progressive bowel disorders—Constipation is
among the most common non-motor symptoms of PD (Ashraf et al., 1997). It is usually
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defined as the occurrence of dry, hard and/or small stools, infrequent stools, stools that are
difficult to expel, or sensation of incomplete evacuation. Although one-hour stool collection
results revealed stool frequency to be altered in both DSP-4 alone and LPS alone mice, with
a decrease in frequency at 3 months after treatment (Fig. 6A), the ratio of dry weight to wet
weight of feces did not show any difference when compared with control (Fig. 6B). Of
interest, we found that DSP-4 not only significantly attenuated LPS-induced stool frequency,
but it clearly caused an increase of dry/wet feces ratio at 6 and 10 months after LPS injection
(Fig. 6A and B), indicating severe defecatory dysfunction.

3.2.4. “Two-hit” mice display exaggerated startle response and PPI—The
sensorimotor gating of auditory startle response (ASR) is a brainstem reflex elicited by an
unexpected acoustic stimulus. It is reported that PD patients show greater ASR than control
subjects (Nieuwenhuijzen et al., 2006), we therefore measured the prepulse inhibition (PPI)
of the ASR in those mice. The results showed that the “two-hit” mice demonstrated
exaggerated startle responses (Fig. 7A) and PPI (Fig. 7B) at 74 dB at 10 months after
injection, in comparison to the age-matched LPS group. No significant group differences
were found between mice exposed to DSP-4 alone, LPS alone, and vehicle. Overall, these
results suggest that the combined DSP-4 and LPS challenge led to hyper-reactivity to
acoustic stimuli.

3.3. DSP-4 treatment accelerates the appearance of non-motor symptoms in LPS-treated
mice: Phenotypes in older mice (12 to 21 months of age)

In our second study, mice were given a first treatment (vehicle or DSP-4) at 9-14 weeks of
age, and a second treatment (vehicle or LPS) one week later. Mice were tested in the
elevated plus maze at either 10.5 or 17.5 months after DSP-4/LPS injection, and the buried
food assay at either 11 or 18.5 months after DSP-4/LPS injection. The results showed that
“two-hit” mice had significant deficits in both tests, but only at an older age.

3.3.1. “Two-hit” mice display anxiety phenotype at 17.5 months after
injection—NE is widely recognized as playing a role in anxiety disorder, which are
reported with a high prevalence in PD patients (Walsh and Bennett, 2001). In the present
study, anxiety-like behavior was measured using the elevated plus maze. The treatments had
no significant effects on anxiety-like behavior at 10.5 months after DSP-4/LPS injection
(data not shown). Mice in all treatment conditions spent a comparable time exploring the
open arms. However, 17.5 months following the DSP-4/LPS injections, differences were
observed between the treatment groups (Fig. 8). A repeated measures ANOVA on time spent
on each arm indicated that, while the first treatment (either DSP-4 or vehicle) had ni
significant effects in its own, there was a significant interaction between the second
treatment (either LPS or vehicle) and arm of the maze (the repeated measure) [F(1,30)=5.02,
p=0.0327] (Fig. 8A). Post-hoc analyses revealed that the “two-hit” mice, given both DSP-4
and LPS, spent less time on the open arms, and more time in the closed arms, than the
Vehicle/Vehicle or DSP-4/\ehicle groups. Further, the “two-hit” mice made significantly
fewer entries into the open arms than the vehicle-treated mice (Fig. 8B).
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3.3.2. “Two-hit” mice display olfactory discrimination deficits at 18.5 months
after injection—Olfactory dysfunction is one of the earliest manifestations of PD, which
has been found in nearly all PD patients (Doty, 2012; Hawkes et al., 1997). However, in our
study, mice showed generally good performance across treatment conditions, with 100% of
the group finding the buried food at 11 months after DSP-4/LPS injections (Fig. 9).
However, at 18.5 months after DSP-4/LPS injections, the “two-hit” mice had significantly
longer latencies to find the buried food than the vehicle-treated mice. Further, two of the
older mice failed to locate the buried food: one from the DSP-4 alone group and one from
the “two-hit” group.

Altogether, our findings suggest that the “two-hit” mice displayed a series of Parkinsonian-
like nonmotor symptoms.

3.4. DSP-4 treatment time-dependently accelerates appearance of motor symptoms in
LPS-treated mice

To determine whether DSP-4 treatment could accelerate the onset or aggravate the severity
of motor dysfunction in LPS-treated mice, we measured a variety of motor activities,
including rotarod test, wire hang test, and gait tests.

3.4.1. “Two-hit” mice display a progressive reduction in rotarod ability—The
rotarod test was used to evaluate the motor coordination of animals. No changes in rotarod
performance were observed until 6 months after treatments, but only “two-hit” mice showed
a decreased latency to fall from the rotarod, in comparison to the vehicle, DSP-4 alone, and
LPS alone group (Fig. 10A). Compared with age-matched vehicle controls, the performance
in rotarod was significantly reduced in both DSP-4 alone and LPS alone group 10 months
after treatment, whilst DSP-4 further potentiated the LPS-induced motor deficits.

3.4.2. “Two-hit” mice display a progressive reduction in wire hang
performance—With wire hanging tests, balance, coordination, and muscle condition can
be assessed. These tests are based on the knowledge that mice are eager to remain hanging
on a wire or grid till exhaustion. A significant reduction in wire hang performance was
observed only in “two-hit” mice and LPS-injected mice at 3 months after treatments, DSP-4
markedly accelerated the onset of the motor dysfunction and the severity was enhanced by
LPS treatment at 6 months (Fig. 10B). However, no obvious changes in wire hang
performance was found in the mice treated with DSP-4 alone, LPS alone, and “two-hit”
groups 10 months after treatments.

3.4.3. “Two-hit” mice display severe gait disorders—Gait disturbance is one of
the cardinal symptoms in patients with PD. We used DigiGait imaging system to quantify
posture and kinematics of these mice. “Two-hit” mice clearly showed severe gait disturbance
10 months after treatments, characterized by increasing paw angle to keep balance (Fig.
10C) and increasing brake time to compensate for instability (Fig. 10D) compared to age-
matched vehicle, DSP-4 alone, and LPS alone mice in all behavioral testing sessions.
Moreover, the unforced moving gait analysis system also showed shorter mean stride lengths
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variability (Fig. 10E, F), duck flippers feet, dragging steps, and twisted walking track (Fig.
10E, G) in “two-hit” mice 10 months after treatments.

Altogether, our findings suggest that DSP-4 accelerates appearance of motor symptoms in
LPS-treated mice.

4. Discussion

In this study, we demonstrated that dysfunction of the brain norepinephrine system by
DSP-4 accelerated the appearance of several behavioral deficits and exacerbated
neurotoxicity in LPS-injected mouse PD model. Mechanistic studies revealed that the
synergistic effects of this “two-hit” mouse PD model is associated with earlier activation of
microglia and aggravated oxidative injuries on brain regions innervated by LC/NE neurons
and thus, leading to earlier neurodegeneration. Consequently, distinct motor deficits and
nonmotor function abnormities were observed at different stages of disease progression in
mice treated with DSP-4/LPS. Together, our results demonstrated that this “two-hit” mouse
PD model approximates the pathogenesis and clinical symptoms of PD patients and can be a
suitable tool for further mechanistic study and development of potential therapeutic
interventions.

4.1. Advantages of “Two-hit model”

Recent reports from our laboratory demonstrate that chronic neuroinflammation in mice may
approximate this ascending degenerative pattern (Song et al., 2018). We found that a single
systemic injection of LPS or DSP-4 initiated chronic neuroinflammation and produced a
time-dependent ascending degenerative pattern in mouse brain: neurodegeneration afflicts
noradrenergic neurons of the locus coeruleus three months before progressing to
dopaminergic neurons of the SNpc and six months before progressing into neurons of the
primary motor cortex and hippocampus. These two rodent models have been valuable for
studying the pathogenesis of PD. However, mice injected with LPS or DSP-4 requires 6-12
months to display significant neuron loss and motor function deficits. The time-consuming
aspect has become a practical concern for routine uses of either LPS or DSP-4 alone as a
rodent PD model. The “two-hit” model has successfully rectified this time issue; as
accelerated appearance of PD-related pathologies was observed. Mice injected with
DSP-4/LPS displayed progressive motor deficits in rotarod (show a decreased trend but no
statistic difference) and wire hang performance beginning at 3 months after treatments,
advancing at 6 months, and remaining unchanged at 10 months that appears to correlate with
the loss of SN/DA neurons (Fig. 10). Moreover, gait disturbances, a commonly observed
motor symptom in PD patients which is characterized by increased paw angle to keep
balance and prolonged brake time to compensate for instability were detected only in “two-
hit” mice, but not mice injected alone either with DSP-4 or LPS (Fig. 10 C-D). Together,
accelerated and more pronounced changes of these motor deficits illustrate the advantage of
using this “two-hit” model in PD study.

Furthermore, the numbers of striatal and VTA neurons in “two-hit”, DSP-4- and LPS-
injected mice were not significantly different from than that of age-matched control mice.
These findings are in line with other reports found in PD patients: 1) despite clear presence
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of dendritic degeneration, nonsignificant changes of numbers of medium spiny neurons were
found in PD patients (Zaja-Milatovic et al., 2005); 2) despite the selective, progressive loss
of DA neurons in the SNpc, the very similar DA neurons in the VTA demonstrate a higher
degree of resistance to degeneration (Brichta and Greengard, 2014; Dauer and Przedborski,
2003). Regarding to the unchanged striatal neurons in our “two-hit”, DSP-4-, or LPS-
injected mice, one possibility is that CPu receives little noradrenergic innervation, while
other affected brain regions, such as hippocampus, cortex and midbrain, are heavily
innervated by noradrenergic nerve fibers (Robertson et al., 2013; Uematsu et al., 2015). In
addition to LPS or DSP-4, the neuronal loss is also unchanged in VTA in MPTP-injected
mice (Brichta and Greengard, 2014). It has been reported that VTA neurons express much
higher levels of calbindin-D28K, a Ca2* buffering protein, in comparison to SNpc neurons
(Fu et al., 2012). The majority of VTA neurons and a small percentage of SNpc neurons
with expressing high levels of this Ca2* buffering protein are spared from neurodegeneration
in PD(Rcom-H’cheo-Gauthier et al., 2014; Yamada et al., 1990).

Previous research in PD has focused mainly on the DA system in the nigrostriatal cells as
the key cause of motor dysfunction. A substantial number of individuals with PD exhibit
debilitating non-motor symptoms, such as affective disorders, sensory impairment, and
cognitive decline (Braak et al., 2003; Hawkes et al., 2010; Langston, 2006; Poewe, 2008).
The cause of the non-motor symptoms associated with PD is currently under intense
investigation. Accumulating evidence suggests a central role of brain NE in modulating
some of these non-motor symptoms (Delaville et al., 2011; Devauges and Sara, 1991;
Lauterbach, 1993; Mather and Harley, 2016). NE/LC neurons innervate most brain regions
and play pivotal roles in modulating the reactivity of many neural circuits mediating a
variety of behavioral and physiological responses. Our “two-hit” model provides a valuable
opportunity to study changes of PD-related non-motor functions. Indeed, a series of
premotor/motor behaviors deficits were observed at early stages in DSP-4/LPS mice: 1)
Although at a later stage, only the “two-hit” mice showed significant olfactory abnormality
to find the buried food and anxiety behavior with increase in the percentage closed arm time
in the elevated plus maze 16 months after treatment, which are reported with a high
association with PD patients; 2) Only the “two-hit” mice failed to show significant
sociability 3 months after treatments, and spent less time in proximity to the stranger mouse
than all 3 other groups; 3) The “two-hit” mice exhibit severe disturbances in Gl function in
comparison to the age-matched DSP-4 alone and LPS alone groups, characterized by
decreased stool frequency and altered dry/wet feces ratio that increases with age; 4) Only the
“two-hit” mice demonstrated a significant exaggerated startle response and prepulse
inhibition at 10 months compared to that produced by DSP-4 or LPS alone, suggesting
marked sensorimotor gating impairment; 5) Mice exposed to LPS or “two-hit” failed to
demonstrate quadrant selectivity at 8 months, then mice in all 3 treated groups showed a
comparable impaired spatial learning in the MWM at 10 months. The ASR is one of the
most widely studied psychophysiological measures in the cognitive and affective sciences.
The ASR to an unexpected loud stimulus is regarded as a brainstem reflex originating in the
nucleus reticularis pontis caudalis and being distributed up the brainstem and down the
spinal cord along slowly conducting pathways (Kofler et al., 2001). It is notable that similar
increases in startle amplitude and prepulse inhibition have been reported in the MitoPark
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mouse model for PD (Grauer et al., 2014). It has been reported that the integrity of the LC-
NE system plays a key role in memory encoding (Lemon et al., 2009) and in determining
late-life cognitive abilities (Mather and Harley, 2016); Novelty detection is accompanied by
increased hippocampal NA activity, driven by enhanced firing of the LC (Kitchigina et al.,
1997; Sara et al., 1994); LC stimulation improves memory retrieval (Devauges and Sara,
1991), whereas vagus nerve stimulation enhances memory encoding and consolidation via
LC activation (Clark et al., 1999; Ghacibeh et al., 2006). In our study, no further memory
loss was observed in the “two-hit” mice after 10 months. One possibility is that there is no
further LC-TH positive neurons and hippocampal neuronal loss at that time point.

Taken together, results from this “two-hit model provide strong evidence confirming the
crucial role of low-grade chronic inflammation in producing PD-like caudal-rostral
degeneration and associated behavioral changes. In addition, the unique time-dependent
neurodegeneration in different brain regions, plus motor/nonmotor behavioral changes after
LPS or DSP-4 give credence that this “two-hit” regimen offers an excellent rodent PD model
for screening potential disease modifying drugs.

Mechanism of actions

It is interesting to note that despite difference in chemical structure, LPS and DSP-4 produce
similar patterns of neuroinflammation, oxidative stress-related injuries and neuronal loss in
various regions of mouse brain. Our previous studies indicate that prolonged increase in the
production of superoxide/ROS is essential for maintaining chronic neuroinflammation in
both LPS and DSP-4 models (Song et al., 2018). Chronic neuroinflammation leads to
enhanced oxidative and nitrosylative injuries that dictate the temporal order of degeneration
observed 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 LPS/DSP-4 injection. Comparisons of how these two toxins
activate microglia and the subsequent evolvement of brain inflammation may offer insights
into the mechanism of inflammation-related neurodegeneration. Although LPS cannot cross
the blood-brain barrier (BBB), our previously studies have shown that pro-inflammatory
factors, such as TNFa (Qin et al., 2013; Qin et al., 2007), produced in the periphery after
systemic LPS administration, are transported through BBB. Once in brain, these factors
activate microglia, leading to the synthesis of additional pro-inflammatory factors, creating a
persistent and self-propelling neuroinflammation that drives delayed and progressive loss of
neurons in brain. By contrast, DSP-4 is capable of crossing BBB and depleting brain NE by
directly damaging NE/LC neurons, and causes sustained microglial activation (Jiang et al.,
2015). LPS is known to directly activate microglia to trigger acute immune responses in the
brain. If acute phase of inflammation is not properly resolved, brain immune system may
turn into protracted low-grade chronic neuroinflammation and produce progressive
neurodegeneration (Qin et al., 2013; Qin et al., 2007). By contrast, DSP-4 does not directly
activate microglia (Jiang et al., 2015). Several reports indicate that DSP-4, through the
depletion of NE by damaging NE/LC neurons, indirectly causes microglial activation. In
fact, activation of microglia was not initially observed within the first few days after DSP-4
injection. It is intriguing to observe that once the microglia were activated around 2 weeks
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after DSP-4 injection, persistent activation of microglia and low-grade chronic
neuroinflammation was continually observed in all LC-NE innervated brain regions, even up
to 10 months following the DSP-4 injection. Thus, DSP-4 model serves as a good example
showing that acute immune responses may not always be necessary for the formation of
chronic brain inflammation. We speculate that the microglial activation and persistent
chronic neuroinflammation elicited by DSP-4 injection are likely due to the occurrence of
reactive microgliosis through the action of danger-associated molecular pattern (DAMP)
released from damaged terminals of NE/LC neurons. We have previously reported that
DAMP-associated reactive microgliosis is a critical immune response in maintaining chronic
neuroinflammation vicious cycle and leading to progressive neurodegeneration (Chen et al.,
2016). It is worth noting that although LPS and DSP-4 produce chronic brain inflammation
through different mechanisms, it appears that once low-grade chronic inflammation develops
and becomes persistent, both toxins have very similar patterns of pathologies. Furthermore,
the different mode of action of LPS and DSP-4 in causing brain inflammation offers a
pharmacological explanation for the synergistic actions both in neurodegeneration and
behavioral deficits seen mice injected with these two toxins.

Discuss literature related to DSP-4 followed by LPS by other groups

Low-grade, chronic inflammation has been associated with many neurodegenerative
diseases, but the mechanisms responsible for producing this inflammation remain unclear. It
is generally believed that aging is an important factor in neurodegenerative diseases.
Nevertheless, most of the reported studies have used either acute or sub-chronic animal PD
models, which did not offer a sufficient time window for observing the progressive neuron
loss and behavioral changes. A general pattern immerged from our previous reports
indicating that as long as chronic neuroinflammation persists for a certain period, neuronal
loss and behavioral dysfunction eventually follow. However, most of the reports did not
document the neurodegeneration.

Interestingly, a similar study was conducted in rats by Iravani et al. produced different
results (Iravani et al., 2014). Their results suggested that a single intraperitoneal dose of
DSP-4 administered 8 days previously, caused a marked loss of TH positive neurons in LC
but no change in DA cell number in SN. Moreover, following combined DSP-4 treatment,
LPS-induced nigral DA neuronal loss failed to be exacerbated by the loss of LC-NA input.
One critical factor for the apparent inability of DSP-4 to induce SN/DA neuronal loss or
exacerbate LPS-induced SN/DA neuronal loss in their study is timing. In our study, 1) rather
than 8 days, it takes up to 6 months for mice to show about only 15% SN/DA neuron loss
after DSP-4 alone treatment; 2) they employed intranigral administration of LPS, which
could cause acute and severe (50% loss of TH-ir neurons) SN/DA neurodegeneration within
few days; while intraperitoneal injection with LPS requires up to 10 months for disease
progression to achieve —50% SN/DA neuronal loss in our study. It’s important to note that,
in our study, the loss of TH-ir neurons in SN following by DSP-4 alone, LPS alone, or even
their combined challenge was not significantly different when it comes to 10 months of
treatments, suggesting a ceiling effect on the SN/DA neuronal loss in response to
DSP-4/LPS challenge.
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5. Conclusion

Taken together, this study demonstrated a significant benefit of combining NE depletion
with chronic neuroinflammation for recapitulating PD-like features in mouse, which was
characterized by progressive loss of neurons in a caudo-rostral pattern associates with the
appearance of non-motor/motor symptoms and, most importantly, shortened the time to
disease progression. Our findings also contribute with new knowledge about how LC
damage affects their innervated brain regions. This “two-hit” mouse model for the first time
shows the temporal detail of disease progression and indicates targeting microglia activation
as a disease-modifying strategy for PD may shed new light on PD, which could provide
invaluable for the development of treatments that can alleviate non-motor/motor symptoms
and stop progressive neurodegeneration through interaction with affected neurotransmissions
system, particularly those that occur at early stages of the disease.
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Highlights:

. Depletion of norepinephrine (NE) accelerates LPS-induced sequential loss of
neurons

. DSP-4 potentiates LPS-induced microglial activation in LC-innervated brain
regions

. DSP-4 potentiates LPS-induced neuronal oxidative stress in brain

. “Two-hit” mice display Parkinson-like nonmotor symptoms

. NE depletion accelerates appearance of motor symptoms in LPS-treated mice
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Fig. 1. DSP-4 treatment accelerates neurodegeneration in LPS-treated mice brain.
(A) Schematic drawing of the treatment regimen for DSP-4 and LPS. Male C57BL/6J mice

received a single injection of DSP-4 (50 mg/kg, i.p.), followed by LPS (15x10° EU/kg, i.p.)
treatment one week later. 3, 6 and 10 months after LPS injection, mice were sacrificed for
immunohistological staining of different brain regions. (B) DSP-4 accelerates SN-DA
neurodegeneration in LPS-treated mouse brains [two-way ANOVA, treatment x time
interaction, F(9,50)=5.525, p<0.0001; effect of time, F(3,50)=49.93, p<0.0001; effect of
treatment, F(3,50)=28.36, p<0.0001], *p<0.05, **p<0.01, ***p<0.001 compare with age-
matched vehicle controls. #p<0.05 compare with age-matched DSP-4- (green) or LPS- (blue)
treated animals. (C) Quantitative analysis of neuron loss in the different brain regions at
different time points after “two-hit” treatment. TH-immunoreactive neurons in both SNpc
and VTA were counted stereologically. Neurons in hippocampal granule layer (Neu-N-
immunoreactive), motor cortex and CPu (Neu-N-immunoreactive) were quantified by auto-
counting using ImageJ software. Results are expressed as a percentage of age-matched
vehicle controls (mean £ SEM) in each group at each time point [one-way ANOVA for each
region with time as main effect, SNpc: F(3,11)=55.07, p<0.0001; Hippocampus:
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F(3,9)=31.93, p<0.0001; Motor cortex: F(3,19)=8.938, p=0.0007; CPu: F(3,17)=0.2363,
p=0.8698; VTA: F(3, 4)=0.3179, p=0.8123], **p<0.01, ***p<0.001 compare with age-
matched vehicle controls. (D) Quantitative analysis of neuron loss in different brain regions
at 6 months after DSP-4, LPS, or “two-hit” treatment. Hip=Hippocampus. Results are
expressed as a percentage of age-matched vehicle controls (mean + SEM) from 4-5 mice in
each group at each time point [two-way ANOVA, treatment x brain region interaction,
F(9,89)=3.364, p=0.0014; effect of treatment, F(3,89)=9.949, p<0.0001; effect of brain
region, F(3,89)=20.4, p<0.0001]. *p<0.05 and **p<0.01 compare with age-matched vehicle
controls. #p<0.05 compare with indicated groups. (E) Representative images of staining in
SN, hippocampus, motor cortex, and CPu at 6 months after injection were shown.
Dopaminergic neurons in the SNpc were stained with anti-TH antibody. Neurons in
hippocampal granule layer, motor cortex and CPu were stained with anti-Neu-N antibody.
Scales as indicated in the pictures.
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Fig. 2. DSP-4 treatment potentiates microglial activation in LPS-treated mice.
Male C57BL/6J mice received a single injection of DSP-4 (50 mg/kg, i.p.), followed by LPS

(15%108 EU/kg, i.p.) treatment one week later. 3, 6 and 10 months following the LPS
injection, microglia in SN, VTA, hippocampus, motor cortex and CPu were stained with
CD11b antibodies. (A) Quantitative analysis of microglial activation in these brain regions at
6 months after injection by measuring alterations of CD11b density [two-way ANOVA,
treatment x brain region interaction, F(12,109)=12.4, p=0.0014; effect of treatment,
F(4,109)=69.91, p<0.0001; effect of brain region, F(4,109)=66.77, p<0.0001]. **p<0.01
compare with age-matched vehicle controls. #p<0.05 compare with indicated groups. (B)
Representative images of CD11b staining in different brain regions at 6 months after
injection were shown. Scales as indicated in the pictures. (C-D) High-power images show
the morphological changes in microglia and an increase in microglial CD11b and Iba-1 in
SN at 6 months after DSP-4/LPS injection.
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Fig. 3. DSP-4 treatment potentiates neuronal oxidative stress in LPS-treated mice.
Male C57BL/6J mice received a single injection of DSP-4 (50 mg/kg, i.p.), followed by LPS

(15%108 EU/kg, i.p.) treatment one week later. 3, 6 and 10 months following the LPS
injection, oxidative damage in protein and in lipid in SN were stained with anti-3-NT or
anti-4-HNE antibody. (A-B) The fluorescence intensity of 3-NT [two-way ANOVA,
treatment x time interaction, F(6,101)=11.28, p<0.0001; effect of treatment, F(3,101)=54.13,
p<0.0001; effect of time, F(2,101)= 178.1, p<0.000I] (A) and 4-HNE [two-way ANOVA,
treatment x time interaction, F(6,88)=11.1, p<0.0001; effect of treatment, F(3,88)=65.31,
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p<0.0001; effect of time, F(2,88)=212.2, p<0.0001] (B) in the SN was quantified. (C)
Representative images show double labeled TH and 3-NT (top) and TH and 4-HNE (bottom)
in SN 6 months after LPS injection. Images were captured at 40x magnification. The SNpc
zone is outlined in white dots. (D) The fluorescence intensity of gp91P%% in the SN was
quantified [two-way ANOVA, treatment x time interaction, F(6,90)=2.382, p=0.035; effect
of treatment, F(3,90)=10.11, p<0.0001; effect of time, F(2,90)=42.03, p<0.0001]. (E) SN
were triple labeled for gp91PhoX  |ba-1 and TH. Images were captured at 40x magnification.
(F) The high-power images to show co-localization of Iba-1 and gp91P"°% in SN. The
selected SN area was confirmed by TH (white) staining. Results are expressed as a
percentage of age-matched vehicle controls (mean = SEM). *p<0.05, **p<0.01 compare
with age-matched vehicle controls. #p<0.05 compare with age-matched DSP-4 and LPS
alone groups. Scales as indicated in the pictures.
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Fig. 4. Loss of sociability in “two-hit” mice.
Male C57BL/6J were tested at 3.5 months after exposed to DSP-4/LPS. (A) “Two-hit”

mice failed to show sociability, as they spent a comparable time with stranger mouse and
empty cage, but significantly less time in proximity to the stranger mouse than all three other
groups, [within-group analyses following repeated measures ANOVA, treatment x side
interaction, F(3,20)=3.39, p=0.0381; and effect of side, F(1,20)=49.97, p<0.0001], (B) Mice
failed to show social novelty preference in the all toxins-treated groups, [main effect of
treatment, F(3,20)=3.61, p=0.0313; and side, F(1,20)=16.57, p=0.0006]. (C) “Two-hit” mice
made significantly more entries into the empty cage side than all three other treatment
groups, [treatment x side interaction, F(3,20)=5.09, p=0.0089; effect of side, F(1,20)=14.85,
p=0.001]. (D) No significant effects of treatment or side were observed for entries during the
test for social novelty preference. Data are mean (x SEM) for 10-min tests. N=6 mice per
treatment group. #0<0.05, within-treatment group comparison to opposite side. ***p<0.05,
comparison to all three other groups with the same colored bar.
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Fig. 5. “Two-hit” and LPS-injected mice display Impaired spatial learning in Morris water maze

at 7.5 months after injection.

Mice were 42 weeks in age at time of testing, following treatment with DSP-4 and/or LPS at
9-10 weeks. (A-B) Acquisition of spatial learning in the Morris water maze. Data are means
(x SEM) of 4 trials per day, across 5 days of training. (A) Latency to find the escape
platform in the Morris water maze. (B) Swimming distance. (C-D) The decrease in spending
percent time, [within-group analyses following repeated measures ANOVA, treatment x
guadrant interaction, F(9,60)=2.06, p=0.0473; and quadrant, F(3,60)=13.51, p<0.0001] (C)
and crossing times, [effect of quadrant, F(3,60)=7.80, p=0.0002; ] (D) in target quadrant in
LPS alone and “two-hit” mice. Data are means (+ SEM) for a one-minute probe trial, with
the escape platform removed from the water maze. The target quadrant indicates the location
of the platform during training. N=6 mice per treatment group. *p<0.05, significant effect of
quadrant, within-treatment repeated measures ANOVA.

Brain Behav Immun. Author manuscript; available in PMC 2020 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Song et al.

>

Defection times in one hour

124

0-

Page 30

Stool frequency Ratio of dry/wet feces weight

Em Vehicle = LPS < 801 mm Vehicle = LPS
= DSP4 = DSP-4+LPS % = DSP4 E DSP-4+LPS
&) # #
@ 601 — e
2 T I I &
I Q =, = T — E
3 40 = = =
e = = =
o z = =
S 20- - = =
o) = — —
© = = =
(14 0.. - - - - —
3 months 6 months 10 months 3 months 6 months 10 months

Fig. 6. Mice suffers from chronic constipation after exposed to both DSP-4 and LPS.
Male C57BL/6J mice received a single injection of DSP-4 (50 mg/kg, i.p.), followed by LPS

(15%108 EU/kg, i.p.) treatment one week later. (A) “two-hit” mice exhibited decreased
defecation frequency compared with age-matched control animals at 6 and 10 months,
[effect of treatment, F(3,127)=11.76, p<0.0001]. (B) The ratios of dry weight and wet
weight of feces were measured as an indication of constipation, [effect of treatment,
F(3,138)=6.179, p=0.0006]. Results represent average defecation frequency for two trials £
SEM for 9 animals per group. *p< 0.05, **p< 0.01 compare with age-matched vehicle
controls. #p< 0.05 compare with LPS-alone group.
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Fig. 7. “Two-hit” mice display exaggerated startle response and PPI.
Increased acoustic startle response, [repeated measures ANOVA, treatment x decibel level

interactions, F(12,96)=2.09, p=0.0249] (A) and percentage PPI, [repeated measures
ANOVA, treatment x decibel level interactions, F(8,64)=2.51, p=0.0195] (B) in male
C57BL/6J mice at 10 months after DSP-4/LPS injection. Data shown are means (x SEM) for
each group. Trials included no stimulus (NoS) trials and acoustic startle stimulus (AS; 120
dB) alone trials. *p<0.05, comparison to vehicle group. #p< 0.05 compare with indicated

group.
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Fig. 8. Anxiety-like behavior on an elevated plus maze.
Male C57BL/6J mice were tested at 17.5 months after injection with DSP-4/LPS. (A) “Two-

hit” mice spent less time on the open arms, and more time in the closed arms, than the
Vehicle or DSP-4 groups, [repeated measures ANOVA, second treatment (LPS) x maze arm
interactions, [F(1,30)=5.02, p=0.0327], (B) “Two-hit” mice made significantly fewer entries
into the open arms than the vehicle-treated mice, [second treatment x maze arm interaction,
F(1,30)=10.68, p=0.0027], N=5-12 mice per treatment group. *p<0.05, comparison to
Vehicle. #p<0.05, comparison to DSP-4.
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Fig. 9. Latencies (sec) in a buried food test for olfactory ability.
Male C57BL/6J mice were tested at 11 or 18.5 months after injection with DSP-4/LPS. In

the older mice, combined treatment with DSP-4 and LPS led to significantly longer latencies
to locate the buried food, [F(1,30)=7.72, p=0.0093], N=5-7 mice per treatment group at 11
months, and 5-12 mice per treatment group at 18.5 months after injections. *<0.05,
comparison to \Vehicle.
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Fig. 10. DSP-4 treatment accelerates appearance of motor symptoms in LPS-treated mice.
Male C57BL/6J mice received a single injection of DSP-4 (50 mg/kg, i.p.), followed by LPS

(15%10% EU/kg, i.p.) treatment one week later. 3, 6 and 10 months following LPS injection,
corresponding motor behaviors were tested. (A) Examination of motor function by the
rotarod test. Time spent balanced on top of the rotating rod (latency) was measured across
six test trials for indicated treated mice. Significant differences between “two-hit” mice and
LPS-treated mice were observed. Two-way ANOVA, treatment x time interaction,
F(6,111)=1.996, p=0.0722; effect of time, F(2,111)=9.836, p=0.0001; effect of treatment,
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F(3,111)=12.07, p<0.0001. (B) Wire hang test. Error bars are expressed as means + SEM,
n=8-10. Two-way ANOVA, treatment x time interaction, F(6,113)=0.9446, p=0.4662; effect
of time, F(2,113)=16.22, p<0.0001; effect of treatment, F(3,113)=8.646, p<0.0001. (C-D)
Examination of absolute paw angle, [treatment x paw interaction, F(3,71)=3.5, p=0.0198;
effect of paw, F(1,71)=74.53, p<0.0001] (C) and brake time, [effect of paw, F(1,66)=23.2,
p<0.0001; effect of treatment, F(3,66)=9.361, p<0.0001] (D) in gait analysis by using
DigiGait system. Data were analyzed by two-way ANOVA. Error bars are expressed as
means + SEM, n=8-10. *p<0.05, **p<0.01 compare with age-matched vehicle controls.
#p<0.05 compare with LPS-alone group. The unforced moving gait analysis system also
showed shorter mean stride lengths variability, [F: one-way ANOVA, F(3,21)=4.227,
p=0.0174] (E-G), duck flippers feet (E and G), dragging steps (E), and twisted walking track
(E and G) in the “two-hit” mice 10 months after treatments.
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