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Abstract Neuroinflammation and degeneration of catechol-
aminergic brainstem nuclei occur early in neurodegenerative
diseases such as Alzheimer’s disease and Parkinson’s disease.
Neuroinflammation increases levels of pro-inflammatory cy-
tokines and reactive oxygen species which can alter neuronal
calcium (Ca'®) homoeostasis via L-type voltage dependent
calcium channels (L-VDCCs) and ryanodine receptors
(RyRs). Alterations in Ca™* channel activity in the SN and
LC can lead to disruption of normal pacemaking activity in
these areas, contributing to behavioral deficits. Here, we uti-
lized an in vivo model of chronic neuroinflammation: rats
were infused intraventricularly with a continuous small dose
(0.25 pg/h) of lipopolysaccharide (LPS) or artificial cerebro-
spinal fluid (aCSF) for 28 days. Rats were treated with either
the L-VDCC antagonist nimodipine or the RyR antagonist
dantrolene. LPS-infused rats had significant motor deficits in
the accelerating rotarod task as well as abnormal behavioral
agitation in the forced swim task and open field. Correspond-
ing with these behavioral deficits, LPS-infused rats also had
significant increases in microglia activation and loss of tyro-
sine hydroxylase (TH) immunoreactivity in the substantia
nigra pars compacta (SNpc) and locus coeruleus (LC). Treat-
ment with nimodipine or dantrolene normalized LPS-induced
abnormalities in the rotarod and forced swim, restored the
number of TH-immunoreactive cells in the LC, and
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significantly reduced microglia activation in the SNpc. Only
nimodipine significantly reduced microglia activation in the
LC, and neither drug increased TH immunoreactivity in the
SNpc. These findings demonstrate that the Ca™* dysregulation
in the LC and SN brainstem nuclei is differentially altered by
chronic neuroinflammation. Overall, targeting Ca+2 dysreg-
ulation may be an important target for ameliorating neurode-
generation in the SNpc and LC.

Keywords LPS - Microglia - Substantia nigra - Locus
coeruleus - Calcium

Introduction

Degeneration of the locus coeruleus (LC) appears to precede
substantia nigra pars compacta (SNpc) and hippocampal dam-
age in Parkinson’s disease (PD) and Alzheimer’s disease
(AD), respectively (Simic et al. 2009; Tomlinson et al. 1981;
Del Tredici et al. 2002). Chronic neuroinflammation also
appears early in the progression of AD and PD, with early
stage AD and PD patients showing increased microglia acti-
vation in vulnerable brain regions (Yasuno et al. 2012;
Iannaccone et al. 2013). The SNpc and LC are vulnerable to
neuroinflammation (Bardou et al. 2014; Brothers et al. 2013).
Major histocompatibility complex I (MHC-I) is expressed at
very low levels in the CNS, although in the presence of
neuroinflammation SN and LC neurons specifically upregu-
late MHC-I, which makes them selectively targeted for deg-
radation (Cebrian et al. 2014). Several aspects of early AD can
be reproduced by chronic infusion of lipopolysaccharide
(LPS) into the fourth ventricle of young rats (Hauss-
Wegrzyniak et al. 1998a). This model may also be relevant
for modeling early PD, since following chronic LPS

@ Springer



36

J Neuroimmune Pharmacol (2015) 10:35-44

administration in vivo, dopaminergic (DA) cell loss is ob-
served in the SNpc and noradrenergic (NE) neuron loss is
observed in the LC (Bardou et al. 2014).

Damage to the LC may account for early behavioral
changes in both AD and PD. The LC is important for
regulation of sleep, which is disrupted during both AD
(Jost and Grossberg 1996) and PD (Schrempf et al.
2014). Depression, which is also related to LC function
(Stone et al. 2011) is highly comorbid with AD
(Starkstein and Mizrahi 2006) and PD (Ravina et al.
2007). Additionally, agitation and damage to the LC are
associated with AD (Leverenz et al. 2001). Motor symp-
toms in both AD and PD are related to loss of SNpc
neurons (Horvath et al. 2014; Braak et al. 2004). In rats,
moderate LC damage leads to decreased mobility during
the forced swim while extensive LC damage leads to
increased mobility, following a U-shaped curve (Harro
et al. 1999). LC damage can also be correlated with
hyperactivity in rodents (Stone et al. 2011), which may
be similar to agitation seen in depressed or anxious
humans. In rats, the extent of SNpc damage is correlated
to motor coordination performance in the rotarod task
(Monville et al. 2006). Overall, these data suggest that
the forced swim, open field, and rotarod tasks are sensi-
tive to damage in the LC and SNpc and are relevant to
physiological changes associated with AD and PD.

Neuroinflammation may lead to neuronal Ca'> dysreg-
ulation and underlie the behavioral impairments and neu-
rodegeneration via excitotoxicity (Mattson 2012). Elevat-
ed levels of pro-inflammatory cytokines and oxidative
stress can increase the function of L-type voltage-depen-
dent Ca™® channels (L-VDCCs; Furukawa and Mattson
1998) and ryanodine receptors (RyRs; Friedrich et al.
2014; Palmi and Meini 2002). The activity of L-VDCCs
and RyRs are also linked to each other (Foster 2012).
Indeed, Ca*? dysregulation via enhancement of L-VDCC
activity in pacemaker neurons in the SNpc and LC may
play an important role in the selective vulnerability of
these regions in PD (Surmeier and Schumacker 2013) in
addition to their vulnerability to neuroinflammation
(Cebrian et al. 2014). Antagonism of L-VDCCs with the
dihydropyridine (DHP) isradipine can improve the motor
scores of PD patients (Parkinson Study Group 2013).
There are limited data on the role of RyRs in the SNpc
and LC neurons, but as in other neurons, RyR activity can
increase L-VDCC activity and vice versa (Borde et al.
2000; Chavis et al. 1996). Overall, these data suggest that
the anti-inflammatory properties of L-VDCC and RyR
antagonists such as nimodipine and dantrolene, respec-
tively, could provide protection to the SN and LC during
chronic neuroinflammation via control of Ca** dysregula-
tion or their direct anti-inflammatory action (Hashioka
et al. 2012; Li et al. 2009; Klegeris et al. 2007).
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Methods
Subjects and Surgical Procedures

The subjects were male F-344 (Harlan, Indianapolis, IN,
USA) rats, 3 months old, individually housed with ad libitum
access to food and water and maintained on a reverse 12/12
light/dark cycle with lights off at 8 AM. Attificial cerebrospi-
nal fluid (aCSF, 140 mM NacCl, 3.0 mM KCl, 2.5 mM CaCl2,
1.0 mM MgCl12, 1.2 mM Na2HPO4, pH 7.4; n=30) or lipo-
polysaccharide (LPS, Sigma, St. Louis, MO, USA, E. coli
serotype 055:B5 TCA extraction, 1.0 mg/ml dissolved in
aCSF, n=30) was loaded into an osmotic minipump (Alzet
model #2004, with a rate of 0.25 ul/h, Durect Corp., Cuper-
tino, CA, USA) and infused into the brain for 28 days via a
cannula surgically implanted into the 4th ventricle as previ-
ously described (Brothers et al. 2013). The day after the
osmotic minipump was implanted, rats began to receive daily
subcutaneous drug injections at a volume of 1 ml/kg per day
with vehicle (polyethylene glycol 300, Thermo Fisher Scien-
tific, Waltham, MA, USA), the RyR antagonist dantrolene
sodium salt (5 mg/kg/day, Sigma), or the DHP L-VDCC
antagonist nimodipine (5 mg/kg/day, Sigma), resulting in six
group+drug treatment groups (aCSF+vehicle, n=11; aCSF+
dantrolene, n=10; aCSF+nimodipine, n=9; LPS+vehicle, n
=10; LPS+dantrolene, n=10; LPS+nimodipine, n=10).
Body weights were monitored daily and rats were given saline
injections and supplemental food postoperatively to prevent
dehydration and weight loss. This research was carried out in
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals (NIH Publication
No. 80-23) and The Ohio State University Institutional Ani-
mal Care and Use Committee.

Behavioral Testing

Prior to the onset of behavioral testing, rats were handled
daily. The first behavioral test was the accelerating rotarod
task, which occurred at the beginning of the third week of LPS
infusion and drug treatment. Rotarod testing was completed
over 2 days, and at the end of the second day, rats were
subjected to the open field task. On the third and fourth day
of behavioral testing, rats completed the forced swim test. For
all tasks, rats were first acclimated to the testing room 30 min
prior to testing.

Accelerating Rotarod

The rotarod device consisted of a 6 cm rod raised 40 cm high
driven by a SM-S4303R High Torque Full Rotation Servo
(Sparkfun, Boulder, CO). Latency to fall off the rod was
manually recorded with a stopwatch. On the first day of
testing, rats were habituated to the stationary rod for 5 min.
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Rats were then acclimated over 3 trials to a rod rotating at a
constant 10 rotations per minute (rpm) for a maximum trial
length of 5 min, with an intertrial interval of at least 30 min.
On the second day of testing, rats were tested in three trials on
a rod that accelerated steadily from 0 to 20 rpm over 5 min,
with an intertrial interval of at least 30 min. Data is expressed
as latency to fall off of the rod. All of the results from the
accelerating trials were pooled together for statistical analysis.

Open Field

Rats were placed in the open field testing box, which was a
50%38%28 cm chamber. Various behavioral measures includ-
ing movement, rearing, and distance from the center of the
arena were tracked using overhead cameras and Noldus
Ethovision 3.1 tracking and analysis system (Noldus,
Lessburg, VA, USA).

Forced Swim

The forced swim test was composed of 2 days with 10 min of
swimming in a small pool with a diameter of 36 cm. Water
temperature was adjusted to 25 °C £1 °C and the pool cleaned
prior to the introduction of each rat. Rats were observed
during the testing, and any rats that showed signs of drowning
were immediately rescued. Various behavioral measures in-
cluding immobility, velocity, and distance traveled were
tracked using overhead cameras and Noldus Ethovision 3.1
tracking and analysis system (Noldus, Lessburg, VA, USA).

Tissue Preparation and Histological Procedures

All of the rats were deeply anesthetized using isoflurane prior
to sacrifice 28 days after surgery. The rats were rapidly de-
capitated and the brainstem and cerebellum were isolated and
placed in 4 % paraformaldehyde in 0.1 M phosphate buffer,
pH 7.4. The brains were post-fixed for 1 week in fixative and
then stored at 4 °C in phosphate-buffered saline (PBS),
pH 7.4. 40 um sections were generated using a vibratome.
The rabbit antibody against tyrosine hydroxylase (TH) was
used to label DA and NE neurons (final dilution 1:750;
Millipore, Billerica, MA) and the mouse antibody against
0OX-6 was used to label major histocompatibility complex 11
(MHC-II) positive microglia. Endogenous peroxidase activity
was quenched and nonspecific binding was blocked with 5 %
normal goat serum (NGS) in PBS. Sections were then incu-
bated overnight at 4 °C in primary antibody diluted in the
same blocking solution. The next day, sections were rinsed
and then incubated for 1.5 h at RT in biotinylated anti-rabbit
secondary antibody (final dilution 1:200, Vector, Burlingame,
CA, USA). Sections were then rinsed and incubated for 1 h at
RT with avidin-biotinylated horseradish peroxidase
(Vectastain, ABC kit, Vector). After another rinse, sections

were incubated with 0.05 % 3, 3’-diaminobenzidine tetra-
hydrochloride (Vector) as a chromogen. The reaction was
stopped by rinsing the sections with PBS. No staining was
detected in the absence of primary or secondary antibod-
ies. Sections were mounted on superfrost slides, air-dried,
dehydrated with a series of ethanol and xylene rinses and
coverslipped with cytoseal (Allan Scientific, Kalamazoo,
MI, USA) mounting medium. Images were captured with
light microscopy, stitched together, and analyzed with a
Nikon 90i system with a DS-5 M-L1 digital camera using
Elements 3.1 Software (Nikon Instruments, Melville, NY,
USA). For the LC cell counts, a uniform sized region of
interest was drawn around a portion of the LC and the
number of TH immunoreactive cells counted within that
region. For SN densitometry, the entire SN was enclosed
in a region of interest and a threshold for TH immunore-
activity was identified and applied identically across all of
the slices.

Statistical Analysis

Statistical analyses were conducted using SigmaPlot 12.5
(Systat, San Jose, CA, USA). Analyses of variance
(ANOVA) were performed followed by Fisher’s
protected least significant difference for post hoc com-
parisons. Graphs display the mean+standard error of the
mean (SEM). A p<0.05 was considered statistically
significant.

Results
Accelerating Rotarod

The accelerating rotarod test (Fig. 1) was used to investi-
gate the role of L-VDCC and RyR dysregulation in
neuroinflammation-induced motor deficits after 3 weeks
of LPS or aCSF infusion and treatment with vehicle,
dantrolene, or nimodipine. LPS-infused rats treated with
vehicle were significantly impaired in the task, as mea-
sured by a shorter latency to fall off of the accelerating
rod. A 2-way ANOVA revealed a significant interaction
between drug and group (F(2,165=3.070, p=0.049), and
post-hoc analyses revealed a significant difference be-
tween aCSF and LPS within the vehicle-treated group (p
=0.012). There was no difference between rats treated
with dantrolene and nimodipine (p>0.3), suggesting a
slightly protective effect of these drugs in preserving
motor function during chronic neuroinflammation. Out-
liers that were greater or less than twice the group stan-
dard deviation were excluded from analysis.
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Fig. 1 Rats infused with LPS and treated with vehicle had a significantly
faster latency to fall off of the accelerating rotarod compared to aCSF rats
treated with vehicle. LPS rats treated with dantrolene or nimodipine did
not perform significantly worse than their aCSF treatment-matched con-
trols. Data expressed as mean+SEM. * indicates a significant difference
from aCSF treatment-matched control. Significance set to p<0.05

Open Field

Rats were exposed to a novel open field environment to
examine gross motor behavior as well as anxiety-like
behaviors (Fig. 2). LPS-infused rats were significantly
more hyperactive, spending significantly more time
strongly mobile (F(1,24)=4.639, p=0.042; Fig. 2A).
Strong mobility is determined automatically by the track-
ing software, and indicates that more than 60 % of the
pixels that make up the rat changed between each 1 s
sampling period. LPS-infused rats entered the center of
the arena more frequently (F(1,24=5.584, p=0.027;
Fig. 2B), which may be indicative of a reduced anxiety-
like behavioral phenotype or may be due to their in-
creased mobility. We measured the rats’ average distance
from the center of the arena in order to further examine
this potential anxiety-like behavior (Fig. 2C). On average,
the LPS-infused rats were significantly closer to the center
point at any given time compared to the aCSF-treated rats
(F(1,24)=4.602, p=0.042). There was also a trend toward
a main effect of group (p=0.083) on rearing frequency
during the open field (Fig. 2D). Overall, these data indi-
cate that LPS-infused rats are significantly more active
than aCSF-treated rats and show reduced anxiety in an
open field environment.

Forced Swim

Rats were tested in the forced swim task in order to
measure behavioral despair or depressive-like behavior.
(Fig. 3). LPS-infused rats had significantly fewer immo-
bility bouts (F(1,54)=8.229, p=0.006), with a post-hoc
test revealing that LPS-infused vehicle rats had signifi-
cantly (p<0.05) fewer bouts of immobility than their
aCSF controls. Dantrolene or nimodipine treatment did

@ Springer

not significantly (»p>0.05) alter the number of immobility
bouts, suggesting a partial preservation of the normal
behavior observed in the aCSF rats. We also examined
the percentage of total time that rats spent immobile,
mobile, or strongly immobile. Rats are immobile when
fewer than 20 % of the pixels that make up the rat
changed within each 10 s sampling window, mobile when
20 % to 60 % change within each 10 s sampling window,
and strongly mobile when more than 60 % change within
each 10 s sampling window. LPS-infused rats spent a
significantly greater portion of time mobile than aCSF-
treated rats (F(1,54)=6.769, p=0.012) and a significantly
smaller portion of time immobile compared to aCSF-
treated rats (F(1,54)=6.282, p=0.015). There was no sta-
tistically significant (»p>0.05) change in the amount of
time spent strongly mobile. Overall, these data demon-
strate that LPS-infused rats are hyperactive in the forced
swim task, spending more time mobile than their aCSF-
treated controls. LPS-infused rats treated with either
dantrolene or nimodipine had similar number of immobil-
ity bouts compared to their aCSF controls, but these drugs
did not significantly reduce the overall hyperactive phe-
notype induced by chronic neuroinflammation.

SNpc DA Neurons

Deficits in accelerating rotarod are associated with damage to
the SNpc (Monville et al. 2006). In order to assess SNpc
damage due to chronic LPS infusion we performed immuno-
histochemistry of TH-positive neurons in brainstem sections
containing SN (Figs. 4 and 5). TH is the rate-limiting enzyme
in the synthesis reaction for DA (Daubner et al. 2011), making
it a relevant marker for DA neurons. LPS-infused rats had
significantly less TH immunoreactivity in their SNpc cells as
compared to aCSF-treated rats (F(1,181)=6.572, p<0.001).
There was no effect of drug treatment on the amount of TH
immunoreactivity in SNpc cells.

LC NE Neurons

Hyperactivity in the forced swim task and open field are
associated with decreased LC activity or increased LC
lesion sizes (Stone et al. 2011; Harro et al. 1999). In order
to assess LC damage due to chronic LPS infusion we
performed immunohistochemistry of NE neurons in the
LC by staining for TH (Fig. 30). TH is the first step in the
production of NE (Daubner et al. 2011), making it a
relevant target for labeling NE neurons in the LC. Chronic
LPS infusion led to a significant decrease in the number
of TH-immunoreactive neurons in the LC (F(1,303)=
40.050, p<0.001). An ANOVA also revealed that there
was a significant drug x group interaction (F(1,303)=
9.367, p<0.001). Post-hoc analyses revealed that LPS +
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Fig. 2 a. Rats infused with LPS
spent significantly more time
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frequently. ¢. LPS infused rats on
average were significantly closer
to the center of the arena at any
given time. d. LPS infused rats
reared more frequently (trend
toward statistical significance.
Data expressed as mean+SEM. ¥
indicates significant main effect
of LPS vs. aCSF. Significance set
at p<0.05
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Fig. 3 a. LPS-infused rats had significantly fewer immobility bouts in
the forced swim task. Post-hoc analysis revealed that vehicle treated LPS
rats were significantly different from vehicle treated aCSF rats. LPS rats
treated with dantrolene or nimodipine were no different than their
treatment-matched aCSF controls. b. LPS infused rats spent significantly
less time immobile compared to aCSF infused rats. ¢. LPS infused rats
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spent significantly more time mobile compared to aCSF infused rats. d.
LPS infused rats trended toward spending significantly more time strong-
ly mobile than aCSF infused rats. Data expressed as mean+SEM. *
indicates significant difference from treatment-matched aCSF controls.
¥ indicates significant main effect of LPS vs. aCSF. Significance set at
p<0.05
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Fig. 4 a. Immunohistochemistry A aCSF

against TH in the SN labels DA
neurons in the pars compacta
subregion. b. Densitometric
measurement showed a
significant decrease in TH
immunoreactivity due to LPS
infusion with no effect of drug
treatment. Data expressed as
mean+SEM. ¥ indicates
significant main effect of LPS vs.
aCSF. Significance set at p<0.05

dantrolene

nimodipine

vehicle rats had significantly fewer TH-immunoreactive
cells compared to aCSF + vehicle rats (p<0.001) and
treatment with dantrolene or nimodipine, in the presence
of LPS, restored the number of TH-immunoreactive cells
to control levels in LPS-infused (»p<0.001).
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Activated Microglia in the SN and LC

Microglia activation in the SN and LC were examined by
MHC-II immunohistochemistry (Fig. 6). LPS-infused rats had
significantly more MHC-II immunoreactivity in their SNpc as
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Fig. 5 a. Immunohistochemistry against TH in the LC labels NE neu-
rons. b. Cell counting revealed a significant reduction in the number of
TH + cells in the LC of LPS-infused vehicle rats compared to aCSF-
infused vehicle rats. Treatment with dantrolene or nimodipine significant-
ly increased the number of TH + cells in rats infused with LPS compared
to LPS rats treated with vehicle. Data expressed as mean+SEM. *
indicates a significant difference from treatment-matched aCSF controls,
tindicates a significant difference from LPS + vehicle rats. Significance
set as p<0.05

measured by densitometry (F(1,145)=28.047, p<0.001).
There was a significant main effect of drug (F(2,145)=
7.673, p<0.001) and an interaction between drug and group
(F(2, 145)=8.4, p<0.001). Post-hoc analyses revealed that
LPS-infused rats treated with vehicle or dantrolene had

significantly more MHC-II staining as compared to their
treatment-matched aCSF controls (p<0.05). LPS-infused rats
treated with either dantrolene or nimodipine had significantly
less MHC-II immunoreactivity in the SNpc compared to LPS-
infused rats treated with vehicle (p<0.001). Similar to the
SNpc, the LC of LPS-infused rats had significantly more
MHC-II immunoreactivity (F(1,85)=14.74, p<0.001). There
was a significant main effect of drug (F(2,85)=3.414, p=
0.037) on LC MHC-II staining. Post-hoc analyses revealed
that LPS-infused rats treated with either vehicle or dantrolene
had significantly (p<0.05) more MHC-II staining in their LCs
as compared to their treatment-matched aCSF controls. LPS-
infused rats treated with nimodipine had significantly less
MHC-II immunoreacitivty in the LC compared to LPS-
infused rats treated with vehicle (p=0.002), but there was no
significant anti-inflammatory effect of dantrolene (p=0.551).

Discussion

Chronic Neuroinflammation Disrupts Motor Behavior
and Reduces SNpc TH; Partial Rescue With Calcium Channel
Blockers

Neuroinflammation in the SN is associated with motor
deficits that occur during normal aging (Beach et al.
2007), PD (Tansey and Goldberg 2010; McGeer et al.
1988), and AD (McGeer et al. 1988). SN damage is the
primary pathogenic feature of PD; due to the association
between neuroinflammation and PD, several animal
models utilizing LPS as an inflammagen have been char-
acterized (Liu and Bing 2011). All of these studies ob-
served microglia activation, cytokine release, and DA cell
degeneration; behavioral correlates for these studies are
usually limited to ipsilateral deficits since the
inflammagen is injected unilaterally (Liu and Bing
2011). Our chronic LPS infusion model allows for exam-
ination of bilateral chronic neuroinflammation in the
SNpc, more similar to that which is observed in PD.
Chronic infusion of LPS significantly reduced the density
of TH staining in the SNpc and induced a motor deficit.
In contrast, LPS-infused rats treated with nimodipine and
dantrolene did not show significant motor deficits. Al-
though these results suggest a neuroprotective effect, we
did not observe an increase in TH density in the SNpc of
LPS-infused rats treated following treatment with either
nimodipine or dantrolene. The absence of an apparent
increase in TH density in the SNpc might be related to
the detection limits presented by immunohistochemistry.
However, we did observe a significant anti-inflammatory
effect of both drugs, which may account for the behav-
ioral recovery. Isradipine, a DHP L-VDC antagonist in the
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Fig. 6 a. Densitometry against OX6 in the SN shows an increase in
MHC-II immunoreactivity in LPS-infused rats treated with vehicle,
which is significantly reduced in dantrolene and nimodipine treated
LPS-infused rats, with a full recovery observed with nimodipine. b.
Densitometry against OX6 in the LC shows an increase in MHC-II
immunoreactivity in LPS-infused rats treated with vehicle or

same class as nimodipine, has been shown to slightly
reduce motor symptoms in humans, but its neuroprotec-
tive action on DA cells in the SNpc in humans has not
been directly investigated (Parkinson Study Group 2013).
Similar to L-3-4-dihydroxyphenylalanine (L-DOPA),
nimodipine may be enhancing the function of remaining
SNpc neurons independent of preventing TH loss. Since
RyR activity can increase L-VDCC activity and vice versa
(Borde et al. 2000; Chavis et al. 1996), dantrolene may
act via a similar mechanism.

Chronic Neuroinflammation Induces Hyperactivity: The Role
of LC Neurons

LPS infusion significantly reduced the number of TH-
expressing cells in the LC, which is a phenomenon also
observed early in AD (Simic et al. 2009) and influences
disease severity (Tomlinson et al. 1981). Here, LPS-
infused rats displayed reduced “anxiety-like” behaviors
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dantrolene, which is significantly reduced in nimodipine treated
LPS-infused rats, indicating a full recovery. Data expressed as
mean+SEM. * indicates a significant difference from treatment-
matched aCSF controls, findicates a significant difference from
LPS + vehicle rats. Significance set as p<0.05

in the open field task. However, this apparent decrease in
anxiety-like behavior may be due to an overall increase
in hyperactivity in LPS-infused rats that was similar to
that seen following extensive neurotoxin-induced lesions
of the LC (Murrough et al. 2000). The observed increase
in hyperactivity may be a manifestation of anxiety-like
behavior, or agitation. Indeed, agitation and damage to
the LC are related in AD patients (Leverenz et al. 2001).
The forced swim task can be utilized as a measure of
agitation: a normal rodent will alternate between two
behavioral strategies, “agitation” during which rodents
actively search for an escape, and “immobility” during
which they wait for an escape to present itself in order to
save energy (Thierry et al. 1984; Steru et al. 1985).
Increased mobility, as observed in LPS-infused rats may
not be an adaptive strategy as it leads to increased
energy expenditure. Increased mobility during the forced
swim task and open field task is associated with damage
to the LC (Lin et al. 2011); conversely, increased LC
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activity is related to increased depressive-like behavior
(Stone et al. 2011). Overall, the behavioral data present-
ed here demonstrate that chronic LPS infusion induces
an agitation-like phenotype that is maladaptive.

Previous studies measuring anxiety and depression during
neuroinflammation utilized peripheral LPS infusion and ob-
served increases in these anxiety-like and depressive-like be-
haviors (Custodio et al. 2013; Salazar et al. 2012; Swiergiel
and Dunn 2007). However, these acute inflammatory models
may be modeling peripheral sickness behavior, which shares
many characteristics of anxiety and depression (Dantzer et al.
2008). Our model of chronic LPS infusion does not increase
levels of peripheral (serum) cytokines (Bardou et al. 2013) nor
produces fever (Hauss-Wegrzyniak et al. 1998b), suggesting
that our model does not induce sickness behavior, which may
account for the lack of depressive- and anxiety-like behaviors.

Blockade of L-VDCCs or RyRs with nimodipine or
dantrolene, respectively, reduced LPS-induced hyperactivity.
Similarly, dantrolene and nimodipine also reduced loss of TH
immunoreactive cells associated with LPS infusion. In the LC,
nimodipine also showed an anti-inflammatory effect similar to
that which was observed in the SN, but there was no anti-
inflammatory effect of dantrolene. L-VDCC and RyR block-
ade may exert beneficial effects in the LC by normalizing
LPS-induced disruption in LC pacemaking activity (Borsody
and Weiss 2004). LC pacemaking activity is L-VDCC-
dependent (Williams et al. 1984) and may play an important
role in the selective vulnerability of both the LC and SN
during PD (Surmeier and Schumacker 2013). As described
earlier, pro-inflammatory cytokines increase the function of L-
VDCCs (Furukawa and Mattson 1998) and RyRs (Friedrich
etal. 2014; Palmi and Meini 2002) in the hippocampus. Taken
together, these data suggest that neuroinflammation may dis-
rupt normal L-VDCC and RyR activity in the LC.

Conclusions

Our results herein demonstrate, for the first time, that chronic
neuroinflammation is sufficient to disrupt SNpc- and LC-
dependent behaviors. Blockade of L-VDCCs or RyRs was
able to improve both LC- and SNpc- dependent behaviors
following LPS infusion, but this blockade only increased TH
expression in the LC, suggesting a regional selectivity for
neuroprotection with these drugs during chronic neuroinflam-
mation. These data suggest that selectively vulnerable regions
have differential underlying etiologies despite the common
feature of calcium dysregulation. The differential effect of
dantrolene and nimodipine treatment in these two different
brain areas may be due to several factors. The SN may be
more resistant to treatment due to the presence of DA, which
itself can exacerbate pathology via a variety of mechanisms

(Mufioz et al. 2012), or due to SN iron enrichment (Zhang
et al. 2014). Overall, the differential effects of dantrolene and
nimodipine in the SN and LC highlight the need for targeted
pharmacological therapies in treatment of neurodegenerative
diseases such as AD and PD.
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