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Abstract

Microglia, the immune cells of the central nervous system, constantly survey the parenchyma in
the healthy brain to maintain homeostasis. When a disturbance, such as cell death, results in ATP
release in vivo, microglial processes respond by utilizing P2Y 1, purinergic receptors to trigger
extension toward the site of damage. Processes ultimately surround the injury site, preventing the
spread of harmful cellular constituents and assisting with tissue repair. In contrast to the healthy
brain, many neurodegenerative diseases, including Parkinson’s disease, are characterized by the
presence of neuroinflammation. Yet, the ability of microglia to respond to tissue damage under
pro-inflammatory conditions has not been well studied. To assess the ability of microglia to
respond to tissue injury and localized cell death in the context of Parkinson’s disease, we
performed confocal imaging of acute brain slices from mice with microglia-specific green
fluorescent protein expression. Microglia in coronal slices containing the substantia nigra extend
processes toward a mechanical injury in a P2Y 1, receptor-dependent manner. However, microglia
in mice treated for 5 days with 20 mg/kg/day 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) show significantly reduced process displacement toward the injury compared to microglia
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in control animals. Pre-treatment of slices from MPTP-injected mice with the Ao receptor-
selective antagonist preladenant restores the ability of activated microglia to respond to tissue
damage. These data support the hypothesis that chronic inflammation impedes microglial motility
in response to further injury, such as cell death, and suggest that some aspects of the
neuroprotection observed with adenosine Ao receptor antagonists may involve direct or indirect
actions at microglia.
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Introduction

Parkinson’s disease (PD)3, the second most common neurodegenerative disorder in the
United States, is characterized by tremors, bradykinesia, rigidity, and postural instability.
The cellular hallmarks of the disease are loss of dopaminergic neurons originating in the
substantia nigra (SN) and subsequent loss of dopamine in the striatum (Kish et al., 1988;
Rinne, 1991). Another important feature of PD is the presence of neuroinflammation. For
example, some pro-inflammatory cytokines, such as interleukin (IL)-18, tumor necrosis
factor (TNF)-a, and others, can be found at higher levels in cerebrospinal fluid samples
from PD patients compared to age-matched controls (Mogi et al., 1994a; Mogi et al., 1996;
Mogi et al., 1994b). Further supporting the involvement of inflammation, meta-analyses of
several studies show that use of non-steroidal anti-inflammatory drugs (NSAIDSs), and
specifically ibuprofen, are associated with lower risk for developing PD (Gagne and Power,
2010; Gao et al., 2011). Moreover, activated microglia, the brain’s resident immune cells,
can be detected in brains of living PD patients [with positron emission tomography (PET)
imaging] and in post-mortem samples from people who suffered from the disease (Gerhard
etal., 2006; McGeer et al., 1988). Finally, activated microglia have been observed in post-
mortem samples from animal models of PD, such as monkeys intoxicated with 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), and in humans accidentally exposed to MPTP
even years after the toxin has been removed (Barcia et al., 2004; Kanaan et al., 2008;
Langston et al., 1999; McGeer et al., 2003).

The ability of microglia to perform immune functions such as cytokine secretion and
reactive oxygen species generation when activated renders microglia as potential
contributors to PD pathology by compromising neuronal survival (Block et al., 2007).
However, microglia also perform many other functions in the brain that are not directly
linked to the immune response (Kettenmann et al., 2013). For example, the “resting”
microglia in the healthy brain have highly motile processes that can detect disturbances of

3Abbreviations: aCSF, artificial cerebrospinal fluid; ANOVA, analysis of variance; BSA, bovine serum albumin; CX3CR1, CX3C-
type chemokine receptor 1; GFP, enhanced green fluorescent protein; IL, interleukin; i.p., intraperitoneal; s.c., subcutaneous; LPS,
lipopolysaccharide; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NSAIDs, non-steroidal anti-inflammatory drugs; PD,
Parkinson’s disease; PET, positron emission tomography; PFA, paraformaldehyde; RT-PCR, reverse transcriptase polymerase chain
reaction; SN(c/r), substantia nigra (pars compacta/pars reticulata); TH, tyrosine hydroxylase; TNF, tumor necrosis factor; DAB, 3,3’-

diaminobenzidine.
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the brain parenchyma, such as rupture of brain capillaries or cell death that occur throughout
life (Davalos et al., 2005; Nimmerjahn et al., 2005). The response to injury in vivo is
mediated by ATP release by damaged cells, activation of P2Y 1, receptors on microglia, and
directional process extension to surround the damaged area and promote tissue repair
(Davalos et al., 2005; Haynes et al., 2006). Interestingly, microglia that are in an activated
state downregulate P2Y 1, receptors and upregulate adenosine A, receptors (Haynes et al.,
2006; Orr et al., 2009), the latter of which are indirectly activated by ATP after its rapid
breakdown to adenosine (Zimmermann, 2000). However, unlike the ability of ATP to induce
process extension in resting microglia, ATP (and adenosine) induces process retraction in
activated microglia (Orr et al., 2009). This raises a question as to how activated microglia,
such as those found in PD, detect and respond to the neuronal death that is characteristic of
the disease.

To study the ability of activated microglia to respond to tissue damage in a PD-related
context, we developed an assay that allowed us to examine microglial motility in acute slices
containing the SN from MPTP-treated mice in response to mechanically induced tissue
injury. Using this preparation, we demonstrate that microglia in slices from MPTP-treated
mice show a diminished capacity to extend their processes to the site of damage. Blockade
of Ay receptors restored process extension to the damaged area in slices from MPTP-
treated mice. Our findings suggest that microglia in PD might display a delayed response to
the ongoing cell death, which could promote disease progression. Moreover, these data show
that Ay receptor antagonists have the capacity to restore normal function of microglial
processes, which could be relevant to their clinical utility.

Materials and Methods

Animals

All procedures involving the use of animals were reviewed and approved by the Institutional
Animal Care and Use Committee at Emory University. CX3CR1GFP/GFP mice, which
exhibit enhanced green fluorescent protein (GFP) expression from the microglia-specific
CX3C- type chemokine receptor 1 (CX3CR1) promoter (Jung et al., 2000), were purchased
from Jackson Laboratories and bred in-house with C57BI/6 mice to generate mice
heterozygous for the GFP knock-in gene (CX3CR1GFP/* mice) to be used for slice
preparation and imaging. To achieve microglial activation in vivo, mice were injected with
either lipopolysaccharide (LPS, E. coli strain K-235, Sigma L2143) or MPTP (Sigma, cat.
#M0896). The LPS injection paradigm consisted of a single treatment of 2 mg/kg
intraperitoneally (i.p.), and preparation of slices or isolation of tissues two days later. MPTP-
treated mice received daily subcutaneous (s.c.) injections of 20 mg/kg (free base) of the
neurotoxin for 5 consecutive days for a total dose of 100 mg/kg. We chose a lower dose than
what has been commonly used [30 mg/kg/day; Jackson-Lewis and Przedborski (2007)] to
reduce the high mortality we observed with 30 mg/kg in CX3CR1SFP* mice. The total dose
of 100 mg/kg MPTP administered here is known to induce statistically significant
dopaminergic neuronal loss [Seniuk et al. (1990); see Figure 5]. Tissues for
immunohistochemistry and imaging were collected 4-6 days after the conclusion of the
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MPTP treatment. We chose this time point to capture the tissue early in the processes of cell
death, rather than at a terminal stage after dopaminergic cells have already been lost.

Brain slicing and imaging

Acute coronal brain slices that contained the substantia nigra were prepared from
CX3CR1GFP* mice at a thickness of 200 pm as described before (Gyoneva and Traynelis,
2013). After at least 1 hr of rest to allow microglia to recover from the slicing procedure, the
slices were moved to the pre-warmed stage (32 °C) of an inverted Olympus 1X51 confocal
microscope equipped with a disc scanning unit and imaged through a 20x dry objective (NA
0.50) over time with constant perfusion with oxygenated artificial cerebrospinal fluid
(aCSF). The slices were centered on the stage to include the SN in the imaging field and
held in place by a ring with nylon threads positioned on top of the slice. Imaging consisted
of obtaining 31 optical sections through the slices (1 pm step) every 30-60 s for 20 min
through a Hamatsu Orca-ER camera with the IPlab software. Following recording of
baseline matility for 20 min, we induced localized tissue injury in the substantia nigra by
lowering a blunted 30-gauge needle (referred to as “rod”). The rod was carefully positioned
over the substantia nigra pars compacta (SNc) and lowered at a rate of 100 um/s with a
closed loop motorized micromanipulator (SD Instruments, model MC1000e) for 180 um
into the tissue and left in place until the conclusion of the experiment. A second 20-min
recording was set up as soon as the injury was created in order to capture the microglial
response to injury in the same slice. For some experiments, the P2Y 1, receptor antagonist
clopidogrel (2 uM final concentration from DMSO stock, Tocris 2490) or the adenosine Ao
receptor antagonist preladenant [5 pM final concentration from DMSO stock, synthesized at
Dept. of Chemistry, Emory University, using procedures described by Neustadt et al.
(2007)] were included in the perfusion solution for the duration of the experiment (baseline
recording, induction of injury, response to injury).

To assess the extent of damage to dopaminergic neurons induced by the mechanical injury,
slices were prepared from tyrosine hydroxylase (TH)-GFP animals (kindly provided by Dr.
David Weinshenker, Emory University) which express GFP from the TH promoter, and
injured as described above. The slices were then fixed overnight in 4% paraformaldehyde
(PFA) and mounted on glass slides. The GFP signal in dopaminergic neurons in the SN was
imaged with a Leica SP8 multiphoton microscope through a 10x dry objective (NA 0.30) to
obtain optical sections through the slices every 4.3 um. These sections were used to generate
3D reconstructions of the slices with ImageJ software (National Institutes of Health) and
identify the location of the injury. After calculating the volume of the injury, the number of
TH-positive neurons that could be located within the injured tissue was estimated from non-
damaged areas in injured slices (n = 8) and sham-injured slices (n = 3).

Analysis of microglial motility

The optical sections along the z-axis at each time point of the time-lapse recordings
(baseline and response to injury) from CX3CR1EFP* mice were used to generate 2D
maximum intensity projections, which were later used to quantify microglial movement with
the Imaris software v7.6 (Bitplane AG, Switzerland). The software detected objects with
diameter larger than 2 pm, which mostly represent microglial processes. (Cell bodies,
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identified as objects larger than 5 um-diameter in eleven randomly selected recordings,
represented 5.25% + 0.55% of all objects). All objects were tracked over time with an
Autoregressive Motion GapClose algorithm (max distance of 5 um) to measure the
displacement and velocity of each object at each time point in both the x- and y-directions.
The net displacement for each track was calculated with the Pythagorean theorem,

Length= \/(%:20 — 24-0)*+(Y1=20 — Yt—0)"

and net velocity taken as net distance travelled per time step. The average (mean)
displacement and velocity were then calculated for all tracks in a recording.

Paired baseline and injury recordings were obtained for each slice. The sign of the average
displacement and velocity vectors in injury recordings was manually adjusted to reflect
movement towards (positive) or away (negative) from the injury based on the signs of the
average x- and y-components. Direction of movement was also adjusted for baseline
recordings, which do not have an injury site, by considering the positive direction to be the
same as in the subsequent injury recording from the same slice. Finally, the fraction of
tracks with displacement longer than 5 pm gives an indication of the uniformity of
movement — a large fraction of tracks with long displacement would suggest the presence of
many processes moving over long distances rather than random motion with frequent
changes in direction. There are no significant differences in the fluorescence intensities
between paired (control-treatment) recordings, indicating that changes in response reflect
changes in motility rather than inability of the software to detect moving objects (data not
shown).

Reverse transcriptase polymerase chain reaction (RT-PCR)

Total cellular RNA was isolated from acute brain slices from CX3CR1GFP/* mice using the
PureLink RNA Mini Kit (Invitrogen) as described before (Gyoneva and Traynelis, 2013).
Briefly, the tissue was homogenized and passed through silica columns to bind the RNA.
The eluted RNA (50 ng starting material) was then used for RT-PCR in order to determine
IL-1f expression with the SuperScript 111 One-step RT-PCR system with Platinum Taq
DNA Polymerase (Invitrogen). Amplification conditions and primer sequences are described
elsewhere (Gyoneva and Traynelis, 2013).

Immunohistochemistry

Changes in TH, Ibal, and adenosine Ajp receptor expression were detected with
immunohistochemistry of free-floating brain sections. The brains of MPTP- or saline-treated
mice were collected 5 days following the final MPTP injection, drop-fixed in 4% PFA
overnight, and cryoprotected through passages in 15% and 30% sucrose overnight, and
sliced on a cryostat to prepare 40 um-thick coronal slices. For staining, all solutions were
prepared in PBS, and all incubations were performed with stirring. All washes consisted of
three 10-min incubations in PBS unless otherwise indicated.

For TH and Ibal staining, slices containing the SN or striatum were treated with 3%
hydrogen peroxide for 10 min, blocked with 10% normal goat serum + 0.15% Triton X-100
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for 1 hr, and incubated in rabbit anti-TH antibody (Millipore AB152, 1:1000 dilution) or
rabbit anti-lbal antibody (Wako 019-19741, 1:1000 dilution) overnight at 4°C. After
washing out the primary antibody, biotinylated goat anti-rabbit secondary antibody (Vector
Labs BA-1000, 1:200 dilution) was applied for 1 hr in blocking buffer. Following a wash
step, the signal was visualized using the avidin-biotin complex system (Vectastain ABC Kit)
and DAB substrate (Vector Labs) according to manufacturer’s instructions. The slices were
mounted on coverslips, dehydrated in ethanol, cleared with xylene, and coverslipped with
Cytoseal (Richard-Allan Scientific).

To detect Ay receptors, slices were blocked in 10% normal donkey serum + 1 % bovine
serum albumin (BSA) + 0.3% triton X for 1 hr and incubated in mouse anti-Ay antibody
(Millipore 05-717, 1:1000 dilution) overnight at room temperature. Slices were then washed
and incubated with donkey anti-mouse Texas Red-conjugated secondary antibody (Jackson
ImmunoResearch, 1:200 dilution) for 2 hr, washed again, mounted on coverslips, allowed to
airdry and coverslipped with Vectashield (Vector Labs). For visualization of A,a receptor-
stained sections, slices were imaged with an Olympus 1X51 confocal microscope. Slices
from saline-treated mice containing the striatum were used to determine imaging conditions
because of the constitutive Ao receptor expression there. The Texas Red fluorophore was
detected by excitation at 590 nm. Microglia were visualized by detecting the GFP signal
with excitation at 480 nm. Because GFP is genetically encoded in the CX3CR1GFP/* mice,
no staining was necessary.

Some 200 pum-thick slices were prepared as for imaging, but used for staining in order to
quantify the extent of the mechanical tissue damage. After induction of injury, the slices
were fixed in 4% PFA overnight. Slices were treated with 1% sodium borohydride for 20
min before washing five times in PBS and blocking for 1 hr in 1% normal horse serum +
0.3% Triton X-100 + 1% BSA. The primary anti-NeuN antibody (Millipore MAB377,
1:2000 dilution) was applied overnight. After washing off unbound antibody, the slices were
incubated with secondary horse anti-mouse antibody at 1:200 dilution in 1% normal horse
serum + 0.3% triton X + 1% BSA for 90 min. Then, the signal was visualized by incubation
in ABC as described above, but for 90 min. After two washes in PBS and a wash in Tris, the
slices were added to DAB (Sigma) for 10 min before mounting and coverslipping.

Quantification of immunohistochemistry

To detect changes in TH-positive terminals in the striatum, the average absorbance from the
DAB signal was calculated for regions of interest containing the striatum with ImageJ
software. Changes in microglial morphology were analyzed in three ways with ImageJ.
First, to calculate the average cell body area of microglia, Ibal-stained images were
thresholded to remove the fine microglial processes. The remaining cell bodies were
detected as particles larger than 50 pm? (to eliminate debris and unspecific objects), and
their area was measured by the software. Second, the whole area occupied by Ibal
immunoreactivity (cell bodies and processes) was calculated as a fraction of the imaged
area. Finally, microglia were assigned a score of 1 to 4 based on their morphology: 1
represented cells with resting morphology, 2 — hyperramified, bushy cells, 3 — cells with
only a few processes remaining, and 4 — completely amoeboid cells (Walker et al., 2014).
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The percentage of each morphological phenotype was calculated from the total number of
cells in an image. For all types of quantification, 2-4 sections per animal were analyzed to
obtain an average response for each animal and then averaged across groups (3 saline- and 4
MPTP-treated mice).

Statistical analysis

Results

All statistical tests were performed in SigmaPlot v11.0. The details of the tests used, sample
sizes, and specific probability values are indicated in the text and figure legends as
necessary. In general, slice recordings were analyzed with two-way repeated measures
analysis of variance (ANOVA) to compare the baseline dynamics and response to injury in
the same slice. Slices from different treatments were compared with Tukey’s post hoc test.
Slices from at least three animals were used for each treatment, with each slice regarded as
an independent sample. Data about Ibal and TH immunoreactivity and A, receptor
expression were analyzed with two-tailed unpaired Student’s t tests. Values from slices from
the same animal were averaged to compare individual saline- or MPTP-treated mice. Results
were considered to be significantly different if p < 0.05.

Microglia in acute brain slices respond to localized mechanical damage

Microglia respond in several important ways to tissue damage, all of which work together to
resolve the injury. These include extension of processes to the site of injury, phagocytosis of
cellular debris, and secretion of factors that limit damage and facilitate recovery. ATP
release (for example, from the damaged cells) can modulate all of these actions through P2Y
receptors, rendering it a central stimulus that initiates many of the helpful responses to
microglia (Koizumi et al., 2013). For the current study, we focused on the initial response of
microglia to ATP through process extension as an assessment of the ability of microglia to
respond to injury.

The ability of microglia to detect tissue damage and extend processes to the site of damage
is commonly studied in vivo with two-photon microscopy. However, the brain regions
primarily affected in Parkinson’s disease, the substantia nigra and striatum, are beyond the
limits of light penetration in the brain, and are thus not amenable to in vivo imaging with
conventional light microscopy methods. To study microglial motion in a PD-relevant
context, we prepared acute brain slices containing the substantia nigra from CX3CR1GFP/*
mice that exhibit microglia-specific GFP expression in the brain [Figure 1A; Jung et al.
(2000)]. The location of the substantia nigra was straightforward to identify in the slices
from the high proportion of microglia in this brain region (Lawson et al., 1990) when the
slices were examined under GFP excitation (Figure 1B). Despite any microglial activation
that might be caused by the slicing procedure itself, microglia in slices extend their
processes following localized or bath application of ATP (Avignone et al., 2008; Gyoneva
and Traynelis, 2013), and surround an ablated area following laser-induced tissue damage in
a manner similar to resting microglia in vivo (Krabbe et al., 2012).
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In this study, we modeled the response of microglia to localized damage, representative of
the death of only a few dopaminergic neurons, by lowering a thin rod into the SNc with a
micromanipulator (Figure 1C). Staining the slices for the neuronal marker NeuN allowed us
to visualize the extent of damage the injury was creating, indicating that the damage had an
approximate diameter of 100-150 um (Figure 1D). Preparing slices from TH-GFP animals
confirmed that the injury was located within the SNc and had an approximate radius of 63.1
pm and height of 180 pm, resulting in ~2.25x10% pm3 volume (Figure 1E; also see Movie 1
for 3D reconstruction of SN). Based on cell density of the surrounding non-injured SNc (n =
8 slices) and non-injured sham slices (n = 3), we estimate that the rod damaged ~10 TH-
positive cells.

We then performed time-lapse confocal imaging to capture the ramified morphology of
microglia as well as assess process motion in three dimensions. The slices were imaged for
20 min to record the baseline motility of microglia. Similar to microglia in the cortex in vivo
(Davalos et al., 2005; Nimmerjahn et al., 2005), microglia in the midbrain constantly extend
and retract their processes (Movie 2). We next induced tissue damage as described above
and performed a second imaging session in the same slice to record microglial response to
the damage (Movie 3). Unlike the seemingly random motion of microglia before damage
induction, microglia in corresponding injury recordings quickly extended their processes in
the direction of damage (Movie 3; Figure 2). Moreover, the cell bodies remained mostly
stationary over the recording period, which is in agreement to the response of cortical
microglia to mechanical or laser damage in vivo (Davalos et al., 2005).

To quantify the response, we used an automated object tracking software that detects objects
larger than 2 um, ~95% of which are microglial processes (see Materials and Methods,
Analysis of microglial motility). Plotting all tracks from the same starting point confirmed
that the overwhelming majority of objects moved in the direction of the injury (84% with
positive displacement along the x axis; Figure 3A). To assess the involvement of ATP
signaling through P2Y 1, receptors in this response, we included the selective P2Y 1, receptor
antagonist clopidogrel (Savi et al., 2001) in the perfusion solution for the duration of the
experiment (baseline recording, injury, response to injury). Addition of clopidogrel appeared
to abolish the directional process extension of microglia to the injury (Figure 3B).

We quantified the extent of the response in three different ways: the overall object
displacement in the direction of the injury (Figure 3C), the instantaneous velocity for the
duration of the imaging (Figure 3D), and the fraction of objects that had displacements
larger than 5 um (in any direction; Figure 3E). All three measures were significantly
increased in the recordings following injury (two-way repeated measures ANOVA and
Tukey’s test comparing baseline to injury: p < 0.05 for displacement, velocity, fraction; 7
DMSO-treated slices). Importantly, clopidogrel treatment prevented microglial process
extension to the site of damage (two-way repeated measures ANOVA and Tukey’s test
comparing injury with and without clopidogrel: p < 0.05 for displacement, velocity, fraction;
7 DMSO- and 6 clopidogrel-treated slices; Figure 3). These data show that microglia in
acute brain slices use the ATP/P2Y 1, receptor pathway to respond to tissue damage, which
is the same pathway that microglia in vivo employ (Davalos et al., 2005; Haynes et al.,
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2006). These data also show that acute brain slices faithfully reproduce the ability of
microglia to respond to tissue damage.

Activated microglia have a reduced capacity to respond to tissue damage

We have previously shown that activated microglia respond to ATP with process retraction
in vitro, which is in contrast to the process extension displayed by resting microglia (Orr et
al., 2009). To determine if this occurs in tissues and affects the ability of microglia to
respond to damage, we induced general microglial activation by injecting CXsCR1GFP/*
mice with the bacterial endotoxin LPS at a dose (2 mg/kg i.p.) that is known to induce
neuroinflammation (Orr et al., 2009). We subsequently prepared slices two days later. To
confirm microglial activation in the brain, we isolated MRNA from brain slices at different
time points after the slicing procedure. There was no visible change in expression in the pro-
inflammatory marker IL-1f in slices prepared from PBS-treated (control) mice, but clear
induction in IL-1p transcription following LPS treatment (Figure 4A). Microglia in slices
from mice treated with PBS responded to mechanical damage with significantly increased
displacement and velocity in the direction of injury, and a significantly increased fraction of
tracks with displacement over 5 um (two-way repeated measures ANOVA and Tukey’s test
comparing baseline to injury: p < 0.05 for displacement, velocity, fraction; 9 PBS-treated
slices; Figure 4B-D). LPS-induced microglial activation did not affect the baseline motility
of microglia in terms of the three parameters analyzed (two-way repeated measures
ANOVA and Tukey’s test comparing slices from PBS- and LPS-injected mice:
displacement: p = 0.635; velocity: p = 0.823; fraction: p = 0.678; 9 PBS- and 10 LPS-treated
slices; Figure 4B-D). However, in slices prepared from LPS-treated mice, microglia had a
significantly reduced response to the injury (two-way repeated measures ANOVA and
Tukey’s test comparing slices from PBS- and LPS-injected mice: displacement: p < 0.05 for
displacement, velocity, fraction; 9 PBS- and 10 LPS-treated slices; Figure 4B-D). Thus,
activated microglia in tissue appear to have an impaired ability to sense ATP released at the
site of damage and/or extend their processes to the damaged area.

MPTP treatment impairs microglial response to tissue damage

The inability of LPS-activated microglia to respond in the normal fashion to tissue damage
raised the question of how the activated microglia found in the brains of PD patients will
react to the ongoing cell death that is part of the disease. In an attempt to address this
question, we examined microglial behavior in the substantia nigra of slices from MPTP-
treated mice. We injected CX3CR1SFP/* mice with 20 mg/kg MPTP s.c. once a day for five
days, a treatment regimen that is similar to the one that induces a relatively slow and
progressive loss of dopaminergic neurons over at least 25 days (Seniuk et al., 1990; Tatton
and Kish, 1997). We wanted to examine microglial motility at earlier stages of MPTP-
induced toxicity, before all dopaminergic SN neurons are lost. Even at 4-6 days after MPTP
treatment (Jackson-Lewis and Przedborski, 2007), we could detect loss of TH-positive
dopaminergic neurons in the SN and their terminals in the striatum (Figure 5A). This was
confirmed by measuring TH immunoreactivity in the striatum, which is significantly
decreased following MPTP treatment (Student’s t test, p = 0.001; 3 saline- and 4 MPTP-
treated mice; Figure 5B). However, detectable TH immunoreactivity remained in the SN,
indicating the presence of viable neurons in the SN. Following MPTP injection, microglia
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displayed an activated morphology in both the SN and striatum (Figure 5C). Quantification
of Ibal staining in the SN revealed cells with larger cell bodies (Student’s t test, p = 0.0149;
3 saline- and 4 MPTP-treated mice; Figure 5D) and thicker processes, which led to
significantly increased area occupied by Ibal immunoreactivity (Student’s t test, p = 0.0112;
3 saline- and 4 MPTP-treated mice; Figure 5E). Scoring of microglial morphology on a scale
of 1 (resting) to 4 (amoeboid) confirmed that MPTP treatment had a significant effect on the
distribution of cells within the different morphological subtypes [two-way ANOVA, F 3 2q)
=95.64, p < 0.0001; 3 saline- and 4 MPTP-treated mice; Figure 5F].

After confirming microglial activation in the SN of MPTP-treated mice, we tested their
ability to respond to mechanically induced tissue injury designed to damage only a few
neurons. We performed time-lapse recordings with slices from saline- or MPTP-treated
CX3CR1GFP* mice before and after injury (Movies 4 and 5, respectively), and quantified
microglial responses in terms of displacement toward the site of damage (Figure 6A),
instantaneous velocity (Figure 6B), and fraction of objects with displacements longer than 5
um (Figure 6C). All three measures were significantly increased after damage in saline-
treated mice (two-way repeated measures ANOVA and Tukey’s test comparing baseline to
injury: p < 0.05 for displacement, velocity, fraction; 11 saline-treated slices; Figure 6).
Microglial activation by MPTP did not detectably affect the baseline dynamics (short
extensions and retractions) of microglia (two-way repeated measures ANOVA and Tukey’s
test comparing slices from saline- and MPTP-injected mice: displacement: p = 0.853;
velocity: p = 0.897; fraction: p = 0.309; 11 saline- and 9 MPTP-treated slices; Figure 6;
Movie 4). However, the displacement and velocity of microglial processes in the direction of
injury were significantly reduced in slices from MPTP-treated mice (two-way repeated
measures ANOVA and Tukey’s test comparing slices from saline- and MPTP-injected mice:
p < 0.05 for displacement and velocity; 11 saline- and 9 MPTP-treated slices; Figure 6A, B;
Movie 5). The fraction of tracks with displacements longer than 5 um was not affected by
MPTP treatment (two-way repeated measures ANOVA and Tukey’s test comparing slices
from saline- and MPTP-injected mice, p = 0.197; 11 saline- and 9 MPTP-treated slices,
Figure 6C), implying that some processes moved over longer distances, but this motion was
likely random and not in the direction of the injury. These findings indicate that nigral
microglia in MPTP-treated mice did not extend processes toward the region of damage,
consistent with activated microglia in LPS-treated animals (Figure 4).

Antagonism of adenosine Ay receptors restores microglial responses to tissue injury

Our previous findings indicate that adenosine Aoa receptors are upregulated in LPS-
activated microglia and mediate microglial responses to ATP. Specifically, adenosine,
generated from ATP breakdown, induces process retraction and migration away from the
ATP source in primary cultured cortical microglia (Orr et al., 2009). Here, we examined
whether adenosine A, receptors mediate the inability of nigral microglia in brain slices to
respond to tissue damage. We first determined if Ay receptors are expressed in MPTP-
treated mice by performing immunohistochemistry using both DAB and fluorescent (with a
Texas Red-conjugated secondary antibody) detection methods. In saline-treated mice, much
of the Ay receptor immunoreactivity was found both as diffuse neuropil staining as well as
in long, thin structures that resembled blood vessels (Figure 7B). Following MPTP
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treatment, we detected apparent increase in A, receptor expression in the form of diffuse
staining that was more pronounced in the substantia nigra pars reticulata (SNr) compared to
surrounding brain regions (Figure 7A, B). The average Texas Red fluorescence
(representing Apa receptor expression) in the SNr was significantly higher in MPTP-treated
mice (Student’s t test, p = 0.0208; 3 saline- and 4 MPTP-treated mice; Figure 7C), indicating
that MPTP treatment induced A, receptor upregulation. Yet, even after upregulation in the
SN, the signal remained lower than the signal in the striatum, which shows constitutive Aoa
receptor expression (Figure 7D, E). While our analysis shows a significant change in
immunoreactivity, the low level of expression in the SNr compared to the striatum should be
considered a caveat for this finding.

Because of the apparent presence of A, receptor immunoreactivity in PD-relevant brain
regions (SN and straitum), we examined the ability of A, receptor antagonists to modulate
microglial response to tissue damage in slices from MPTP-treated mice. In order to do this,
we included the selective A, receptor antagonist preladenant (5 uM) in the perfusion
solution for the duration of the experiment, before and after induction of mechanical
damage. The inclusion of the antagonist during the baseline recording did not significantly
affect the baseline extensions and retractions of microglial processes in the absence of injury
(two-way repeated measures ANOVA and Tukey’s test comparing slices from MPTP-
injected mice before and after preladenant: displacement: p = 0.451; velocity: p = 0.495;
fraction: p = 0.009; 5 DMSO- and 8 preladenant-treated slices; Figure 8). This is consistent
with the lack of difference in baseline motility of microglia induced by MPTP activation
(Figure 6). Yet, microglia in slices from MPTP-treated mice that were perfused with
preladenant showed significant increases in their displacement toward injury, velocity, and
fraction of tracks with displacement longer than 5 pm (two-way repeated measures ANOVA
and Tukey’s test comparing DMSO and preladenant: p < 0.05 for displacement, velocity,
fraction; 5 DMSO- and 8 preladenant-treated slices; Figure 8). That is, preladenant restored
process motility in MPTP-treated animals near to the level seen in control animals.

Discussion

The goal of this study was to examine the ability of activated microglia to respond to tissue
disturbances under pro-inflammatory conditions that model aspects of PD pathogenesis.
Using either LPS or MPTP to induce neuroinflammation, we show that activated microglia
in the SN display reduced process extension to the site of localized damage. Importantly,
antagonism of adenosine A, receptors restored the ability of activated microglia to respond
to tissue damage in the MPTP model of PD. The implications of these findings are discussed
below.

Activated microglia in Parkinson’s disease

Even though the presence of activated microglia in PD brains is supported by several lines
of evidence (see Introduction), the mechanism by which microglia might become activated
is not clear. In general, there are three main pathways that can result in microglial activation.
First, the sudden appearance of pathogen-associated molecular patterns or intracellular
constituents (ATP, nucleic acids, etc.) commonly induce microglial conversion to a
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phagocytic phenotype in an attempt to clear the parenchyma of abnormal particles (Hanisch,
2002; Kreutzberg, 1996). Second, certain cell-cell contacts between neurons and microglia
(such as the CD200 receptor-ligand pair) serve as “calming signals” that keep microglial
reactivity low; the removal of these signals, for example as a result of neuronal death,
disinhibits microglia, facilitating the adoption of a more reactive state (Hanisch, 2002). Both
of these mechanisms could be involved in PD through the death of dopaminergic neurons
and release of cellular constituents that are not efficiently cleared by microglia. Third, the
inflammation following systemic infections could in some cases lead to neuroinflammation
and microglial activation [for reviews, see Cunningham (2013); Perry et al. (2007); Perry et
al. (2003)]. Once microglia achieve an activated state, they secrete pro-inflammatory factors
(such as cytokines and reactive oxygen species) that can damage neurons through multiple
pathways (Block and Hong, 2005; Block et al., 2007; Tansey and Goldberg, 2010). The
subsequent neuronal death can further activate microglia, leading to a self-perpetuating
cycle of microglial activation and cell death. In this way, microglia could contribute to the
progression of neurodegenerative diseases, including PD (Block et al., 2007; Gao and Hong,
2008; Long-Smith et al., 2009; Tansey and Goldberg, 2010). Once initiated, this pro-
inflammatory environment likely affects various microglial functions, including motility.

Here we show that activated microglia have a reduced capacity to respond to tissue damage
in the substantia nigra of acute brain slices using a model of both a direct (LPS) and indirect
(MPTP) activation of microglia (Figure 4, 6). While the injury paradigm we used is non-
physiological, it allowed us to injure a small, defined area of the brain at a specific time and
record the subsequent microglial response to the death of only a few neurons in real time
(Figure 1). The containment of the damaged area by microglial processes is thought to
prevent the spread of damage and promote tissue healing. Delayed containment is associated
with expansion of the injury site (Hines et al., 2009). While these findings were observed in
healthy mice, a similar process might be occurring in mice undergoing active cell death in
the SNc. The delayed response of activated microglia to tissue damage or cell death could
prevent the efficient clearance of tissue debris, resulting in leakage of debris into the
surrounding brain parenchyma and induction of detrimental signaling pathways in nearby
cells that could impair their function. Therefore, our findings suggest that altered motility of
activated microglia in the MPTP model of PD might represent yet another mechanism by
which microglia contribute to neurodegeneration in mice and humans.

Neuroprotective properties of Aya receptor antagonists

There is a large body of evidence suggesting that inhibiting adenosine A,a receptors is
beneficial in Parkinson’s disease. Epidemiological studies show an inverse association
between the consumption of caffeine, a non-selective adenosine receptor antagonist, and the
risk for developing PD (Ascherio et al., 2001; Ross et al., 2000). Mouse models of PD
confirm the human findings, and indicate that adenosine Ay receptors mediate the
neuroprotective effects of caffeine (Xiao et al., 2006; Yu et al., 2008). Finally, selective Aja
receptor antagonists mimic the effects of caffeine (Chen et al., 2001; Morelli et al., 2010).
As a result, several selective Ay receptor antagonists have entered clinical trials for PD,
including preladenant, which has been used here (Barkhoudarian and Schwarzschild, 2011;
Hauser et al., 2011; Schwarzschild et al., 2006).
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Adenosine A, receptors are expressed on striatal neurons where they appear to oppose the
effects of dopamine D, receptor activation (Ferre et al., 1993). Thus, the majority of the
neuroprotective properties of Ay receptor antagonists have been attributed to actions in
neuronal receptors (Carta et al., 2009; Xiao et al., 2006). While it is likely that the ability of
Ao receptors to affect motor symptoms of PD occurs through actions on neuronal
receptors, it remains an open question as to whether block of glial A, receptors might
mediate some of the neuroprotective effects [e.g., neuronal health; Yu et al. (2008)]. Aoa
receptors are highly expressed on glial cells in the substantia nigra of healthy monkeys, and
to a lower extent in the SN of healthy rats (Bogenpohl et al., 2012). Moreover, Aya
receptors were upregulated in the substantia nigra following treatment with 20 mg/kg/day
MPTP for 5 days in CX3CR1CFP/* mice (Figure 7). Aya receptor upregulation has been
reported before in the striatum and the SN of MPTP-treated mice (Boison et al., 2010; Singh
et al., 2009), and some of this upregulation is in glial cells (Boison et al., 2010).

We have previously shown that activation with LPS increases Ao receptor expression in
primary mouse microglia (Orr et al., 2009). However, based on immunohistochemistry
analysis, we were unable to conclusively localize Ay receptors to microglia cell bodies in
the substantia nigra of MPTP-treated mice (Figure 7). Instead, in addition to possible
expression in fine microglial processes, Ao receptors may also be expressed in other cell
types, such as astrocytes and/or neurons. The different pattern of Ay receptor activation
seen in isolated cells and in tissues could be explained by the different type of stimulus used
(LPS vs. MPTP) as well as the region from which the microglia are derived. Yet, the
selective App receptor antagonist preladenant was able to restore microglial response to
tissue damage in the MPTP model of PD (Figure 8). Although diffuse microglial expression
of A,a may mediate the effects of preladenant, it is plausible that A, receptor expression
on other cells within the substantia nigra, for example astrocytes, causes the release of
substances that can then modulate microglial motility. The exact cellular localization of Aop
receptors following MPTP treatment and the mechanism of action of preladenant in
modulating microglial motility in slices from MPTP-treated mice need further investigation.

Possibility for differential populations of microglia in PD

The neuronal populations most affected in PD are midbrain neurons, specifically
dopaminergic neurons projecting from the substantia nigra to the striatum [Figure 5;
Bernheimer et al. (1973); Kish et al. (1988)]. This is closely mirrored by the state of
microglial activation. Microglia in the midbrain/substantia nigra display higher degree of
activation in both patients with PD [in post-mortem samples and assessed with PET
imaging; Gerhard et al. (2006)], and in animal models of the disease (Tansey and Goldberg,
2010). In addition to the SN, microglia in the striatum also display signs of activation in
animal models of PD [Figure 5; Tansey and Goldberg (2010)]. Moreover, striatal microglia
have the capacity to influence dopaminergic neuronal survival through their actions on
damaged or degenerating terminals. In contrast to microglia in the SN and the striatum,
microglia in the cortex did not display signs of overt activation following MPTP treatment
(Figure 5). Thus, it is possible that microglial populations in distinct brain regions could
have unique functional properties in PD, including motility patterns. Elucidating the specific
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differences between these microglia could lead to important insights into PD onset and
progression.

Conclusions

We employed acute brain slices from MPTP-treated mice to study microglial response to
tissue damage under pro-inflammatory conditions. Microglia in MPTP-treated slices had
reduced process extension to a site of tissue damage, suggesting that they might not be as
efficient in responding to and containing the damage as microglia in healthy mice. The Aop
receptor antagonist preladenant restored the ability of microglia in slices from MPTP-treated
mice to extend processes in the direction of the injury, reversing the effects of MPTP. Thus,
our findings suggest that at least part of the neuroprotective properties of A, receptor
antagonists might be explained by modulation of microglial motility in response to cell
death, but further work is needed to characterize these direct or indirect glial effects of
preladenant.
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Figure 1. Induction of tissue damage in SNc-containing acute brain slices
Coronal slices (200 pm-thick) that contain the substantia nigra were prepared from

CX3CR1GFP* mice that have microglia-specific GFP expression. A, Approximate outlines
of the SNc and SNr in a brain slice generated based on microglial density. B, The SNr is
easily identified by the high proportion of GFP-positive microglia. C, To induce tissue
damage, a stainless steel rod is lowered 180 um into the SNc with a micromanipulator at
constant velocity. The rod is drawn approximately to scale. Scale bar: 200 um. D-E,
Quantification of tissue damage. Slices prepared from CX3CR1GFP/* mice were
immunostained for NeuN (D) or prepared from TH-GFP mice (E) to determine the
approximate size of the damaged area in the SN. The location of the injury is indicated by an
arrow (D) or a circle (E). Scale bar: D, 1 mm for inset and 0.25 mm for magnified image. E,
200 pm.
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Figure 2. Response of microglia to tissue injury in acute brain slices
Acute brain slices from CX3CR1GFP/* were imaged with confocal microscopy over time

before and after induction of tissue injury in the same slice. For image analysis, the optical
stacks at each time point were converted to 2D maximum intensity projections. A, A portion
from a representative slice showing microglial response to the damage immediately after (t =
0 min) and 20 min after the injury. Location of the injury is indicated with a solid white arc.
The approximate border to the SNc and SNr is represented with a dashed line. Arrows point
to microglial cells with processes that moved in the direction of the injury. The same cells
are enlarged in B.
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Figure 3. Quantification of microglial response to injury in acute brain slices
Slices from CX3CR1GFP™* mice were imaged with confocal microscopy for 20 min before

induction of injury and 20 min after injury, and 2D projections of the optical stacks at each
time point were used for analysis by tracking moving objects larger than 2 pm in diameter.
To confirm the involvement of P2Y 1, receptors in the response to injury, the slices were
treated with 2 pM of the selective P2Y 1, receptor antagonist clopidogrel or DMSO vehicle.
A, The image shows all tracks detected with Imaris for a baseline (left) and an injury (right)
recording from a representative DMSO-treated slice; both panels are on the same scale. B,
All tracks for a baseline (left) and an injury (right) recording from a representative
clopidogrel-treated slice. The tracks are color-coded according to their duration; tracks with
longer duration move in the direction of the injury. Scale bar: 5 um. C-E, The average
displacement of all moving objects (C), the average velocity of movement (D), and the
fraction of tracks with longer than 5 um displacement (E) were calculated for baseline (BL)
recordings before injury and after the induction of the injury in the same slice. Numbers of
slices for each condition are shown in parentheses. Statistics: two-way repeated measures
ANOVA and Tukey’s post hoc test. *, p < 0.05.
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Figure 4. Microglial response to tissue damage in slices from LPS-treated animals
CX3CR1CGFP* mice were injected with 2 mg/kg i.p. LPS or PBS, and slices were prepared 2

days later. A, Microglial activation was assessed by measuring IL-13 mMRNA expression
with RT-PCR with RNA extracted from slices at different time points after cutting. The
cutting procedure does not induce IL-1p expression, but LPS injection 48 hr prior to slice
preparation increases IL-1p expression. B-D, Quantification of microglial motility in slices
from LPS-treated mice by tracking objects in time lapse recordings. The average
displacement of all moving objects (B), the mean instantaneous velocity (C), and the
fraction of tracks with longer than 5 um displacement (D) were calculated for baseline (BL)
recordings before injury and after the induction of the injury in the same slice. Numbers of
slices for each condition are shown in parentheses. Statistics: two-way repeated measures
ANOVA and Tukey’s post hoc test. *, p < 0.05.
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Figure 5. Characterization of MPTP treatment in CX3CRlGFP/+ mice
CX3CR1GFP* mice were treated with 20 mg/kg s.c. MPTP or saline once daily for 5 days,

and brains were isolated for immunohistochemistry 5 days after the final MPTP injection. A,
Staining of dopaminergic neurons with anti-TH antibody shows decreased immunoreactivity
in the SN and striatum after MPTP treatment. Scale bar: 200 um. B, Quantification of TH
immunoreactivity in the striatum. The average absorbance of the TH signal, visualized with
DAB staining, is significantly decreased following MPTP treatment. Statistics: two-tailed
Student’s t test comparing average signals for each animal. *, p < 0.05. C, Microglia,
identified with anti-1bal antibody, displayed activated phenotype in the SN and striatum
after MPTP treatment. Approximate borders between different brain regions are shown as
dashed lines. Scale bar: 50 um. D-F, Quantification of changes in microglial morphology
shows a shift of microglia to a more activated phenotype. The size of microglial cell bodies
was determined from thresholded images that displayed only the cell body (D). The area
occupied by Ibal immunoreactivity in the substantia nigra was calculated as the fraction of
the image that was occuplied by Ibal immunoreactivity above a pre-determined threshold
(E). To quantify overall morphology, individual cells were assigned phenotypes ranging
from resting (score 1) to amoeboid (score 4). The percentage of cells for each morphological
phenotype was calculated from all cells examined (F). Figure shows representative slices
from 3 saline- and 4 MPTP-treated mice. Statistics: two-tailed Student’s t test comparing
average signals for each animal. *, p < 0.05.
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Figure 6. Microglial response to tissue damage in slices from MPTP-treated animals
CX3CR1GFP* mice were injected with 20 mg/kg s.c. MPTP or saline once daily for 5 days,

and slices were prepared for imaging 4-7 days later. 2D projections of the optical stacks at
each time point were used for analysis by tracking moving objects larger than 2 um in
diameter. The average displacement of all moving objects (A), the mean instantaneous
velocity (B), and the fraction of tracks with longer than 5 pm displacement (C) were
calculated for baseline (BL) recordings before injury and after the induction of the injury in
the same slice. Numbers of slices for each condition are shown in parentheses. Statistics:
two-way repeated measures ANOVA and Tukey’s post hoc test. *, p < 0.05.
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Figure 7. Changes in adenosine Ay receptor expression in MPTP-treated mice
CX3CR1CGFP* mice were treated with 20 mg/kg s.c. MPTP or saline once daily for 5 days,

and brains were isolated for analysis 5 days later. A, Adenosine Ao receptor expression in
the substantia nigra was detected with immunofluorescence. Microglia were identified
without staining from the expression of GFP from the CX3CR1 promoter. Approximate
borders between SNc and SNr are given with dashed lines based on microglial cell density.
Scale bar: 30 um. B, Adenosine A,a receptor expression in the substantia nigra as detected
with DAB precipitation. Scale bar: 200 um. C, Upregulation of A, receptor expression in
the SNr following MPTP treatment was quantified by measuring the average Texas Red
fluorescence signal. D, For comparison, the Ay receptor signal in the striatum is shown.
Even after upregulation in the SN, A, receptor is not expressed at the levels of the striatum.
Scale bar: 30 um. E, Quantification of A, receptor expression in the striatum following
MPTP treatment by measuring the average Texas Red fluorescence signal. Statistics: two-
tailed Student’s t test. *, p < 0.05.
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Figure 8. Effect of Apa receptor antagonism on microglial response to tissue damage in slices
from MPTP-treated animals

CX3CR1CFP* mice were injected with 20 mg/kg s.c. MPTP once daily for 5 days, and slices
were prepared for imaging 4-7 days later. The perfusion solution contained either the
selective App receptor antagonist preladenant (5 uM) or DMSO vehicle. 2D projections of
the optical stacks at each time point were used for analysis by tracking moving objects larger
than 2 um in diameter. The average displacement of all moving objects (A), the mean
instantaneous velocity (B), and the fraction of tracks with longer than 5 pm displacement (C)
were calculated for baseline (BL) recordings before injury and after the induction of the
injury in the same slice. Numbers of slices for each condition are shown in parentheses.
Statistics: two-way repeated measures ANOVA and Tukey’s post hoc test. *, p < 0.05.
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