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Abstract

Alzheimer’s disease (AD), the most common form of dementia in the elderly, is characterized by
the presence of extracellular plaques composed of amyloid 8 (AB) peptides and intracellular tau
aggregates. The plaques are surrounded by microglia, the brain’s resident immune cells, which
likely participate in the clearance of AB by phagocytosis. The microglia that are associated with
plaques display an abnormal amoeboid morphology and do not respond to tissue damage, in
contrast to microglia in healthy brains. Here, we used time lapse confocal microscopy to perform a
detailed real time examination of microglial motility in acute hippocampal brain slices from the
5xFAD mouse model of AD, which was crossed to Cx3cr1G*/GFF mice to achieve microglia-
specific GFP expression for visualization. During baseline conditions, microglia around plaques
appeared hypermotile, moving the processes that were pointing away from plaques at higher speed
than microglia not associated with plaques. Yet, neither plaque-associated, nor plaque-free
microglia were able to extend processes towards sites of modest mechanical damage. Application
of the selective adenosine A2A receptor antagonist preladenant, which restores microglial
response to cellular damage in a mouse model of Parkinson’s disease, reduced the hypermotility of
plaque-associated microglia, but did not restore maotility towards damaged cells in slices from
5xFAD mice. Our results suggest that process hypermotility and resistance to A2A antagonism
during response to tissue damage may represent unique functional phenotypes of plaque-
associated microglia that impair their ability to function properly in the AD brain.
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Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative disease and the leading
cause of dementia in the elderly. Patients affected by AD display cognitive deficits such as
impaired memory and difficulties with daily functions. Some of the pathological features
associated with the disease are brain shrinkage and the presence of two types of abnormal
protein aggregates: tau protein aggregated in intraneuronal neurofibrillary tangles and
amyloid p (Ap) peptides aggregated in extracellular plaques (Spires-Jones and Hyman,
2014).

Another prominent feature of AD pathology is the presence of an inflammatory response,
including increased levels of inflammatory mediators and activated microglia (Akiyama et
al., 2000; Heneka et al., 2010), the brain’s resident immune cells. Interestingly, the greatest
inflammatory reaction is observed around A plaques, which are often completely
surrounded by microglia with activated morphology in both humans (Itagaki et al., 1994;
Perlmutter et al., 1992; Sheng et al., 1997) and mouse models of the disease (Frautschy et
al., 1998).

Despite being considered immune cells, the two most prominent features of microglia in the
healthy brain are their highly ramified morphology and motility. Microglia have small cell
bodies that give rise to several primary processes that branch to generate multiple secondary
and tertiary processes. These processes constantly move back-and-forth, appearing to sample
the brain parenchyma and interacting with synapses (Davalos et al., 2005; Nimmerjahn et
al., 2005; Wake et al., 2009). When cell damage occurs, microglia extend their processes to
surround the damaged area (Davalos et al., 2005). This response is mediated by ATP release
at sites of damage and activation of P2Y12 receptors on microglia (Haynes et al., 2006). In
the context of AD, microglia exposed to AP oligomers may release ATP to enhance
migration to AB plaques (Kim et al., 2012). However, when microglia become activated by
toll-like receptor activation or AB peptides, they downregulate their P2Y12 receptors and
upregulate adenosine A2A receptors at the mRNA level /n vitro (Orr et al., 2009). A2A
receptor activation by the ATP breakdown product adenosine leads to process retraction by
activated microglia /n vitro (Orr et al., 2009), and impairs microglial responses to tissue
damage in models of systemic inflammation and Parkinson’s disease (PD) (Gyoneva et al.,
2014a; Gyoneva et al., 2014b).

A2A receptors may also play a role in AD pathogenesis. Consumption of caffeine, a
nonselective adenosine receptor antagonist, has been linked to a lower risk for developing
AD (Eskelinen and Kivipelto, 2010; Santos et al., 2010), as well as reduced neuronal loss,
lowered AP levels and improved cognition in animal models of AD (Arendash et al., 2009;
Canas et al., 2009; Cao et al., 2009). Caffeine also blocks the actions of adenosine on
microglial motility (Gyoneva et al., 2014a), raising the possibility that this contributes to its
role in AD. Microglia in a mouse model of AD show a reduced response to tissue damage by

Neuroscience. Author manuscript; available in PMC 2017 August 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gyoneva et al.

Page 3

laser ablation (Krabbe et al., 2013), although the involvement of A2A receptors in
modulating microglial motility has not been evaluated in models of AD.

We hypothesized that adenosine A2A receptors will modulate the motility of microglia and
microglial response to tissue damage in Alzheimer’s disease. In this study, we used an ex
vivo preparation of acute brain slices to evaluate the motility of microglia and response to
damage in the 5XFAD mouse model of AD. Moreover, we examined the contribution of
A2A receptors to this response by perfusing the slices with the A2A receptor—selective
antagonist preladenant. We found that plaque-associated microglia have a unique motility
response, consistent with a functional difference between plaque-associated and plaque-free
microglia. These data suggest that microglial function is altered in AD, raising the
possibility that cell surface receptors that restore microglial function could serve as a
therapeutic target.

Experimental Procedures

Animals and acute slice preparation

All procedures involving the use of animals were reviewed and approved by the Emory
University Institutional Animal Care and Use Committee. Two mouse stains were used here:
5xFAD mice [obtained from Dr. Doug Feinstein (University of Illinois, Chicago)] and
Cx3cr1GFP/GFP mice (purchased from The Jackson Laboratories); both strains are on the
C57BI/6 background. 5XFAD mice carry five mutations associated with familial AD
[Swedish (K670N, M671L), Florida (1716V) and London (V7171) mutations in amyloid
precursor protein (APP) and M146L and L286V mutations in presenilin 1 (PS1)] and
develop several features of AD seen in humans such as AP plaques — which appear as early
as 2 months of age in the mice (Oakley et al., 2006). To facilitate the visualization of
microglia in 5XFAD mice, hemizygous 5xFAD mice

(hAPPKE7ON, M671L, 1716V/0-pypG1MI46L, L286V/0) \were mated to Cx3crICFP/CFP mice (Jung
et al., 2000). The hAPPKE7ON, METIL, I716V/0-ppSIMI46L, L286VI0. Cx3cr1GFP/* offspring
develop AD-like pathology and express GFP in microglia in the brain; these mice are herein
referred to 5XxFAD:mg-GFP. The Cx3cr1GFF/* offspring that do not carry mutant APP and
PS1 were used as non-transgenic (non-Tg) littermate controls.

Coronal slices containing the hippocampus were prepared at 200 um thickness from a total
of 7 5XxFAD:mgGFP and 5 non-Tg mice as previously described (Gyoneva et al., 2014b;
Gyoneva and Traynelis, 2013). All mice were 2—4 months old, which for the 5xFAD mice
represents the initial stages of plaque deposition and inflammation, with plaques surrounded
by amoeboid microglia; however, no significant neuronal death is observed at this age
(Oakley et al., 2006). To visualize amyloid plaques, 24 hr before slicing both 5XFAD and
non-Tg mice were injected i.p. with 10 mg/kg Methoxy-X04 [4% v/v Methoxy-X04
(Tocris), 7.7% v/v KolliphorEL (Sigma-Aldrich), 88.3% v/v PBS] as described (Hefendehl
et al., 2011)]. Methoxy-X04 has been extensively used to study microglial dynamics in AD
models and does not appear to affect the motility of microglia not associated with plaques
(Bolmont et al., 2008; Koeningsknecht-Talboo et al., 2008; Klunk et al., 2002; Krabbe et al.,
2013; Meyer-Luehmann et al., 2008). While we cannot preclude plaque-bound Methoxy-
X04 affects microglial motility, we believe that the likelihood of this is very low.
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Slices were prepared and maintained for 1-5 hours before imaging in oxygenated artificial
cerebrospinal fluid (aCSF) composed of 130 mM NaCl, 2.5 mM KCI, 1.25 mM NaH,POy,
10 mM glucose, 24 mM NaHCO3, 3 mM MgSQy, and 1 mM CacCl,, as previously described
(Gyoneva et al., 2014b). This solution is adequate to preserve excitatory and inhibitory
synaptic transmission, plasticity, and ultrastructure of neurons and spines. Furthermore,
microglia in the slices show a ramified morphology, constantly sample the parenchyma and
respond to tissue damage in a fashion similar to that observed with /n vivo imaging,
suggesting that slices faithfully capture tissue physiology.

Slice imaging and image analysis

For imaging, the slices were transferred to the stage of an inverted Olympus 1X51
microscope equipped with a disk spinning confocal unit and constantly perfused with
oxygenated aCSF (composition as above, except for 1.5 mM each MgSQO,4 and CaCly) at 1
mL/min flow rate for the duration of the experiment (Gyoneva et al., 2014b). Optical
sections were taken every minute at 1 um steps through the slices (~35 pum total) to capture
microglial morphology. The GFP signal in microglia was obtained by excitation at 490 nm
and detected with a FITC filter set. The signal from plaque-associated Methoxy-X04 was
excited at 350 nm and detected with a DAPI filter set. Two types of recordings were
obtained: baseline recordings over 20 min to examine the dynamics of microglia in
physiological conditions, and injury recordings over 20 min to determine the response of
microglia to tissue damage. Damage was generated by lowering a 100 um rod at constant
velocity (100 pm/s) for 180 um into the slice with a motorized micromanipulator, as
described (Gyoneva et al., 2014b); the rod was inserted into the tissue in less than 2 s and
left in place. In slices containing the substantia nigra pars compacta, this typically injures
~10 cells (Gyoneva et al., 2014b). We chose this modest injury over more severe injuries
(like laser ablation) because it should more closely model the slow, occasional death of a
few neurons in an Alzheimer’s patient, as opposed to injury paradigms that rapidly kill many
cells. The location of plaques in each recording was noted by taking a single stack in the
DAPI channel before beginning a time sequence in the GFP channel.

For some experiments, the slices were perfused with the adenosine A2A receptor selective
antagonist preladenant, which was synthesized as previously described (Gyoneva et al.,
2014a). Preladenant has over 1000-fold selectivity for A2A receptors compared to the other
adenosine receptors in /n vitro expression systems and has been studied in models of PD
where it reduces motor impairments and depression-like behavior and affects microglial
motility in brain slices (Hodgson et al., 2009; Hodgson et al., 2010; Gyoneva et al., 2014b;
Neustadt et al., 2007).

For quantification of the response, the optical sections at each time point were converted
from a 3D dataset to a 2D image by maximum intensity projection on the xy-plane. The 2D
time sequences were then analyzed with Imaris 7.4 software (Bitplane AG), as previously
described (Gyoneva et al., 2014b), to calculate several parameters that characterize
microglial motility: displacement, total length of movement, average velocity, and fraction
of tracks with displacement over 5 um. Here the term “displacement” refers to the net
difference between the final and starting position of an object, taking the direction of the
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movement into account (positive direction towards injury). Similarly, “velocity” refers to
both the direction of the movement and the magnitude of the rate of movement. “Total
distance” is a directionless measurement that designates the total distance an object travels
before it reaches its final position. If an object moves back and forth many times between
two positions, it will have a small displacement, but large total distance travelled.

Immunohistochemistry and quantification

The expression of adenosine A2A receptor was determined with fluorescent
immunohistochemistry. 5XxFAD:mg-GFP mice or non-Tg littermates were injected with
Methoxy-X04 as above. On the next day, the brains were isolated and drop-fixed in 4%
paraformaldehyde overnight. After cryoprotection in 30% sucrose, the brains were sectioned
on a cryostat at 40 um thickness. Staining was performed for 5-6 animals in each group (Tg
and non-Tg) with 3-5 sections per animal. After a 1 hr block with 10% normal goat serum
(NGS) and 0.15% Triton X-100 in PBS, primary anti-A2A receptor antibody (1:500 or
1:1000 dilution, depending on lot; Millipore 05-717) was applied in the blocking solution
overnight at 4°C. Following a wash, the sections were incubated with secondary goat anti-
mouse IgG antibody conjugated to AlexaFluor-594 (AF594, Jackson ImmunoResearch). The
sections were cover-slipped and imaged on a confocal microscope (1 pm step). In addition to
the AF594 channel, GFP (microglia) and DAPI (AP plaques) fluorescence was also
captured. For each channel, the same imaging settings were used for all sections. Sections
containing the striatum were used as positive control for A2A receptor expression because of
its constitutive expression there. Quantification was performed on 3-5 sections from each
animal, and then the mean was calculated for the experimental group. The total number of
microglia per unit area was calculated as the number of cell bodies of GFP-positive cells
within a field of view and adjusted for the dimensions of the image. The number of A2A
receptor-positive cells and A2A receptor/GFP-double positive cells per unit area were
calculated with the Cell Counter tool in F1JI (National Institutes of Health).

Statistical analysis

Data were analyzed with SigmaStat v10 and PrismGraphPad v6. All statistical tests
performed, sample sizes and significance values are indicated in the corresponding text and
figure legends. Each individual time-lapse recording was considered an independent
observation as it contains a slightly different area of the hippocampus and rested for a
different amount of time before imaging. Moreover, the average response of the slices from
each animal was comparable to those from other animals (data not shown). The figures
represent group averages and standard error of the mean (SEM). All datasets being
compared showed equal variance (Brown-Forsythe or Bartlett’s test). In general, microglia
in 5XFAD:mg-GFP mice, both around and away from plaques, were compared to non-Tg
littermate controls with analysis of variance (ANOVA) and Dunnett’s post hoc test. Effects
of preladenant on plaque-associated microglia and microglia distributed throughout the
whole slice from wild type and 5XFAD mice were examined with two-way ANOVA. Results
were considered to be significantly different if p < 0.05.
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Results

Imaging microglial motion in acute brain slices from the 5xFAD mouse model of AD

We prepared acute 200 pm-thick brain slices from 5xFAD:mg-GFP and non-transgenic (non-
Tg) littermate controls, both of which contain Cx3crZ-driven GFP expression in microglia
(see Methods for description of strains). To visualize plaques in tissues, we injected the mice
with the congophilic dye Methoxy- X04 (Klunk et al., 2002) one day before slice
preparation (Hefendehl et al., 2011). In our system, we were able to detect multiple plaques
in the hippocampus and cortex as early as 2 month of age (Figure 1A), an early stage of
plaque deposition, with many plagques concentrated in the CAL region and possibly the
subiculum of the hippocampus. Examining the sections at higher magnification confirmed
that all plaques were surrounded by GFP-positive microglia (Figure 1B). As seen before,
plaque-associated microglia possessed thickened processes and an amoeboid shape (Baron
et al., 2014; Sheng et al., 1997), consistent with activated phenotype compared to microglia
that were not contacting plaques.

To study microglial motion in real time, we performed time-lapse confocal imaging.

Initially, we recorded microglial motion in the tissues of non-Tg or 5XFAD:mg- GFP mice in
the absence of any experimental disturbances to capture the baseline dynamics of microglia.
Similar to microglia in non-Tg animals, microglia in 5xFAD:mg-GFP mice constantly move
their processes during baseline conditions (Figure 2A, B). Measuring the process
displacement, the velocity of movement, the total distance traveled, and the number of tracks
that had displacement longer than 5 pm showed no difference in movement of microglial
processes in 5XFAD:mg-GFP and non-transgenic mice under baseline conditions (Figure
2C-F).

We also analyzed the motility of cells that were physically contacting plaques, which by eye
appeared to show different motility, and compared them to the average movement of all
microglial processes in the same slice; the processes of plague-associated microglia
represented ~10% of all processes in a recording. While the displacement and velocity of
tracks were unaffected by association with plaques (Figure 2C, D), we found that more
processes of microglia surrounding plaques had displacements longer than 5 pm and longer
total distances traveled (Figure 2E, F). Therefore, microglia around plaques in 5xFAD:mg-
GFP mice appear to have an increased baseline motility compared to microglia that are not
associated with plaques, possibly moving their processes back-and-forth faster (resulting in
longer total length), but not extending over longer distances (same displacement).

Microglia in 5xFAD:mg-GFP mice show reduced response to tissue damage

In the APP/PS1 model of AD, microglial processes respond to laser ablation at a slower rate
than non-transgenic mice both in slice preparations and /7 vivo (Krabbe et al., 2013). To
assess whether the 5XxFAD:mg-GFP mice respond to more modest damage, we used a
mechanical damage paradigm in which we quickly lowered a thin rod into the tissue at
constant velocity while recording the subsequent microglial response. Microglia in healthy
non-transgenic animals responded to the damage by extending their processes to the site of
damage (Movie 1, Figure 3A). This is represented by a significantly increased displacement,
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increased velocity in the direction of the injury, and an increase in processes that move more
than 5 um (Figure 3C-E). In contrast, microglia in 5XFAD:mg-GFP mice failed to extend
processes in the direction of the injury and had significantly reduced displacement and
velocity (Movie 2, Figure 3B-D). These results extend the findings in the APP/PS1 model
(Krabbe et al., 2013) to the 5XFAD model and from laser-induced damage to modest
mechanical damage. Despite the differences in directional movement towards the injury,
there was no change in the total length of movement after injury between non-transgenic and
5XFAD:mg-GFP mice (Figure 3F). The reduced net displacement and the unchanged total
length of movement for plaque-associated microglial processes suggest that processes were
hypermotile — moving back and forth despite little net displacement.

Occasionally, we also noticed GFP-positive cells that displayed uncharacteristic motility
(Movie 2; Figure 3B), which may be another feature of the altered motility of microglia in
AD. There are several cells that crawl over significant distances through the tissue (two cells
in right half of panels in Figure 3B). Other cells extend their processes over very long
distances to unidentified targets (cell in left half of panels in Figure 3B). These types of
motility have not been described for microglia in short live recordings before.

Because of the altered baseline motility of plaque-associated microglia, we examined
whether these microglia had a differential response to tissue damage. The displacement and
velocity in the direction of injury of processes on plaque-associated microglia were not
significantly altered from the average velocity of all microglia in a 5XFAD slice (Figure 3C,
D). However, microglial processes near plaques displayed a significantly increased fraction
of tracks with length over 5 um and an increase in the total length traveled when compared
to all cells in the slice (Figure 3E, F). This may have accounted for the increased variability
of displacement and velocity in Fig 3C, D (note SEM for 5xFAD plaque bars). Thus, plaque-
associated microglia continued to show hypermatile activity, but the movement was not
directed to the injury. Taken together, our data so far indicate that microglia in the
5xFAD:mg-GFP mouse model of AD show altered motility both under baseline conditions
and in response to tissue damage.

Modulation of microglial motility by adenosine A2A receptors in tissues from 5xFAD:mg-

GFP mice

Given the precedent for a role of A2A receptors in regulating microglial dynamics (Gyoneva
et al., 2014a; Gyoneva et al., 2014b), we examined whether A2A receptors may be
responsible for the delayed response to mechanical damage seen in 5XxFAD:mg-GFP mice.
We first determined whether the environment around plaques alters A2A receptor
expression. To accomplish this, we examined A2A receptor levels in 5XFAD:mg-GFP and
non-Tg mice by fluorescent immunohistochemistry. A2A receptor immunoreactivity was
detected both in microglia (GFP-positive cells) and in unidentified cell types (GFP-negative
cells) in non-Tg and 5xFAD:mg-GFP mice (Figure 4A). To determine if the number of A2A
receptor-positive microglia is different in non-Tg and 5XFAD mice, we counted GFP*/A2A-
R* cells. Although the total number of A2A-positive cells appeared to increase in 5XxFAD
mice (Figure 4B), the number of microglia expressing A2A receptors appeared slightly
lower (Figure 4C); neither of these differences was statistically significant. The number of
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GFP-positive cells was significantly higher in the 5XFAD mice (Figure 4D), likely because
of the high number of microglia around plaques.

Although A2A receptor expression was not selectively altered in microglia in 5xFAD mice,
their presence in the hippocampus in regions containing plaques, together with the potential
ability of the non-selective adenosine receptor antagonist caffeine to affect AB pathology and
memory, prompted us to examine how A2A receptors might modulate microglial motility. In
order to assess the effects of A2A receptor function, we added the highly selective A2A
receptor antagonist preladenant (5 uM) to the slice perfusion solution 10 min before and
during injury induction and for the duration of imaging thereafter. When whole slices were
examined, preladenant did not significantly alter either the displacement of microglia in the
direction of the injury (Figure 5A), the velocity of the response to injury (Figure 5B), the
fraction of processes with track length over 5 um (Figure 5C), or the total distance travelled
(Figure 5D). However, when considering only plaque-associated microglia, there was a
significant decrease in the total length traveled by microglial processes after preladenant
treatment compared to vehicle control, but not the number of processes moving over 5um
(Figure 5C, D). Thus, preladenant specifically reduced the motility of microglia around
plaques, although these microglia were still hypermotile compared to the rest of the slice
(Figure 5C, D).

Discussion

In the present study, we examined microglial motility at baseline and following antagonism
of adenosine A2A receptors in acute brain slices of an animal model of Alzheimer’s disease.
We crossed 5XFAD mice, which carry five total familial mutations in APP and PS1 (Oakley
etal., 2006), to Cx3cr1GFP/GFP mice that exhibit microglial GFP expression (Jung et al.,
2000) and monitored microglial motility with confocal microscopy (Figure 1). Our data
allow us to draw three main conclusions. First, microglia that are associated with amyloid
plaques show a dysregulated, hyperactive motility compared to non-plaque microglia.
Second, neither plaque-associated, nor plaque-free microglia respond appropriately to
mechanically induced tissue damage in slices from 5xFAD mice. Third, the adenosine A2A
receptor antagonist preladenant failed to enhance the microglial response to damage,
although it reduced the hypermotility of plaque-associated microglia. Thus, plaque-
associated microglia may represent a unique microglial phenotype with hypermotile
processes and altered response to tissue damage (as in other inflammatory conditions). There
appears to be no contribution of A2A receptors in response to injury, but these receptors are
able to influence motility of microglia near plaques.

Altered microglial motility patterns in 5xFAD:mg-GFP mice

Microglial surveying of the brain parenchyma is thought to clear debris and is considered
essential for the maintenance of brain homeostasis (Nimmerjahn et al., 2005). Here we
observed that microglia surrounding plaques show altered matility patterns compared to the
rest of microglia (Figure 2A, B). While the processes that directly contacted plaques
appeared stationary, processes pointing away from the plaques moved with higher velocity
and over longer total distances (Figure 2C-F). Baron et al. (2014) recently described the
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morphology of microglia in the APPSWe.Ind and APP/PS1 AD models, concluding that
plaque-associated microglia have an activated morphology that contrasted the normal-
appearing morphology of non-plaque microglia. Here we show that microglia that contact
plaques are not simply morphologically different, but also differ functionally in regard to
velocity of process motility under both baseline and injury conditions.

The hypermotile behavior by processes of activated microglia seen here is reminiscent of the
increased motility of processes in lipopolysaccharide (LPS)-activated microglia /n vitro and
in vivo described before (Gyoneva et al., 2014a; Orr et al., 2009). Thus, increased process
motility may be a general sign of microglial activation and an indication of a pathological
condition. However, the functional consequences of this remain to be examined.

response to tissue damage in 5xFAD:mg-GFP mice

We recently established an acute brain slice preparation to study the response of microglia to
mechanical damage within parenchyma that involved a limited number (~10) of cells
(Gyoneva et al., 2014b). This preparation allows time lapse imaging of microglia embedded
in brain tissue from structures that are distant to the pial surface and thus inaccessible to /in
vivo imaging. Acute brain slice preparations have been used extensively in
neurophysiological studies, and show neuronal function and microglia appear to be in a
resting state by most measures. We previously showed that microglia in the substantia nigra
of slices prepared from LPS- or MPTP-treated mice exhibit a delayed response to tissue
damage (Gyoneva et al., 2014b).

We now extend our findings to the 5XFAD model of Alzheimer’s disease, showing that
microglia in the hippocampus of slices from 5XFAD:mg-GFP mice did not extend their
processes to the site of damage (Figure 3). Despite their increased baseline maotility, plaque-
associated microglia did not respond to the damage either (Figure 3). Importantly, the lack
of response to tissue damage was also described both in slices and /n vivo with multiphoton
microscopy in another AD mouse model (Krabbe et al., 2013). Thus, it suggests that the
phenomenon is modelindependent and occurs both to significant laser-induced tissue
damage and in the milder rod-induced damage used herein. In addition, the delay in
microglial process extension in response to tissue damage under inflammatory conditions
may be a widespread condition, as it also occurs in various models of microglial activation
ranging from systemic inflammation to the MPTP-model of Parkinson’s disease (Gyoneva et
al., 2014a; Gyoneva et al., 2014b). Yet, care should be taken to generalize this to other
conditions as microglia can also show an accelerated response to damage, such as in kainate-
induced status epilepticus model in mice (Avignone et al. 2008). Therefore, microglial
motility should be examined in each individual context.

Adenosine A2A receptors in 5XFAD mice

Because of our previous findings that adenosine A2A receptor antagonism restores the
ability of microglia to respond to tissue damage (Gyoneva et al., 2014a; Gyoneva et al.,
2014b), we examined whether this receptor system would mediate a similar effect in
5xFAD:mg-GFP mice. However, the inclusion of the selective A2A receptor antagonist
preladenant in the perfusion solution during injury recordings did not accelerate microglial
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response to injury in 5XFAD:mg-GFP mice (Figure 5), which is consistent with the lack of
change in A2A receptor immunoreactivity in microglia in 5xFAD:mg-GFP mice compared
to non-Tg controls (Figure 6C-E). This suggests that the microglial activation that is seen in
models of AD and PD likely represent two different microglial phenotypes characterized by
differential cell surface receptor expression, which is not surprising considering the disparate
disease etiologies.

Even though preladenant did not significantly alter the approach of microglial processes to
the site of damage, the addition of the antagonist affected certain aspects of the motility of
plaque-associated microglia (Figure 5). Specifically, the total distance traveled was
significantly decreased, suggesting that preladenant may decrease the hyperactivity of
plaque-associated microglia. Moreover, it is possible that acute A2A receptor antagonism
affects other microglial functions that were not examined here, such as phagocytosis of Ap
plaques or cytokine release, and it remains to be determined whether preladenant exerted its
effects directly by modulating motility pathways or by overall suppression of microglial
functions. Additionally, the ability of preladenant to acutely affect plaque-associated
microglial motility warrants future studies that examine the effects of chronic preladenant
treatment on microglial functions in AD models.

It is worth noting that we detected A2A expression in multiple cell types in the
hippocampus, both in 5XFAD and non-Tg mice. This is consistent with A2A receptor
expression in the cortex and hippocampus of humans with AD as assessed in post-mortem
samples (Albasanz et al., 2008; Angulo et al., 2003). Much of this A2A receptor expression
in humans was initially reported to be in microglia (Angulo et al., 2003), however more
recent work also suggests astrocytic expression (Orr et al., 2015). In our study, some of the
A2A receptor-expressing cells appeared to be GFP-positive microglia, including plaque-
associated microglia. However there was no difference in A2A receptor protein expression
in hippocampus between 5xXFAD and non-Tg mice despite the ability of Ap peptides to
upregulate A2A receptor mRNA (Orr et al., 2009). While the total number of A2A receptor-
expressing cells appeared higher in 5XFAD mice (Figure 4B), there was no difference in
A2A receptor-expressing microglia between 5xFAD and non-Tg animals (Figure 4C). This
is not due to decreased microglial density in 5XFAD mice because these mice had more
microglia per unit area than their wild type littermates (Figure 4D). Hence, it is possible that
in our studies the presence of AD pathology is associated with an apparent increase in A2A
receptors in non-microglial cell types (neurons or astrocytes), which is consistent with
astrocytic expression of the receptor seen by Orr et al. (2015). These non-microglial A2A
receptors might then modulate microglial motility via unknown mechanisms to reduce
hyperactivity of plaque-associated microglia. Furthermore, the presence of A2A receptors in
the hippocampus (Figure 4A) could potentially explain some of the effects of A2A receptor
modulation on cognition and memory (Arendash et al., 2009; Canas et al., 2009; Cao et al.,
2009; Eskelinen and Kivipelto, 2010; Santos et al., 2010).

Our data on adenosine A2A receptor expression and modulation of microglial function in
models of AD (here) and PD (Gyoneva et al., 2014b) provide an example of a differentially
regulated signaling system with varied properties in different conditions associated with
neuroinflammation and neurodegeneration. While microglia in the MPTP model of PD
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upregulate A2A receptors and respond to A2A receptor antagonists (Gyoneva et al., 2014b),
microglia in 5XFAD mice do not alter A2A receptor expression. Moreover, A2A receptors in
5xFAD mice are slightly responsive to A2A receptor antagonists (reduced motility of
plaque-associated microglia; Figure 5), suggesting some tonic activation is present in the
tissue. The variability of microglial phenotypes in AD and PD might also explain the
divergent effects of A2A receptor antagonists on microglial motility: increased response to
injury in a model of PD and decreased motility of plaque-associated microglia in a model of
AD.

In conclusion, we studied the motility of microglia in the 5XFAD model of Alzheimer’s
disease. We show that microglia that are physically associated with plaques show
hypermotile behavior for the processes pointing away from plaques and confirm that
microglia in tissues with AD-like pathology show a delayed response to tissue damage.
While the adenosine A2A receptor antagonist preladenant was able to ameliorate the
hyperactivity of plaque-associated microglia, it did not restore the response to tissue
damage. The exact roles of adenosine A2A receptors in modulating microglial functions in
the hippocampus and the identification of additional receptor systems that regulate
microglial motility in the context of AD warrant further investigation.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Plagues-associated microglia show a hyperactive motility in slices from
5xFAD mice

2. Microglia in 5XxFAD mice do not respond appropriately to tissue damage

3. An adenosine A2A receptor antagonist did not enhance microglial response
to damage

4, A2A receptor antagonism reduced the hypermotility of plaque-associated
microglia
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Figure 1. Detection of amyloid B plaques in 5XFAD:mg-GFP mice
Mice were injected i.p. with 10 mg/kg of the amyloid-binding dye Methoxy-X04 24 hr

before brain isolation. Microglia were visualized by their GFP signal, and Methoxy-X04-
positive plaques were detected by the intrinsic fluorescence of the dye. A. Plaques are
present in the hippocampus of 2-month old mice, mostly in the CAL region. Inset shows
locations of the representative images. Scale bar: 200 um. B. Higher magnification images
show that the Methoxy-X04-positive plaques are surrounded by GFP-positive microglia.
Scale bar: 30 um.
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Figure 2. Microglial motion in slices from 5xFAD:mg-GFP mice in the absence of injury
5xFAD:mg-GFP or non-AD littermate controls (non-Tg) were injected with 10 mg/kg

Methoxy-X04 and brains were isolated for slice preparation 24 hr later. Acute brain slices
were subjected to time-lapse confocal imaging. Microglia were identified from GFP
fluorescence and amyloid plaques were identified from Methoxy-X04 fluorescence. A, B.
Representative images showing microglial distribution in acute slices from non-Tg (A) and
5xFAD (B) mice used for time-lapse recordings. Green: microglia; red: Methoxy-X04-
positive plaques. In both genotypes, microglial processes move over time. Scale bar: 25 pum.
Insets show select cells at the beginning (t = 0 min) and at the end (t = 20 min) of baseline
recordings. C-F. Microglial motion was analyzed by automatically tracking objects
(microglial processes) larger than 2 pm with Imaris software to quantify process
displacement (C), velocity (D), fraction of objects moving more than 5 um (E), and total
length of movement (F). To study plaque-associated microglia (5xFAD Plaque), a region of
interest containing only a plaque and the microglia immediately surrounding it was
compared to the motion of all microglia in the recording. While plaque-associated microglia
do not show altered displacement (C), or velocity (D), they display significantly increased
fraction of tracks moving over 5 um (E), and total length of movement (F) when compared
to microglia in the whole image. N = 10 slices for all groups. Statistics: one-way ANOVA
and Dunnett’s post hoc test compared to 5XFAD Whole; *, p < 0.05.
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Figure 3. Microglial response to injury in 5XxFAD and non-Tg mice
Brain slices from 5xFAD:mg-GFP and non-Tg mice were prepared and imaged as described

above. To assess microglial response to injury, a thin rod was lowered into the slice to
generate tissue damage (white ellipse shows site of rod insertion). A, B. Representative
slices showing response to injury. Microglia from non-Tg mice extend processes to the site
of injury (open arrowheads) (A), but microglia from 5XxFAD mice do not (B). Microglia are
shown in green and Methoxy-X04-positive plaques are shown in red. Occasionally,
microglia in 5XFAD mice (but not WT mice) showed unexpected movements and cell body
displacement (filled arrowheads). Dashed arrows show unexpected process or cell body
movement for a subset of cells. Scale bar: 25 pm. C-F. Microglial motion was analyzed by
automatically tracking objects (microglial processes) larger than 2 pm with Imaris software
to quantify process displacement (C), velocity (D), fraction of objects moving more than 5
pum (E), and total length of movement (F). To study plaque-associated microglia (5xFAD
Plaque), a region of interest containing only a plague and the microglia immediately
surrounding it was compared to the motion of all microglia in the recording. Overall,
microglia in 5XFAD mice show a significantly reduced displacement and velocity in the
direction of the injury and fraction of tracks with long displacement. Plaque-associated
microglia do not show different displacement and velocity in the direction of injury.
However, they display significantly increased number of processes moving more than 5 pm
(E) and total length of movement (F), suggesting random movement that is not directed to
the injury. N = 16 slices for Non-Tg and 18 for 5XFAD (Whole and Plaque) mice. Statistics:
one-way ANOVA and Dunnett’s post hoc test compared to 5XFAD Whole; *, p < 0.05.
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Figure 4. Adenosine A2A receptor expression in 5XFAD mice
5xXFAD:mg-GFP and non-Tg mice were injected with Methoxy-X04 and brains were

isolated and fixed 24 hr later. A. Brain sections (40 um) were stained for A2A receptor and
imaged on a confocal microscope to obtain GFP (microglia, shown in green),
AlexaFluor-594 (A2A receptors, shown in magenta) and Methoxy-X04 (plaques, shown in
red) signals. Merged images show A2A receptor-positive microglia in the hippocampus of
both non-Tg and 5xFAD mice. Scale bar: 30 um. Arrows point to GFP-positive cells that
appear to colocalize with A2A receptors. Arrowheads point to A2A receptor-positive cells
that do not colocalize with GFP-positive microglia. B-D. Quantification of A2A receptor-
positive cells. The total number of A2A receptor-positive cells in the hippocampus is not
significantly different between 5xFAD and non-Tg mice (B). The number of A2A receptor-
expressing microglia is not significantly different between non-Tg and 5XFAD mice (C),
despite the overall higher number of microglia in 5XFAD mice (D). Statistics: Student’s t
test.
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Figure 5. Effect of A2A receptor antagonism on microglial motility in 5XFAD mice
Brain slices from 5xFAD:mg-GFP mice were prepared and imaged as described above to

assess response to injury. The slices were constantly perfused with 5 uM of the A2A
receptor antagonist preladenant or DMSO vehicle. Microglial motion was analyzed by
automatically tracking objects (microglial processes) larger than 2 pm with Imaris software
to quantify process displacement (A), velocity (B), fraction of objects moving more than 5
pum (C), and total length of movement (D). Plague-associated microglia (analysis of a region
of interest containing only a plaque) show increased number of tracks with more than 5 pm
displacement (C) and total distance travelled (D). A2A receptor blockade with preladenant
did not significantly affect microglial motility when the whole slice is analyzed, but reduced
the total distance traveled by processes of plaque-associated microglia (D). N = 9 slices for
all conditions. Statistics: two-way ANOVA and Tukey’s post hoc test; *, p < 0.05.
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