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Abstract

Microglia are active players in inflammation, but also have important supporting roles in CNS
maintenance and function, including modulation of neuronal activity. We previously observed an
increase in the frequency of excitatory postsynaptic current in organotypic brain slices after
depletion of microglia using clodronate. Here, we describe that local hippocampal depletion of
microglia by clodronate alters performance in tests of spatial memory and sociability. Global
depletion of microglia by high-dose oral administration of a Csf1R inhibitor transiently altered
spatial memory but produced no change in sociability behavior. Microglia depletion and behavior
effects were both reversible, consistent with a dynamic role for microglia in the regulation of such
behaviors.
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1. INTRODUCTION

Microglia, the immunocompetent cells of the CNS, originate from yolk-sac precursors that
populate the brain prior to the formation of the blood-brain barrier (Kierdorf et al., 2013).
Once they fully colonize the brain parenchyma Csf-1, among other factors, contributes to
their maintenance and self-renewal (Wegiel et al., 1998). Csf-1 and its receptor Csf1R are
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essential for microglial proliferation, differentiation, survival, and migration. Mice that lack
Csf1R display severe microglia deficiency as well as other developmental defects (Erblich et
al., 2011; Michaelson et al., 1996; Nandi et al., 2012). Conversely, overexpression of Csf-1
increases microglia numbers by increasing microglial proliferation (De et al., 2014).

Besides their known roles in mediating inflammation (Colton and Wilcock, 2010; Kraft and
Harry, 2011), microglia play an important supporting role in the postnatal CNS (Nayak et
al., 2014; Paolicelli et al., 2011; Schwartz et al., 2013). During early neurogenesis microglia
phagocytose apoptotic cells and eliminate unwanted neuronal projections (Paolicelli et al.,
2011; Schafer et al., 2012). They also control production of cortical neurons through
phagocytosis of neural precursor cells (Cunningham, 2013).

Microglia provide trophic support for the formation of neuronal circuits and are
indispensible for neuronal survival (Ueno et al., 2013). They also directly modulate synaptic
activity by contacting synapses in a CR3/C3-dependent manner (Paolicelli et al., 2011;
Schafer et al., 2012; Wake et al., 2009). Neuronal stimulation results in extension of
microglial processes towards highly active neurons, which in turn reduces neuronal activity
(Lietal., 2012). Previous work from our lab showed an increase in the frequency of
excitatory postsynaptic currents in hippocampal slices (Ji et al., 2013) and the
complementary effect in neuronal/microglial co-cultures. Together, these data support a role
for microglia in the regulation of neuronal activity in the healthy brain by affecting the
number of active synapses.

Due to their extensive functions as supporting cells of the CNS, microglia are now
considered active regulators of neurological function. Specific depletion of brain microglia
upon diphtheria toxin administration in CX3CR1C"eER mice significantly reduces motor-
learning-dependent synapse formation as well as performance in learning and memory tasks
including auditory-cued fear conditioning and novel object recognition (Parkhurst et al.,
2013). Long term depletion of microglia via systemic inhibition of Csf1R improves spatial
memory as assessed with the Barnes maze test (Elmore et al., 2014). Mice that lack the
chemokine receptor CX3CR1 have reduced numbers of microglia along with deficits in
social behavior and spatial learning (Rogers et al., 2011; Zhan et al., 2014). Finally, mice
deficient in Fractalkine (CX3CL1), a chemokine that directs microglia towards developing
synapses (Hoshiko et al., 2012), have reduced performance in contextual fear conditioning
and cued fear conditioning (Rogers et al., 2011)

In this study, we investigate the functional significance of microglia depletion in vivo using
two different methods to deplete microglia: bilateral microinjections of clodronate in the
dorsal hippocampus, and systemic inhibition of Csf1R. The first method provides
anatomical specificity, allowing us to examine the functional consequences of loss of
microglia in hippocampal-related behaviors. The second allowed us to compare the results to
a method that produced more widespread effects. We show that absence of microglia leads
to alterations in spatial memory task performance and social behavior. These effects are
reversed when microglia are allowed to repopulate the brain, supporting an active role for
microglia in such physiological processes.
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2. MATERIALS AND METHODS

2.1. Animals

All experiments were approved by the Institutional Animal Care and Use Committee
(IACUC) and the Department of Laboratory Animal Research at Stony Brook University.
Two to three month-old C57BL/6 (wild-type) male mice were used in this study.

2.2. Drug Administration

2.2.1. Intrahippocampal clodronate injection—Injections were performed bilaterally
in the hippocampus. Mice were anesthetized with 1.25% Avertin and injected with
phosphate buffered saline (PBS) or clodronate disodium salt (10 mg/ml, Calbiochem) at
stereotactic coordinates —2.5 mm from bregma and —1.7 mm lateral using a Hamilton
syringe (0.485 mm 1.D., Hamilton, Reno, NV) connected to a motorized stereotaxic injector
(Stoelting, Wood Dale, IL). Following surgery, animals were injected i.p. with 0.03 mg/kg of
buprenorphine (Bedford labs) and left on a heating pad until they were fully recovered from
anesthesia.

2.2.2. Administration of the CsflR inhibitor—PLX3397 was obtained from Plexxikon
Inc. and mixed into AIN-76A standard chow by Research Diets Inc. at the dose of 290 mg of
drug per kg of chow (Elmore et al., 2014). Mice were fed with chow containing either
control- or PLX3397-chow for either 7 or 21 days.

2.3 (Immuno)histological analysis

2.3.1 Diaminobenzidine (DAB) staining—Brain sections were treated with 3% H,0-
followed by three washes with 1x PBS-T. Sections were blocked in 1% BSA and incubated
with the primary antibody overnight (Iba-1 (Wako, 1:1000), GFAP (AbCam, 1:1000). The
sections were washed and incubated with the appropriate secondary antibodies (biotinylated
anti-rabbit 1gG, Vector Laboratories) and the ABC reagent was added (Vector Laboratories)
for one hour. The sections were washed 3 times with PBS-T. The signal was visualized using
3,3-Diaminobenzidine (DAB) (Sigma Chemical Co) solution (DAB/0.1M PB/H,05) until
the desired strength was reached. The slices were mounted on slides and dehydrated in
graded ethanol, defatted in xylenes, and washed with 0.1M Phosphate Buffer before
mounting.

2.3.2 Cresyl violet staining—Brain sections were dipped in 100% ethanol and washed in
xylenes for two minutes. Serial hydration was performed in ethanol solutions ranging from
100% to 20%. The sections were dipped in cresyl violet dye for 5 minutes, dipped twice in
distilled water, and washed in 70% ethanol and 10% acetic acid. The sections were then
dipped in 100% ethanol and 10% acetic acid, dehydrated with 100% ethanol, defatted in
xylenes, and mounted.

2.3.3 Immunofluorescence—40um-thick brain sections were blocked for one hour (3%
BSA and 0.02% triton-X100 in PBS) and incubated with primary antibodies overnight at
4°C. The primary antibodies used were: Iba-1 (Wako, 1:500), GFAP (AbCam, 1:1000), and
NeuN (Millipore, 1:100). Sections were washed and incubated with conjugated secondary
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antibodies for one hour. Slides were washed and mounted with DAPI fluoromount (Southern
Biotech).

2.4. Imaging

The stained sections were photographed under bright-field optics using a digital camera
(Nikon CoolPix 990; Nikon, Tokyo, Japan) connected to a Nikon Eclipse E600 microscope.
Immunofluorescently stained sections were photographed at a digital resolution of 1024 x
1024 with a Zeiss confocal microscope using LSM 510 Meta software.

2.5. Quantification of microglia and astrocytes

Hippocampal microglia and astrocytes were counted using bright field images of brain
sections stained with Iba-1 or GFAP, respectively. Images captured from three comparable
sections per animal were quantified manually using ImageJ’s automated cell counter. The
average number of cells per animal were used for analysis.

2.6. Behavior Tests

We used the Barnes maze, open field (Bukhari et al., 2011), Crawley’s sociability and
preference for social novelty test (Kaidanovich-Beilin et al., 2011), and Rotarod test
(Bukhari et al., 2011) to evaluate the functional consequences of microglia depletion.

2.6.1. Barnes maze—Barnes maze was performed to assess spatial memory after
microglia depletion. Mice were placed on a circular maze containing eight equally spaced
holes. An escape box was placed underneath a randomly selected hole. The amount of time
taken by the mouse to find the escape box (latency to find) was recorded. The session ended
when the mouse entered the escape box or after five minutes. Two trials were performed
daily for five consecutive days. The average latencies to find and enter the escape box were
used for analysis.

2.6.2. Open Field Activity—Motor activity was measured using the Opto-Varimex-Minor
animal activity meter (Columbus Instruments) as described in (Bukhari et al., 2011). Mice
were placed in an empty rat cage (44 cm x 21 cm) located inside the activity meter. Infrared
beams (15 x 15) ran in the x-y coordinates. The total number of beams broken by the mouse
as it moved around the cage as well as the animal’s supported and unsupported motor
movements (rearings) were recorded during the five- minute observation period.

2.6.3. Sociability and preference for social novelty—Sociability was measured
using the Crawley’s sociability and preference for social novelty test described in
(Kaidanovich-Beilin et al., 2011). A rectangular three-chamber box with an open middle
section was used. Two identical wired cups were placed in each side of the chamber. The test
was divided into two- ten minute sessions. In session I, a mouse (stranger mousel) was
placed under one of the wired cups, while the second wired cup located in the opposite
chamber was left empty. The number of active contacts as well as the duration of the active
contacts between the test mouse and both the empty cup and the cup containing stranger
mouse 1 were recorded. An active contact was defined as any instance in which the mouse
touched the wired cup with its snout or paws. In session Il, a second (novel) mouse was
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placed under the cup that had been empty during session I. The number of active contacts as
well as the duration of active contacts between the test mouse and both the familiar mouse
and the novel mouse was recorded. The time spent by the subject mice in each chamber
during each session was recorded in order to determine whether the subject mice explored
both chambers. Both Sessions were videotaped. The stranger mice and the subject mice were
the same sex, weight, and age, but were not littermates of each other. This test was
conducted every day for five days starting approximately 24 hours after clodronate
treatment, and once on day 7 after ongoing administration of PLX3397.

2.6.4. Rotarod test—Motor performance was assessed in wild-type mice after
administration of PLX3397 for 21 days using a Rotarod (Med Associates, Inc.) as described
elsewhere (Bukhari et al., 2011). Briefly, mice were placed on a moving rod that accelerated
from 4 to 40 RPM over the course of five minutes. Once the mouse fell off, both the speed of
the rod and the latency to fall were automatically recorded by the apparatus. Mice were
subjected to three consecutive trials and the average of the trials was used for subsequent
analysis. Rotarod performance was recorded on the last day of Barnes maze testing during
ongoing treatment with PLX3397.

2.7. Statistics

All statistics were performed using Statview (v4.0) or GraphPad Prism 6 for Windows. Data
are presented as mean + SEM. Initial descriptive analysis of the Barnes maze data revealed
heterogeneity in the shape of the functions for the individual animals. Therefore, the
nonparametric Mann-Whitney U test was used to determine significance between
experimental and control groups at each time point in the Barnes maze test. Open field, and
microglial quantification were analyzed by Student’s t-tests with Welch’s correction for
samples having possibly unequal variances. The social behavior test data were analyzed by
two-way ANOVA followed by specific two group comparisons where ANOVAS were
significant. Data were considered statistically significant when p < 0.05.

3. RESULTS

3.1. Hippocampal depletion of Iba-1* microglia in vivo resulted in alterations in spatial
learning and sociability

Our previous work showed that the density of active synapses is increased after microglia
depletion ex vivo (in hippocampal brain slices). We attributed these effects to microglia
specifically since the number of synapses and neuronal firing frequency returned to control
levels when microglia-depleted brain slices were overlaid with cultured microglia cells (Ji et
al., 2013). We wished to determine whether there were measurable behavioral effects with in
vivo microglia depletion. Initially we investigated whether clodronate depletes microglia in
vivo. Clodronate is pinocytosed by microglia and metabolized by the cell into adenosine 5’-
(beta, gamma-dichloromethylene) triphosphate, an ATP analog (Frith et al., 1997). Mice
were given unilateral clodronate injections into the CA1 hippocampus, and at days 1-7 post
injection the tissue microglia were analyzed using the marker Iba-1. Microglia depletion was
apparent at day 1 and continued up to day 5, but by day 7 microglia started to reappear
(Supplemental Information Figure 1). In mice given a bilateral clodronate injection into the
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CAL1 hippocampus and euthanized 5 days later, the numbers of Iba-1* microglia were
significantly reduced in the hippocampus (p= 0.003. Figure 1A, top panel and Figure 1B),
while astrocytes stained by GFAP immunofluorescence were clearly visible throughout the
brain (Figure 1A, bottom panel). Neurons appeared normal and viable by cresyl violet
staining (Figure 1A, middle panel). Whole brain images show microglial depletion in the
hippocampus only (Supplemental Information Figure 2)

We tested the effect of microglia depletion on spatial learning and exploration using the
Barnes maze, a task whose measures are known to be affected by hippocampal
manipulations (Harrison et al., 2006). Two to three month old wild-type male mice were
given a bilateral dorsal hippocampal injection of clodronate and tested on the Barnes maze
twice per day for five consecutive days. Testing sessions were separated by fifteen minutes
and data from both sessions were averaged for analysis. Mice treated with clodronate found
the location of the escape box more slowly compared to the saline controls (Figure 2A), and
this difference was significant at days 3 and 4 (p = 0.04 and p= 0.03, respectively). There
was no significant difference at day 5 suggesting a transient deficiency in the absence of
microglia. Consistent with a slower rate of learning, clodronate treated animals made
significantly more visits to holes prior to entering the escape box compared to saline-treated
mice at day 4 of testing (not shown, p=0.01). To assess whether hyperactivity or motor
impairments in the injected animals were mediating the observed result, we assessed activity
in an open field setup. Both clodronate- and saline-treated mice displayed similar numbers
of photobeam breaks per session (Figure 2B, p=0.90) and a similar number of total rearings
per session (Figure 2C, p=0.57).

The hippocampus has recently been identified as a critical area for social memory
processing (Hitti and Siegelbaum, 2014; Stevenson and Caldwell, 2014; Uekita and
Okanoya, 2011). To determine whether hippocampal loss of microglia extended to social
behavior, we used Crawley’s sociability and preference for social novelty test (Kaidanovich-
Beilin et al., 2011). Two-way ANOVAS revealed significant active contacts for session 1
(target x treatment interaction, p<.04) though not session 2 and only for session 1 for the
duration of contacts measure (target x treatment interaction, p<.04; p=.07 for session 2).
Following up with specific two-group comparisons revealed that saline-treated controls
made significantly more active contacts (p=0.03) and spent more time with the cup
containing a conspecific (stranger mouse 1) (Figure 2D, p= 0.02) in session 1. In contrast,
clodronate treated animals did not display a preference for either cup (Figure 2D-E). Subject
mice spent a similar amount of time in both chambers, indicating equal exploration of the
maze (not shown). Together these results suggest a role for hippocampal microglia in spatial
learning and social behavior.

Repopulation of the CNS by Iba-1* cells reversed microglia depletion effects on spatial
memory and social behavior

To determine whether microglia are able to repopulate the hippocampus after
discontinuation of the treatment with clodronate we performed a single bilateral clodronate
injection into the CA1 hippocampus of wild-type mice and euthanized the animals at day 20
post-treatment. This time point was chosen based on a previous report showing that
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microglia repopulate the brain of HSVTK mice within two weeks after ganciclovir treatment
(Varvel et al., 2012). Figure 3 shows that microglia fully repopulated the mouse
hippocampus by day 20 after clodronate treatment. The newly repopulated Ibal* cells do not
differ in number from the microglia in control brains (Figure 3B, p= 0.6405). Astrocytes and
neurons remained viable. To examine whether normal behavior would also return after
microglial repopulation, mice were tested on the Barnes maze as described above starting on
day 20 after clodronate injection. On the last day of Barnes maze testing, open field activity
and social behavior were quantified. Clodronate treated mice displayed similar latencies to
find the escape box (Figure 4A, p=0.50 and p=0.72 at days 3 and 4, respectively) and made
a similar number of visits compared to controls (data not shown, p=0.33). This is in contrast
to days 3 and 4 where microglia-depleted mice displayed a significant delay in spatial
learning (Figure 2A). Activity levels between treated and control animals remained the same
even after microglial repopulation (Figure 4B-C, p=0.8933 for total beam breaks and p=0.08
for total rearings). Two-way ANOVASs revealed no significant main effects or target x
treatment interaction for number of active contacts or duration of contacts measure for
session 1 or session 2. Clodronate treated animals showed effectively normal social behavior
after repopulation by microglia (Figure 4D-E.). Subjects from both groups spent a similar
amount of time in the chambers during Session I, indicating equal exploration of the maze
(not shown).

Systemic CsflR inhibition depleted lba-1* cells in the brain within 7 days and resulted in
alterations in spatial memory

To extend the findings from the local intrahippocampal injection studies, we employed a
second, systemic method of microglial depletion that takes advantage of their dependency on
Csf1R signaling for their development and survival (EImore et al., 2014; Erblich et al., 2011,
Michaelson et al., 1996; Nandi et al., 2012; Wegiel et al., 1998). PLX3397 is an oral,
selective tyrosine kinase inhibitor of CSF-1 that successfully crosses the blood-brain barrier
(Elmore et al., 2014). Its ability to specifically target microglia and macrophages has
allowed for its use in different disease models in which microglia and/or macrophages play a
key role in disease progression. These include melanoma, glioma, astrocytoma, and
pancreatic cancer (Coniglio et al., 2012; Nicolaides et al., 2011; Sluijter et al., 2014; Zhu et
al., 2014).

PLX3397 was added to food pellets at a concentration of 290 mg/kg of chow as previously
described (De et al., 2014; Elmore et al., 2014). This concentration exceeds the relevant
clinical dose, as we aimed to achieve maximal reduction of microglia. Wild-type mice were
fed PLX3397 or control chow for 7 days. Their brains were collected, sectioned, and
immunofluorescently labeled for Iba-1, GFAP and NeuN, and DAB-stained for Iba-1.
Microglia present in the hippocampus were counted using bright field images from three
comparable sections per biological replicate. Consistent with previous findings (Elmore et
al., 2014), Supplemental Information Figure 3A and 3B shows depletion of microglia 7 days
after Csf1R inhibition (p=0.0019). While neurons were preserved, astrocytes appeared to
have thicker processes as well as higher intensity of GFAP immunostaining (Supplemental
Information Figure 4). This is consistent with previous reports showing increased protein
levels of astrocytic proteins GFAP and S100p in mice treated with PLX3397 (Elmore et al.,
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2014). These results are also consistent with the higher expression of GFAP and the higher
astrocytic density observed in mice lacking Csf1R (Erblich et al., 2011).

To compare the behavioral effects observed with clodronate treatment with those in animals
that systemically lacked microglia, another group of wild-type mice were fed with
PLX3397- or control- chow for 7 days. Testing began on day 7 and the animals remained on
their respective chow till the end of the experiment. They were tested for 5 consecutive days
using Barnes maze starting on day 7 and the sociability and open field tests on the last day of
Barnes maze testing. Consistent with our previous results, PLX3397 treated animals took
longer times to find the escape box at days 3 and 4 of testing (Figure 5A, p= 0.02 and
p=0.01, respectively). PLX3397 treated animals also made significantly more visits to holes
prior to entering the escape box at day 4 (data not shown, p= 0.01). Both groups had similar
numbers of photobeam breaks and total rearings (Figures 5B and 5C, p=0.1540 and
p=0.2352, respectively), indicating that systemic loss of microglia did not produce profound
widespread effects on motor abilities, general activity level, temperament, or other aspects of
well-being in the mice that would be reflected in diminished activity and exploration of a
novel environment. However, in contrast to our observations in mice given clodronate
treatment, PLX3397 treated mice displayed normal social behavior in the Crawley’s
sociability and preference for social novelty test (Figure 5D-E). Both groups made
significantly more active contacts and showed longer durations of contact with stranger
mouse 1 during session | (Main effect p<.002 by two—way ANOVA; p=0.003 and p=0.03 for
control and PLX3397 treated mice, respectively; Main effect p<.0001 by two-way ANOVA,;
p=0.0008 and p=0.008 for duration of active contacts during session I in control and
PLX3397 treated mice, respectively) and with stranger mouse 2 during session Il. (Main
effect p<.02 by two—way ANOVA; p=0.002 and p=0.01 for control and PLX3397 treated
mice, respectively). Neither number (p=.23) nor duration (p=.15) of active contacts during
session 1 in control and PLX3397 treated mice reached significance for session Il by two-
way ANOVA. Both control and PLX3397 treated mice spent a similar amount of time in the
chambers during Session I, indicating equal exploration of the maze (not shown).

The effects of systemic microglia depletion via administration of PLX3397 may be transient

In a previous report EIMOre oz 4/(2014) showed that administration of PLX3397 for 21 days
did not affect spatial memory as measured by Barnes maze (Elmore et al., 2014). In this
work, we showed that treatment with PLX3397 for 7 days causes alterations in Barnes maze
performance (Figure 5A). We hypothesized that the effect of microglia depletion on spatial
memory is a transient one and that therefore EImore et al missed it by testing at a later time
point. To test this, another group of wild-type mice were fed with PLX3397- or control-
chow for 21 days. Barnes maze testing began on day 21 and the animals remained on their
respective chow till the end of the experiment. Brains from experimental and control groups
were sectioned and DAB-stained for Iba-1. Microglia present in the hippocampus were
counted using bright field images from three comparable sections per biological replicate.
Supplemental Figure 5A-B shows depletion of microglia in the brain with PLX3397
treatment (p=0.0114). As shown in Figure 6A, PLX3397-treated mice performed similarly
compared to control animal in the Barnes maze, indicating that the alterations in spatial
memory observed previously with microglia depletion for 7 days may be transient, and that
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long term microglia depletion does not necessarily worsen spatial memory task
performance. Mice treated with PLX3397 for 21 days had similar numbers of photobeam
breaks and total rearings compared to control animals (Figure 6B—C, p=0.0941 and
p=0.2828, repectively), indicating good overall health in both groups. They also performed
similarly to control animals in the Rotorod test (Figure 6D, p=0.8683), further supporting
the lack of motor deficits in these mice. These last findings are in agreement with those of
Elmore et al who found no motor defects in animals fed with PLX3397 for 21 days (EImore
etal., 2014).

Numbers of astrocytes were not altered by microglia depletion via Csf1R inhibition

We have shown alterations in Barnes maze performance in mice after microglia depletion
both after clodronate treatment and after Csf1R inhibition. In both models of depletion
astrocytes display an activated morphology, supporting a possible inflammatory reaction
caused by dying microglia. To address whether the alterations in Barnes maze performance
are due to an inflammatory response elicited by dying cells rather than to loss of microglia
per se, another group of mice were treated with PLX3397 and numbers of hippocampal
astrocytes were quantified at a time point at which behavior differences were observed in
Barnes maze (day 10 after ongoing treatment with PLX3397) Figure 7A-D show similar
numbers of astrocytes between control and PLX3397 treated animals at day 10 after ongoing
treatment with PLX3397 indicating that the behavioral changes observed are not likely to be
the product of inflammation caused by microglia cell death.

Iba-1* cells replenished the brain, after discontinuation of Csf1R inhibition, and reversed
the effect of microglia depletion on spatial memory

Another group of mice were fed PLX3397 or control chow for 7 days to deplete microglia.
The mice were then returned to their normal diet for 14 days as previously described
(Elmore et al., 2014). Brains from experimental and control groups were sectioned and
fluorescently stained for Iba-1, GFAP, and NeuN and DAB-stained for Iba-1. Microglia
present in the hippocampus were counted using bright field images from three comparable
sections per biological replicate. Supplemental Information Figure 6A and 6B shows
complete replenishment of Iba-1* microglia in the brain. This new microglia population
displays an activated morphology although there was no significant difference in cell
numbers (p=0.8381). Similarly, GFAP™* displayed thickened processes. NeuN* neurons
remained comparable to the control treatments (Supplemental Information Figure 4).

Another group of mice were treated as above and tested in the Barnes maze and in the open
field at day 14 after discontinuation of Csf1R inhibition. Control and PLX3397 treated mice
had similar latencies to find the escape box (Figure 5F, p=0.27 and p= 0.33 for days 3 and 4,
respectively). Control mice made significantly more visits to holes prior to entering the
escape box on day 2 (data not shown, p=0.007), consistent with a trend towards slightly
higher activity levels in the open field test (Figure 5G—-H, p=0.37 and p=0.78 for total
photobeam breaks and rearings, respectively).
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4. DISCUSSION

In this study we used two methods of microglia depletion, one ablating microglia locally at
its site of administration (clodronate in the hippocampus), and one systemic (PLX3397).
Both methods were effective in depleting microglia as shown by the quantification analysis.
We further show that microglia are dynamic modulators of performance in the Barnes maze,
a task known to be sensitive to hippocampal disturbance. Since the animals showed normal
levels of activity when tested in the open field anxiety-like behavior, hyper or hypo-activity,
motor defects, and changes in temperament are unlikely explanations for the altered spatial
task performance.

Our results are consistent with other studies indicating a role for immune cells in learning
and memory. Mice lacking the chemokine receptor CX3CR1 display a temporary reduction
of microglia concomitant with deficient synaptic pruning and deficits in social behavior and
spatial learning (Rogers et al., 2011; Zhan et al., 2014). CX3CR1ERT3 Cre mice show
reduced spine remodeling along with memory impairments in auditory-fear conditioning and
object recognition (Parkhurst et al., 2013). Mice deficient in Fractalkine (CX3CL1), a
chemokine that directs microglia towards developing synapses (Hoshiko et al., 2012),
reduces performance in contextual fear conditioning and cued fear conditioning (Rogers et
al., 2011). Lack of microglial receptor CCR2 accelerates the appearance of memory deficits
in models of Alzheimer’s disease (EI Khoury et al., 2007; Naert and Rivest, 2011). Lastly,
mice deficient in CNS-specific T cells exhibit deficits in spatial learning (Kipnis et al., 2004;
Ziv et al., 2006), and immune deficiency in mice causes a spatial memory defect that can be
rescued by immune reconstitution (Ron-Harel et al., 2008).

We found alterations in spatial learning in mice after ongoing administration of PLX3397
for 7 days but not in mice treated for 21 days. This is in agreement with a previous study that
reported no changes in spatial memory in animals treated with PLX3397 for 21days (Elmore
etal., 2014). It is conceivable that the alterations in spatial memory we observed after 7 days
of Csf1R inhibition are simply transient and not present when Csf1R inhibition is
maintained for a longer period.

We also show social behavior alterations with ablation of microglia via clodronate. This is in
agreement with other studies that have linked reduced microglial density with reduced
sociability (Prinz and Priller, 2014; Zhan et al., 2014). However, systemic microglia
depletion did not affect sociability presently. One explanation for the differences in
behavioral responses between the two models is that systemic Csf1R inhibition affects
different cell populations such as perivascular and meningeal macrophages. In addition,
systemic microglia depletion compromises additional areas of the brain that have a role in
the regulation of social behavior, other than the hippocampus, such as the prefrontal cortex
(Szczepanski and Knight, 2014) and the amygdala (Felix-Ortiz and Tye, 2014).

Another reason for this difference is the fact that behavior was assessed at different time
points (7 days after systemic depletion onset versus evaluation during the first days after
localized clodronate administration). The differences in social behavior were observed on
day 2 post clodronate injection, a time point at which microglia are in the process of dying.
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The same social behavior test was conducted in mice with systemic microglia depletion on
day 7 when most microglia were depleted. Therefore, we cannot discard the possibility that
dying microglia in the clodronate model cause an inflammatory response which in turn
causes changes in behavior. In both models of depletion astrocytes display an activated
morphology, further supporting a possible inflammatory reaction caused by dying microglia.
We addressed this last point by quantifying numbers of astrocytes in brain sections from
mice fed PLX3397 for 10 days. This time point corresponds to day 4 of Barnes maze testing.
We observed similar numbers of astrocytes in control and PLX3397 treated animals which
might indicate that the alterations in Barnes maze performance we observed are due to loss
of microglia and not to an astrocyte-driven inflammatory reaction caused by dying cells.
Consistent with our findings, EImore et al did not find significant changes in the numbers of
GFAP™ or S100* astrocytes after PLX3397 treatment, although they reported a significant
increase in GFAP and S100 protein levels with Csf1R inhibition (EImore et al., 2014). In
contrast, Bruttger et al observed significant astrogliosis as well as a marked increase in
chemokine production after microglia ablation (Bruttger et al., 2015). These studies used
different models of microglia depletion, which could account for the difference in outcome.

We found that Ibal* cells can repopulate the brain, consistent with previous studies (EImore
etal., 2015; Elmore et al., 2014; Varvel et al., 2012). In the case of clodronate treatment,
microglia numbers return to control levels and the alterations in Barnes maze exploration
and social behavior are reversed, consistent with an active role for microglia in regulating
these behaviors. Withdrawal of the Csf1R inhibitor reverses the effects on spatial memory
task performance and causes microglia to return to control numbers. It was recently shown
that microglial repopulation in the Csf1R inhibition model does not affect motor behavior or
cognition in mice, indicating that the nature of the newly repopulated microglia is similar to
that of the resident cells (EImore et al., 2015). In the case of Csf1R inhibition, microglial
repopulation occurs from the proliferation and differentiation of Nestin* progenitors, rather
than infiltration of circulating cells (EImore et al., 2014). This is in agreement with studies
that have shown the capacity of microglia to self-renew (Ajami et al., 2007; Hashimoto et
al., 2013).

In our study local microglia ablation led to behavior phenotypes that evoke comparison to
several neuropsychiatric disorders. Postmortem studies have described reduced glia
numbers, including astrocytes and oligodendrocytes, in cortical regions in depressed
individuals (Banasr and Duman, 2008; Raison et al., 2006; Rajkowska and Miguel-Hidalgo,
2007). Cancer or hepatitis C patients who receive therapy with immune stimulators such as
IFN-a or IL-2, develop major depression (Raison et al., 2006). Exposure to LPS leads to
symptoms of depression in both healthy and experimental animals (Yirmiya et al., 2001).
The anti-depressant effect of microglia stimulation was shown in a model of stress-induced
depression in which numbers of microglia drastically decrease as the depression develops
(Kreisel et al., 2014). Microglia numbers went back to normal and the depression-like
symptoms disappeared after treatment with GM-CSF.

We provide evidence that microglia can dynamically modulate behavior and that they thus
play an important physiological role in the CNS. However, the mechanism through which
microglia affect learning and social behavior is not well defined. It has been suggested that
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microglia-derived BDNF has a role in memory consolidation and that glial cell loss
correlates with depression-like behavior (Bambah-Mukku et al., 2014; Parkhurst et al., 2013;
Rajkowska and Miguel-Hidalgo, 2007). In light of what is known about modulation of
synaptic activity by microglia, our findings suggest that disruption of communication
between neurons and microglia contributes to these behavioral outcomes and represents a
disturbance of normal functioning.
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Highlights
Local hippocampal microglial depletion alters learning and social behavior
Systemic microglia depletion alters learning but not social behavior

These behavioral changes are reversed upon microglial repopulation
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Figure 1. Hippocampal depletion of microglia by clodronate
(A) Brain sections stained for Iba-1 (top panel), cresyl violet (middle panel), and GFAP

(bottom panel) 5 days after clodronate injection. n=9 per group. Scale bar = 100um. (B)
Numbers of microglia were quantified in three sections per biological replicate. n= 3-4 per
group. Data are shown as mean + SEM. ** p<0.005
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Figure 2. Hippocampal depletion of microglia by clodronate results in alterations in spatial
learning and deficits in social behavior

(A) Mice were tested in the Barnes maze for five consecutive days starting at day 1 post
injection. The time taken by the mice to find the escape box is shown. n=9 per group. (B-C)
The locomotor activity of the mice was assessed on day 5 after clodronate injection using
the open field activity test. n=9-13 per group. (D-E) Mice were tested for five consecutive
days on the Crawley’s sociability test starting at day 1 post injection. Day 2 of testing is
shown. n= 8-6 per group. Data are shown as mean + SEM. *P<0.05.
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Figure 3. Repopulation of the hippocampus by microglia
(A) Brain sections stained for Iba-1 (top panel), cresyl violet (middle panel), and GFAP

(bottom panel) 20 days after clodronate injection. n=4 per group. Scale bar = 100um. (B)
Numbers of microglia were quantified in three sections per biological replicate. n= 3 per
group. Data are shown as mean + SEM.
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Figure 4. Repopulation of the hippocampus by microglia reverses the behavioral effects observed

with microglia depletion

(A) Mice were tested in the Barnes maze for five consecutive days starting on day 20 post
injection. The time to find the escape box is shown. n=4 per group. (B—C) Locomotor
activity was assessed on the last day of Barnes maze testing using the open field activity test.
n=7 per group. (D-E) Social behavior was measured using the Crawley’s sociability test.
n=5-8 per group. Data are shown as mean + SEM. ** p<0.005, ***P<0.0001.
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Figure 5. Systemic microglia depletion recapitulates the effects on spatial memory observed with
localized hippocampal depletion, and microglial repopulation of the brain reverses the
performance in the Barnes maze

(A) Barnes maze test was conducted for 5 consecutive days one week after administration of
PLX3397. The time taken by the mice to find the escape box is shown. n=13 per group. (B—
C) The locomotor activity of the mice was assessed using the open field activity test on the
last day of Barnes maze testing. n=13 per group. (D-E) Social behavior was tested using the
Crawleys’s sociability test on the last day of Barnes maze testing. n=7-13 per group. Data
are shown as mean + SEM. *p<0.05, ** p<0.01, *** p<0.001. (F) C57BL/6 mice were fed
control or PLX3397-chow for 7 days. They were then returned to their regular diet for 14
days and tested on the Barnes maze. The time taken to find the escape box is shown. n=8-13
per group. (G—H) Locomotor activity was assessed using the open field activity test on the
last day of Barnes maze testing. n=8-13 per group. Data are shown as mean + SEM.
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Figure 6. Systemic microglia depletion via administration of PLX3397 may lead to temporary
alterations in spatial memory

(A) Barnes maze test was conducted for 5 consecutive days 21 days after administration of
PLX3397. The time taken by the mice to find the escape box is shown. n=5-7 per group.
Data are shown as mean = SEM. ** p<0.01 (B—C) The locomotor activity of the mice was
assessed using the open field activity test on the last day of Barnes maze testing. n=5-7 per
group. (D). Lower and upper limb strength was measured in the Rotorod on the last day of
Barnes maze testing. n=5-7 per group. Data are shown as mean + SEM.
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Figure 7. Astrocyte numbers between control and PLX-3397-treated animals are similar at a
time point at which differences in Barnes maze performance were observed

(A-B) Mice were fed with PLX3397 or control chow for 10 days. Brain sections were
stained for Iba-1 and hippocampal microglia were quantified in three sections per biological
replicate. n=3 per group. (C-D) Mice were fed with PLX3397 or control chow for 10 days.
Brain sections were stained for GFAP and hippocampal astrocytes were quantified in three
sections per biological replicate. n=3 per group. Data are shown as mean + SEM. ** p<0.01.
Scale = 100um.
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