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induced hyperactivity associated with regulating
inflammation-related genes in the brain
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ABSTRACT

Acute administration of MK-801 (dizocilpine), an N-methyl-
D-aspartate receptor (NMDAR) antagonist, can establish
animal models of psychiatric disorders. However, the roles
of microglia and inflammation-related genes in these
animal models of psychiatric disorders remain unknown.
Here, we found rapid elimination of microglia in the
prefrontal cortex (PFC) and hippocampus (HPC) of mice
following administration of the dual colony-stimulating
factor 1 receptor (CSF1R)/c-Kit kinase inhibitor PLX3397
(pexidartinib) in drinking water. Single administration of
MK-801 induced hyperactivity in the open-field test (OFT).

Importantly, PLX3397-induced depletion of microglia
prevented the hyperactivity and schizophrenia-like
behaviors induced by MK-801. However, neither

repopulation of microglia nor inhibition of microglial
activation by minocycline affected MK-801-induced
hyperactivity. Importantly, microglial density in the PFC
and HPC was significantly correlated with behavioral
changes. In addition, common and distinct glutamate-,
GABA-, and inflammation-related gene (116 genes)
expression patterns were observed in the brains of
PLX3397- and/or MK-801-treated mice. Moreover, 10
common inflammation-related genes (CD68, CD163,
CD206, TMEM119, CSF3R, CX3CR1, TREM2, CD11b,
CSF1R, and F4/80) with very strong correlations were
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identified in the brain using hierarchical clustering analysis.
Further correlation analysis demonstrated that the
behavioral changes in the OFT were most significantly
associated with the expression of inflammation-related
genes (NLRP3, CD163, CD206, F4/80, TMEM119, and
TMEM176a), but not glutamate- or GABA-related genes in
PLX3397- and MK-801-treated mice. Thus, our results
suggest that microglial depletion via a CSF1R/c-Kit kinase
inhibitor can ameliorate the hyperactivity induced by an
NMDAR antagonist, which is associated with modulation of
immune-related genes in the brain.
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INTRODUCTION

Rodent models of schizophrenia can be established through
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acute administration of MK-801 (dizocilpine), an N-methyl-D-
aspartate receptor (NMDAR) antagonist (Chen et al., 2022;
Svoboda et al., 2015). Many studies have shown that acute
MK-801 administration can induce hyperlocomotion,
stereotypy, and ataxia in mice and establish animal models of
psychiatric disorders (Bradford et al., 2010; Chen et al., 2022).
Psychiatric disorders are often accompanied by motor
abnormalities and abnormal functional connectivity in the
prefrontal cortex (PFC) and hippocampus (HPC) (Walther
etal., 2017; Wegrzyn et al., 2022).

Postmortem examination of psychiatric patient brains found
an increase in microglial cell densities and a decrease in
microglial arborization (Gober et al., 2022). In clinical trials,
postmortem transcriptional profiling of schizophrenia revealed
increased expression of immune-related genes in the PFC
and HPC (Hwang et al., 2013; Lanz et al., 2019). Furthermore,
recent evidence has shown that microglial disturbances and
abnormal changes in inflammation-related gene expression
are involved in the pathology of psychiatric disorders,
including schizophrenia and depression (Gober et al., 2022;
Lanz etal., 2019; Volk, 2017). However, the neural support
and neuroprotection of microglia and inflammation-related
genes in psychiatric disorders remain unknown.

Colony-stimulating factor 1 receptor (CSF1R) signaling is
necessary for microglial homeostasis and neuronal survival in
the adult brain (Elmore et al., 2014). A previous study on Csf1r
mutant zebrafish revealed that CSF1R regulates microglial
density and distribution but not microglial differentiation in the
brain (Oosterhof etal.,, 2018). PLX3397 (pexidartinib) and
PLX5622, dual CSF1R/c-Kit kinase inhibitors, have been
widely used to eliminate microglia in the brain and
macrophages in the peripheral tissues of rodents through diet,
oral gavage, or intraperitoneal (i.p.) injection (Chen etal,
2022; Elmore et al., 2014; Ma et al., 2020; Najafi et al., 2018).
Microglia can repopulate to normal levels within 7 days of
pharmacologically induced depletion (Elmore etal., 2014).
Moreover, administration of a CSF1R/c-Kit kinase inhibitor
decreases the expression of inflammation-related genes and
proteins in the central and peripheral systems (Elmore et al.,
2014; Lei et al., 2020; Vichaya et al., 2020). However, little is
known about the effects of the CSF1R/c-Kit kinase inhibitor
PLX3397 on MK-801-induced hyperactivity in mice.

Here, we investigated the effects of depletion, repopulation
(forced microglial turnover using PLX3397), and minocycline-
mediated inhibition of microglia on MK-801-induced
hyperactivity in mice. In addition, we explored the correlation
between hyperactivity and microglial density controlled by
PLX3397 treatment. Furthermore, we evaluated the effects of
PLX3397 and MK-801 administration on glutamate-, GABA-,
and inflammation-related gene expression profiles in the PFC
and HPC. Finally, we determined the correlations among
glutamate-, GABA-, and inflammation-related gene expression
levels and MK-801-induced behaviors.

MATERIALS AND METHODS

Animals

Eight-week-old male C57BL/6 mice were purchased from the
Chengdu Dossy Experimental Animals Company (Sichuan,
China). All mice were group-housed in an animal facility under
a 12 h light/dark cycle (lights on at 0800h), with food and
water available ad libitum. All study protocols were approved
by the Animal Care and Use Committee of Sichuan University
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(Approval No.: 2019044A). All efforts were made to minimize
animal suffering and reduce the number of animals used.

Drug administration

Pexidartinib (PLX3397, MedChemExpress, Cat# HY-16749,
USA) was dissolved in 2% dimethyl sulfoxide (DMSO), 0.1%
Tween 80, and 5% sulfobutylether-B-cyclodextrin (SBE-3-CD).
PLX3397 was administered orally in drinking water at 1 mg/mL
(delivering daily doses of approximately 150 mg/kg body
weight). Control mice received vehicle solution (2%
DMSO0/0.1% Tween 80/5% SBE-B-CD/93% water, vol/vol/vol).
All mice were habituated to drink the vehicle solution ad
libitum for 5 days prior to exposure to the PLX3397 solution.
Drinking bottles were filled daily with newly prepared PLX3397
and vehicle solutions. All drinking bottles were manually
shaken once a day for a few seconds. Alternatively, PLX3397
was administered (i.p. injection) in mice at a dose of 50 mg/kg
(12 h intervals). Minocycline (MedChemExpress, Cat# HY-
17412, USA) was dissolved in sterile saline and injected (i.p.)
at a dose of 50 mg/kg. The animals were injected twice a day
with either minocycline or saline for 3 consecutive days before
behavioral testing. MK-801 (Sigma-Aldrich, USA, Cat# M107)
was freshly prepared in sterile saline and injected (i.p.) at a
volume of 0.01 mg/mL. MK-801 (0.1 mg/kg body weight) was
given to each mouse 30 min before behavioral testing. Control
experiments were performed following saline administration.
Administration of PLX3397 and minocycline was stopped 12 h
before behavioral testing.

Behavioral testing

Before behavioral testing, all mice were handled by the
experimenter for 1 min per day for 3 days to allow them to
habituate to experimental manipulation. On the day of testing,
mice were allowed to acclimate to the behavioral testing room
for 1 h prior to behavioral testing. The mice were tested
successively using the open-field test (OFT) 30 min after MK-
801 administration and elevated plus-maze (EPM) test 5 min
after the OFT. All tests were performed between 0900h and
1700h under dim light. The recorded videos were analyzed
using EthoVision (v12.0) tracking software (Noldus,
Netherlands).

Open-field test: At 30 min after MK-801 administration, the
mice were subjected to the OFT to evaluate locomotor
exploration, as described previously (Ni etal., 2020, 2022).
The open-field apparatus was a square arena (40 cmx40
cmx35 cm) consisting of a white Plexiglas box. Each mouse
was placed in the corner and permitted to freely explore the
apparatus for 5 min. After each test, the apparatus was
cleaned with 75% alcohol to remove any trace of odor. During
the 5 min test period, total distance moved, time spent in the
center zone, and number of center entries in the OFT were
analyzed using the video tracking system.

Elevated plus-maze test: The mice were subjected to the
EPM to evaluate anxiety-related behavior, as described
previously (Ni et al., 2020, 2022). The EPM was constructed
of a white Plexiglas box with two open arms (30 cmx7 cm,
lengthxwidth) and two closed arms (30 cmx7 cmx16 cm,
lengthxwidthxheight). The maze contained two opposite
closed and open arms set in a plus-shaped configuration
elevated 60 cm above the ground. A video camera was fixed
above the EPM to record movements for analysis. The mice
were individually placed in the center of the maze facing one
of the closed arms, and allowed to freely explore the
apparatus for 5 min. After each test, the apparatus was
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cleaned with 75% alcohol to remove any trace of odor. During
the 5 min test period, the video tracking system was used to
quantify total distance moved, number of arm entries, and time
spent in the open arms.

Prepulse inhibition of startle reflex (PPIl): Mice were
injected with either MK-801 or saline 30 min before the PPI
test. Each mouse was placed into a startle apparatus (Med
Associates Inc., Model ENV-022S, USA) and the PPI test was
conducted as described previously, with several modifications
(Nguyen et al., 2014). A 64 dB background noise was set
throughout the PPI test. The PPI test session consisted of
Block 1 (10 sequential 120 dB trials), Block 2 (40
pseudorandomized startle trials), and Block 3 (10 sequential
120 dB trials). The pseudorandomized startle trials in Block 2
consisted of one of the following five trials: one pulse-alone
trial (120 dB), three prepulse-pulse trials (74, 78, or 86 dB,
followed 100 ms later by a 40 ms, 120 dB noise burst), and
one no-stimulus trial (background noise). Trials were
performed with an intertrial interval of 10-20 s. The
percentage PPl for each acoustic prepulse trial type was
calculated as follows: ((mean startle amplitude of pulse-alone
trials—startle amplitude of prepulse-pulse trial))mean startle
amplitude of pulse-alone trialsx100).

Tissue preparation

One day after behavioral testing or final treatment, the mice
(n=82) were anesthetized using isoflurane (4% for induction
and 2% for maintenance, RWD, Shenzhen, China) and
perfused transcardially with 0.9% saline followed by 4%
paraformaldehyde (PFA) in phosphate buffer (0.1 mol/L, pH
7.4). After perfusion, the brains were removed and postfixed
by immersion in 4% PFA overnight at 4 °C. The brains were
then transferred to 15% sucrose in phosphate-buffered saline
(PBS; 0.1 mol/L, pH 7.4), until the tissues sank, followed by
30% sucrose in PBS. Tissues were frozen and sectioned (40
um) on a cryostat (Minux FS800A, RWD Inc., China), then
stored in cryoprotectant (ethylene glycol, glycerol, and PBS,
3:3:4 by volume; pH 7.4) at —20 °C until use.

Immunohistochemistry

Specificity of the rabbit anti-ionized calcium-binding adaptor
molecule 1 primary antibody (Iba1; #019-19741, Japan, RRID:
AB_839504) has been previously confirmed in rodents
(Vanryzin et al., 2021; Zhao et al., 2019). A series of brain
sections was taken from the PLX3397- and MK-801-treated
mice (240 uym intervals). These sections were processed for
immunohistochemical analysis of Iba1 (microglial marker), as
described previously (Ni et al., 2014). Briefly, the free-floating
sections were rinsed in PBS and treated with 0.3% hydrogen
peroxide (H,0,) and 0.3% Triton X-100 in PBS for 30 min to
quench endogenous peroxidase activity. After incubation with
5% normal goat serum (Solarbio, China) in PBST (PBS
containing 0.3% Triton X-100) for 30 min, the free-floating
sections were immunoreacted with rabbit anti-lba1 antibody
(Wako, #019-19741, at 1:1 000 dilution, RRID: AB_839504) in
PBST containing 5% normal goat serum at 4 °C overnight.
Signal amplification was performed with biotinylated goat anti-
rabbit immunoglobulin G (IgG) (at 1:200 dilution, Vector
Laboratories, USA) in PBST at 37 °C for 1 h and avidin-biotin
peroxidase complex (at 1:200 dilution, Vector Laboratories,
USA) in PBST at 37 °C for 1 h. Finally, chromogen
development was performed with 0.05% diaminobenzidine
(Sigma-Aldrich, USA) in PBST containing 0.03% H,O, and
0.25% nickel ammonium sulfate (Sigma-Aldrich, USA) for 10

min. All sections were mounted on gelatin-coated glass, air-
dried overnight, dehydrated in graded ethanol, treated with
TO-type biological transparentizing agent, and coverslipped
using neutral quick drying glue. All sections were scanned
using a digital whole-slide scanner and viewing software
(NanoZoomer-XR, Japan).

Quantitative real-time polymerase chain reaction (qRT-
PCR)

At 24 h after behavioral testing, brains were quickly removed
from euthanized mice (n=24), followed by excision of the PFC
and HPC. The specific primer sequences used for gqRT-PCR
are listed in Supplementary Table S1 (116 highly expressed
genes in the brain were selected from the 207 glutamate-,
GABA-, and inflammation-related candidate genes) and were
designed according to reference sequences in PrimerBank or
the NCBI database with Primer-BLAST. The primer
sequences were synthesized by Qingke Biotechnology
(China). Total RNA was extracted from the PFC and HPC
using TRIzol reagent and reverse-transcribed into cDNA using
a HiScript Il All-In-One RT SuperMix Perfect for qPCR Kit
(Cat# R333, Vazyme, China). After reverse transcription, qRT-
PCR was carried out using the QuantStudio™ 1 Applied
Biosystem Real-Time PCR System (Thermo Fisher Scientific,
USA). The 20 pL reaction system contained 10 pL of PowerUp
SYBR Green Master Mix (Cat. No. A25742; Applied
Biosystems, USA), 0.5 puL of each primer (forward and
reverse), 4 uL of cDNA template, and 5 pL of nuclease-free
deionized water. Two-step amplification was performed with
denaturation at 95 °C for 3 min, followed by 40 cycles at 95 °C
for 5 s and 60 °C for 30 s, and final elongation at 95 °C for 15
s, 60 °C for 1 min, and 95 °C for 15 s. The relative mRNA
expression levels of selected genes were calculated with the
2788Ct method (Livak &  Schmittgen, 2001), using
hypoxanthine-guanine phosphoribosyltransferase (HPRT) as
an internal reference. Each sample was tested in duplicate.
Experimental group values were normalized to the control

group.

Digital photomicrographs and data quantification
Photomicrographs were captured using a digital whole-slide
scanner (Nanozoomer-XR, Japan). All digital images of brain
sections were adjusted for cropping, brightness/contrast, and
size using Adobe Photoshop CS6 (Adobe Systems, USA).
The image files were processed in TIF format.

For quantitative analysis of the density of Iba1-
immunoreactive (-ir) cell profiles in the PFC and HPC of mice,
at least six sections from each mouse (n=4-5 mice per group)
were selected for study. The density of Iba1-ir cell profiles was
measured at 400x total magnification. Automatic cell counting
was performed to analyze the sections using ImageJ software
(NIH, USA, RRID:SCR_003070) based on previous studies
(Choudhry, 2016; Grishagin, 2015). To avoid oversampling the
same stained cells, the distance between adjacent brain
sections was set to be greater than the diameter of the largest
cells, as per previous study (Coggeshall and Lekan, 1996).
Using ImageJ software, a random-offset grid (400 umx500
pum) was applied to each image. Only grids in the regions of
interest (PFC and HPC) were counted for each section. The
density of Iba1-ir cell profiles was determined from the number
of positive cell profiles per grid. Data from all grids in each
region of each individual animal were pooled.

Statistical analysis
Statistical analysis was performed using SPSS v25 (SPSS,
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USA, http://www-01.ibm.com/software/uk/analytics/spss/,
RRID: SCR_002865). All results are expressed as
meanzstandard error of the mean (SEM). For normally
distributed data, group differences in behavioral measures
were tested using one-way or two-way analysis of variance
(ANOVA), followed by Bonferroni’'s post hoc test. For non-
normally distributed data, group differences were compared
using the Kruskal-Wallis H test with Bonferroni correction in
pairwise analyses. Multivariate analysis of covariance,
followed by Bonferroni’s post hoc test was performed for gene
expression. Spearman correlation analysis (r and P-values)
between gene expression and behavioral changes or between
two genes was calculated using SPSS v25. Relationships
between microglial density and behavioral changes were
assessed using Pearson correlation analysis. Hierarchical
clustering analysis and heatmap generation were performed
using the pheatmap package in R. Effect size was calculated
using Cohen’s d. Significance was set at P<0.05. Data were
plotted using GraphPad Prism (GraphPad Software, USA,
RRID: SCR_002798).

RESULTS

Microglial depletion in PFC and HPC with administration
of PLX3397 in drinking water

To determine the time course of the effects of the CSF1R/c-Kit
kinase inhibitor (PLX3397) on microglia number in adult
mouse brains, we treated 8-week-old mice with PLX3397 in
drinking water (1 mg/mL) for 0, 7, 14, or 21 days (Figure 1A).
Representative microphotographs of Iba1 immunostaining
revealed a rapid time-dependent reduction in microglial
density in the PFC and HPC (Figure 1B-G), with a 60% and
50% reduction, respectively, 7 days after PLX3397
administration (Figure 1D; F(3, 16)=33.021, P<0.001;
Figure 1G; F(3, 16)=27.196, P<0.001) and a 95% and 93%
reduction, respectively, 21 days after PLX3397 administration
(Figure 1D, G).

PLX3397-mediated microglia depletion mitigates MK-801-
induced hyperactivity and schizophrenia-like behaviors in
mice

Administration of a low concentration of MK-801 increased the
total distance moved in the OFT, whereas a high
concentration decreased the total distance moved (Figure 2A;
F(4, 60)=15.20, P<0.001). As shown in the line graph, single
administration of MK-801 (0.1 mg/kg) regulated the total
distance moved by mice in a time-dependent manner
(Figure 2B). Behavioral tests were performed 30 min after
single administration of MK-801 (Figure 2C). PLX3397
administration led to >70% depletion of microglia in the PFC
and HPC and affected microglial morphology within 14 days
(Figure 2D-F; Supplementary Figure S1). Quantitative
analysis revealed that MK-801 significantly increased the total
distance moved in the OFT (Figure 2G, H; PLX3397: (F(1,
44)=0.016, P>0.05), MK-801: (F(1, 44)=32.766, P<0.001),
PLX3397xMK-801 interaction: (F(1, 44)=0.426, P>0.05)), time
spent in the central area (Figure 2I; PLX3397: (F(1,
44)=6.253, P<0.05), MK-801: (F(1, 44)=24.061, P<0.001),
PLX3397xMK-801 interaction: (F(1, 44)=6.209, P<0.05)),
frequency of entries into the central area (Figure 2J; PLX3397:
(F(1, 44)=6.794, P<0.05), MK-801: (F(1, 44)=38.996,
P<0.001), PLX3397xMK-801 interaction: (F(1, 44)=6.239,
P<0.05)), time spent in the open arms (Figure 2K-L; PLX3397:
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(F(1, 44)=1.994, P>0.05), MK-801: (F(1, 44)=27.527,
P<0.001), PLX3397xMK-801 interaction: (F(1, 44)=6.089,
P<0.05)), frequency of entries into the open arms (Figure 2M;
Kruskal-Wallis H test, H=27.108, P<0.001), and total distance
moved in the EPM (Figure 2N; PLX3397: (F(1, 44)=3.152,
P>0.05), MK-801: (F(1, 44)=45.176, P<0.001), PLX3397xMK-
801 interaction: (F(1, 44)=10.761, P<0.01)), while
pretreatment with PLX3397 for 14 days significantly reversed
these changes (Figure 2I-N). In addition, administration of
PLX3397 in drinking water reversed the total duration of
immobility (velocity<1.75 cm/s) induced by a single injection of
MK-801 (Figure 20; PLX3397: (F(1, 44)=1.088, P>0.05), MK-
801: (F(1, 44)=30.544, P<0.001), PLX3397xMK-801
interaction: (F(1, 44)=9.138, P<0.01)). In the PPI test,
depletion of microglia after PLX3397 administration
significantly increased the MK-801-induced decrease in the
percentage of PPl at 74 and 78 dB but not at 86 dB
(Figure 2P; P<0.05). Elimination of microglia reversed the MK-
801-induced increase in startle amplitude (Figure 2Q; F(3,
40)=3.552, P<0.05).

Repopulation of microglia does not affect hyperactivity
induced by MK-801

To determine the time course of the effects of PLX3397
withdrawal on microglia number in the PFC and HPC, we
treated 8-week-old mice with PLX3397 in drinking water
(1 mg/mL) for 14 days, followed by PLX3397 withdrawal for 1,
3, 7, 14, or 21 days (Supplementary Figure S2A). Iba1
staining of the PFC and HPC showed that microglial density
increased markedly after 7 days compared to 1 day of
PLX3397 withdrawal (Supplementary Figure S2B-G; PFC:
F(5, 20)=34.189, P<0.001; HPC: F(5, 20)=11.794, P<0.001). A
similar number of microglia in the PFC and HPC was
observed at 7, 14, and 21 days after PLX3397 withdrawal
(Supplementary Figure S2D, G). Adult mice were treated with
PLX3397 in drinking water for 14 days to eliminate microglia in
the brain and then with drinking water for 21 days to allow
microglial repopulation (Figure 3A). In the OFT and EPM, mice
treated with MK-801 showed a significant increase in total
distance moved (Figure 3B, C; PLX3397 withdrawal: (F(1,
36)=0.971, P>0.05), MK-801: (F(1, 36)=23.125, P<0.001),
PLX3397 withdrawalxMK-801 interaction: (F(1, 36)=1.450,
P>0.05)), time spent in the central area (Figure 3D; PLX3397
withdrawal:  (F(1, 36)=0.086, P>0.05), MK-801: (F(1,
36)=11.507, P<0.01), PLX3397  withdrawalxMK-801
interaction: (F(1, 36)=0.498, P>0.05)), frequency of entries
into the central area (Figure 3E; Kruskal-Wallis H test,
H=15.008, P<0.01), time spent in the open arms (Figure 3F;
PLX3397 withdrawal: (F(1, 36)=0.149, P>0.05), MK-801: (F(1,
36)=15.106, P<0.001), PLX3397 withdrawalxMK-801
interaction: (F(1, 36)=0.005, P>0.05)), and frequency of
entries into the open arms (Figure 3G; Kruskal-Wallis H test,
H=22.553, P<0.01) compared to the control group, whereas
no differences in behavior were observed in the microglia-
repopulated mice  (PLX3397-repopulation, PLX-repo)
compared to the MK-801-treated mice. Furthermore, no
significant differences were found in microglial density among
the four groups (Figure 3H-J).

Minocycline-mediated inhibition of microglial activation
does not affect hyperactivity induced by MK-801
To investigate the effects of minocycline, an inhibitor of
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Figure 1 CSF1R inhibition by pexidartinib (PLX3397) rapidly depletes microglia from the adult mouse brain

A: Schematic of experimental design. B-G: Representative images show microglial changes (Iba1 immunoreactivity, microglial marker) in PFC (B,
C) and HPC (E, F) after PLX3397 (1 mg/mL in drinking water) administration for 0, 7, 14, or 21 days. Quantification of microglial density in PFC (D)
and HPC (G) after PLX3397 administration for 0, 7, 14, or 21 days (n=5 for each time point). Statistical analyses were performed via one-way
ANOVA with Bonferroni's post hoc test. ”: P<0.01 compared to 0 days. Density of black dots represents relative density of Iba1-ir cells in the brain.
Each dot represents approximately two Iba1-ir cells. Scale bars: 1 000 uym in B, E; 50 um in C; 100 pym in F.

microglial activation, on MK-801-induced hyperactivity, we
injected (i.p.) minocycline (50 mg/kg) and MK-801 (0.1 mg/kg)
into mice (Supplementary Figure S3A). MK-801 administration
significantly  increased the total distance  moved
(Supplementary Figure S3B, C, minocycline: (F(1, 44)=1.667,
P>0.05), MK-801: (F(1, 44)=57.681, P<0.001),
minocyclinexMK-801 interaction: (F(1, 44)=0.405, P>0.05)),
time spent in the central area (Supplementary Figure S3D,
minocycline: (F(1, 44)=0.001, P>0.05), MK-801: (F(1,

44)=18.212, P<0.001), minocyclinexMK-801 interaction: (F(1,
44)=0.501, P>0.05)), frequency of entries into the central area
(Supplementary Figure S3E, Kruskal-Wallis H test, H=27.991,
P<0.001), time spent in the open arms (Supplementary Figure
S3F, minocycline: (F(1, 44)=0.692, P>0.05), MK-801: (F(1,
44)=17.974, P<0.001), minocyclinexMK-801 interaction: (F(1,
44)=2.358, P>0.05)), and frequency of entries into the open
arms (Supplementary Figure S3G, Kruskal-Wallis H test,
H=20.754, P<0.001) compared to the control group, with these
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Figure 2 Depletion of microglia by CSF1R inhibitor PLX3397 mitigates anxiolytic- and schizophrenia-like behaviors induced by NMDA
receptor antagonist MK-801 (dizocilpine) in mice

A: Total distance moved in open-field box 30 min after single injection of MK-801 (0, 0.01, 0.05, 0.1, or 0.5 mg/kg). B: Total distance moved in open-
field box before and after single injection of MK-801 (0.1 mg/kg) or saline. C: Schematic of experimental design. D—F: Photomicrographs of Iba1-ir
staining of PFC (D) after single injection of MK-801 or saline with PLX3397 (PLX) or vehicle pretreatment, respectively, for 14 days. Quantification
of microglial density in PFC (E) and HPC (F) after PLX and/or MK-801 administration (n=5 for each group). G: Heatmaps showing cumulative
duration spent by each group within the compartment during OFT. Dashed lines represent central areas. H: Total distance moved by each group in
the box during 5 min OFT. I: Time spent by each group in the central area. J: Comparison of frequency of entries into central area of open-field
among four groups after PLX and/or MK-801 administration. K: Representative tracks of PLX- and/or MK-801-treated mice during 5 min EPM test.
Dashed lines represent open arms. L: Time spent in open arms during 5 min EPM test among four groups. M: Frequency of entries into open arms.
Statistical analyses were performed using Kruskal-Wallis H test with Bonferroni’s post hoc test. ”: P<0.01. N: Total distance moved by each group in
the maze. O: Total duration of immobility (velocity<1.75 cm/s) of PLX- and/or MK-801-treated mice in the maze during 5 min EPM test. P, Q:
Depletion of microglia with PLX3397 attenuates MK-801-induced deficits in percentage PPI (% PPI) of acoustic startle reflex (P) and startle
amplitude (Q). Statistical analyses were performed via two-way ANOVA or Kruskal-Wallis H test with Bonferroni’s post hoc test (n=12/group). N.S.:
Not significant; : P<0.05; ”: P<0.01. MK, MK-801; PLX-depl, PLX3397 depletion; Sal, saline; Veh, vehicle. Scale bars: 50 um in A; 100 um in C.

behavioral changes not reversed by minocycline pretreatment mice pretreated with PLX3397 for 0, 4, 8, 10, or 12 days, we
(Supplementary Figure S3C-G). investigated the correlation between microglia and behaviors

in the OFT and EPM. In the OFT, PLX3397-controlled lba1-ir
Association of hyperactivity with microglial density in  cg|| density in the PFC and HPC was positively correlated with
PFC and HPC total distance moved (Figure 4A, r=0.599, P<0.01; Figure 4l,

Based on the variability in microglial density in the brains of r=0.672, P<0.01) and negatively correlated with total duration
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Figure 3 Repopulation of microglia after removal of CSF1R inhibitor PLX3397 has no effect on anxiolytic-like behaviors induced by
NMDA receptor antagonist MK-801 in mice

A: Schematic of experimental design. B: Example tracks of PLX- and/or MK-801-treated mice during 5 min OFT. Dashed lines represent central
areas. C: Total distance moved by each group in the box during 5 min OFT. D: Time spent by each group in central area. E: Comparison of
frequency of entries into central area of open-field among four groups after PLX3397 (PLX) and/or MK-801 administration. F: Time spent in open
arms during 5 min EPM test among four groups. G: Frequency of entry into open arms by each group after PLX and/or MK-801 administration. H:
Photomicrographs of Iba1-ir staining in PFC after single injection of MK-801 or saline with PLX3397 (1 mg/mL in drinking water) or vehicle
administration for 14 days, followed by PLX3397 or vehicle withdrawal for 21 days. I, J: Quantification of microglial density in PFC (I) and HPC (J)
after PLX and/or MK-801 administration (n=4/group). Statistical analyses were performed via two-way ANOVA or Kruskal-Wallis H test (E, G) with
Bonferroni’s post hoc test (n=10/group). N.S.: Not significant; : P<0.01. MK, MK-801; PLX-repo, PLX3397-repopulation; Sal, saline; Veh, vehicle.
Scale bars: 50 ym in H.

of immobility (Figure 4B, r=-0.570, P<0.05; Figure 4J, Effects of PLX3397 and MK-801 administration on
r=-0.681, P<0.01). However, no correlation was found glutamate- and GABA-related gene expression profiles in
PFC and HPC

To test the effects of PLX3397 and MK-801 administration on
glutamate- and GABA-related gene expression profiles in the
brain, we injected (i.p.) PLX3397 (50 mg/kg) and MK-801
(0.1 mg/kg) into mice (Figure 5A). Based on behavioral

between microglial density and duration or frequency
(Figure 4C, D; Figure 4K-L). In the EPM test, a similar
correlation between microglial density in the PFC and
behavior was observed (Figure 4E-H). Additionally, Iba1-ir
cgll density in the.HPC was positively Correlatgd with totgl analysis, the MK-801-treated mice showed a significant
distance moved (Figure 4M, r=0.656, P<0.01), time spent in increase in total distance moved and frequency of entries into
the open arms (Figure 40, r=0.481, P<0.05), and frequency of the central area and a significant decrease in total duration of
entries into the open arms (Figure 4P, r=0.579, P<0.01), but immobility compared to the control group, whereas PLX3397
negatively correlated with total duration of immobility treatment reversed these effects in the MK-801-treated mice
(Figure 4N, r=-0.691, P<0.01). (Figure 5B, F(3, 20)=11.691, P<0.001; Figure 5C, F(3,
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Figure 4 Correlation between microglial density in the brain and anxiolytic-like behaviors in mice

A-H: Correlation between Iba1-ir cells in PFC and behaviors in OFT (A: Total distance; B: Cumulative duration of immobility; C: Center duration; D:
Frequency of entries into central area) and EPM test (E: Total distance; F: Cumulative duration of immobility; G: Time spent in open arms; H:
Frequency of entries into open arms). |-P: Correlation between Iba1-ir cells in HPC and behaviors in OFT and EPM. Correlation coefficients (r) and
P-values were determined using Pearson correlation analysis (n=19). : P<0.05; ”: P<0.01.

20)=8.156, P<0.001; Figure 5D, P<0.01). gRT-PCR analysis
was used to determine glutamate- and GABA-related gene
expression in different groups (Figure 5E-K; Supplementary
Figure S4). As shown in the graphs, the expression levels of
six genes in the PFC and HPC were significantly affected by
PLX3397 exposure (Figure 5F-K). In the PFC, 20 of the 38
tested target genes were significantly up-regulated in the
PLX3397-treated mice, while only five genes were significantly
up-regulated in the MK-801-treated mice (Figure 5E-I). In the
HPC, nine of the 36 tested target genes were significantly up-
regulated and one was significantly down-regulated in the
PLX3397-treated mice, whereas four genes were significantly
up-regulated in the MK-801-treated mice (Figure 5E, J, K).
Furthermore, in the MK-801-treated mice, PLX3397
administration significantly up-regulated the mRNA expression
levels of six genes (Gria2, Gria3, Gad1, Sic1a2, Grm1, and
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Grin2a) in the PFC but only significantly up-regulated the
mRNA expression of VIAAT and down-regulated the mRNA
expression of Grm2 in the HPC (Figure 5E-K). We also
performed correlation analysis of these differentially
expressed glutamate- and GABA-related genes in the PFC
and HPC with behaviors (center time and frequency of entries
into the central area in the OFT). However, no correlations
were observed between behaviors and gene expression in the
PFC and HPC (Figure 5L). A correlation matrix was
constructed to show the relationships among the differentially
expressed glutamate- and GABA-related genes in the brain
(Figure 5M).

Effects of PLX3397 and MK-801 administration on
inflammation-related gene expression profiles in the brain

To verify the effects of PLX3397 and MK-801 treatment on
inflammation-related gene expression profiles in the brain, we
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Figure 5 Effects of PLX3397 and MK-801 administration on hyperactivity and levels of glutamate- and GABA-related gene expression in
mouse brains

A: Schematic of experimental design. B-D: Effects of PLX3397 (50 mg/kg) and MK-801 (0.1 mg/kg) administration on total distance moved,
cumulative duration of immobility, and frequency of entries into central area during OFT. E: Heatmaps showing glutamate- and GABA-related gene
expression values in different groups. " compared to Veh+Sal; ": P<0.05; ": P<0.01; # compared to Veh+MK; #: P<0.05; #: P<0.01. F-K: Quantitative
analysis showing effects of PLX3397 pretreatment on MK-induced gene expression in PFC and HPC. Statistical analyses were performed via two-
way ANOVA with Bonferroni’s post hoc test (n=6/group). : P<0.05; ": P<0.01. L: Correlations of differentially expressed glutamate- and GABA-
related gene expression levels in PFC and HPC with behaviors (center duration and frequency of entries into central area in OFT). Color scale
indicates r-value. P-value was calculated using Spearman correlation test with a significance threshold of P<0.05. X-axis is -logso-transformed P-
values (indicated by dotted line of —log4o(P-value)=1.3). M: Heatmap showing pairwise correlations among differentially expressed glutamate- and
GABA-related gene expression levels in PFC (represented by the suffix “_p”) and HPC (represented by the suffix “_h"). Color corresponds to value
of Spearman correlation coefficient, with red and blue indicating positive and negative correlations, respectively. MK, MK-801; PLX-depl, PLX3397
depletion; Sal, saline; Veh, vehicle.
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selected 80 inflammation-related genes with high expression
in the brain. The qRT-PCR data showed inflammation-related
gene expression profiles in the PFC and HPC in the four
groups (Figure 6; all candidate inflammation-related gene
expression profiles, including astrocyte functional genes,
chemokines, colony stimulating factors, complements,
complement factors, cytokines, microglial functional genes,
mitochondrial ~ functional genes, Toll-ike receptors,
transmembrane proteins, and phagocytosis, are shown in
Supplementary Figure S5). The graphs show the expression
levels of 25 genes in the PFC and 25 genes in the HPC that
were the most significantly affected by PLX3397 exposure
(Figure 6A2-A26, B2-B26). In the PFC, 34 of the 80 tested
target genes were significantly up-regulated and 11 were
significantly down-regulated in the PLX3397-treated mice, but
only three genes (IKBKG, CX3CR1, and TMEM119) were
significantly up-regulated in the MK-801-treated mice
(Figure 6A1-A26). In the HPC, 35 of the 78 tested target
genes were significantly up-regulated and 11 were
significantly down-regulated in the PLX3397-treated mice, but
only eight genes were significantly up-regulated in the MK-
801-treated mice (Figure 6B1-B26). Moreover, PLX3397
exposure in the MK-801-treated mice significantly up-
regulated the mRNA expression levels of 23 genes (ATP5A1,
CFB, CXCL12, IL-33, TMEM176a, TMEM176b, TMEM45a,
TMEM59, CCL2, CCL5, CXCL5, CXCL10, CXCL16, TLR2,
TLR3, SERPING, TMEM16a, CSF1, TNFa, IL-1b, IL-4, C2,
and GFAP) and down-regulated the mRNA expression levels
of 12 genes (C1gb, CFH, CSF3R, CSF1R, CX3CR1, CD206,
CD11b, CD68, CD163, F4/80, TREM2, and TMEM119) in the
PFC (Figure 6A1-A26), but significantly up-regulated the
mRNA expression levels of 18 genes and down-regulated
the mRNA expression levels of 16 genes in the HPC
(Figure 6B1-B26).

Association of inflammation-related gene expression
levels in the PFC and HPC with MK-801-induced
behaviors

We performed a correlation analysis to determine the
associations between behavioral performance and levels of
differentially expressed inflammation-related genes
(Figure 6C, D). Significant positive correlations were found
between center time in the OFT and CD206, F4/80, and
TMEM119 expression, as well as between center frequency
and TMEM176a and TMEM119 expression in the PFC
(Figure 6C; Supplementary Figure S6). In the HPC, significant
positive correlations were found between center time and
NLRP3, TMEM119, TMEM176a, F4/80, and CD163
expression, as well as between center frequency and mRNA
expression levels of NLRP3 and CD163 (Figure 6D;
Supplementary Figure S6). Correlation matrices illustrated the
relationships among the differentially expressed inflammation-
related genes in the PFC and HPC (Supplementary Figure
S7). Hierarchical clustering identified distinct sets of
differentially expressed inflammation-related genes with strong
correlations, including 11 genes in the PFC (CD68, CD163,
C1gb, CD206, TMEM119, CSF3R, CX3CR1, TREM2, CD11b,
CSF1R, and F4/80) and 14 genes in the HPC (CX3CR1,
CD68, NLRP3, Iba1, TLR9, CD206, TMEM119, F4/80,
CD11b, CSF1R, CSF3R, TREM2, CD163, and IRF5)
(Supplementary Figure S7A-B). The strongest correlations
were observed between CSF1R and F4/80 in the PFC
(correlation coefficient 0.993; -log4o(P-value)=21.301) and
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between CSF1R and CD11b in the HPC (correlation
coefficient 0.991; -logg(P-value)=19.953) (Supplementary
Figure S7C, D).

DISCUSSION

Our results showed rapid elimination and repopulation of
microglia in the PFC and HPC of mice following administration
and withdrawal of the dual CSF1R/c-Kit kinase inhibitor
PLX3397 in drinking water. Drinking water containing
PLX3397 is cost effective and easily prepared in the
laboratory compared to animal chow containing PLX3397,
which is expensive and needs to be commercially mixed.
Administration of PLX3397 in mice to deplete microglia
prevented hyperactivity and schizophrenia-like behaviors
induced by MK-801. However, both repopulation of microglia
after withdrawal of PLX3397 and inhibition of microglia
activation by minocycline had no effects on hyperactivity
induced by MK-801. Additionally, Ibal-ir cell density in the
PFC and HPC was correlated with behavioral changes in the
OFT and EPM. We also observed common and distinct
glutamate-, GABA-, and inflammation-related gene expression
patterns in the PFC and HPC of PLX3397- and/or MK-801-
treated mice. Results showed no significant correlations
between glutamate- and GABA-related gene expression
changes and center time or frequency in the PLX3397- and
MK-801-treated mice. However, significant correlations were
found between inflammation-related gene expression changes
in the brain and center time and frequency in the OFT.

Mice treated with PLX3397 and PLX5622 using standard
chow diet, oral gavage, intracerebroventricular injection, or i.p.
injection show depleted microglia/macrophages in the brain
(Chen et al., 2022; Elmore et al., 2014; Ma et al., 2020; Najafi
etal., 2018; Zhang et al., 2020). Similarly, in our study, mice
treated with PLX3397-containing drinking water showed a
rapid elimination of microglia in the PFC and HPC. After 7
days of PLX3397 withdrawal, newborn microglia rapidly
repopulated the PFC and HPC. Our data showed that
elimination of microglia in the brain prevented hyperactivity in
the center zone of the OFT and open arms of the EPM, as
well as schizophrenia-like behavior induced by MK-801 in
mice. Consistent with our findings, depletion of microglia by
PLX3397 can block the antidepressant effects of the NMDAR
antagonist ketamine in mice susceptible to chronic social
defeat stress (Yao et al., 2022a). Other studies have reported
an increase in miniature excitatory postsynaptic current
(mEPSC) frequency and decrease in the a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic  acid  (AMPA)/N-methyl-D-
aspartate (NMDA) current ratio in the visual cortex of
PLX3397-treated developing mice (Ma et al., 2020). Recent
evidence has also indicated that microglial depletion with
PLX3397 is associated with a decrease in total and NMDAR-
mediated synaptic transmission in the brain, specifically in
young rodents (Yegla et al.,, 2021). Our study showed that
Grin1 and Grin3a gene expression levels increased in the
brains of PLX3397-treated mice. Blocking NMDAR-mediated
synaptic transmission by MK-801 also increased the
expression of Grin1 and Grin3a. Our findings indicate that
Grin1 and Grin3a may play a key role in NMDAR-mediated
synaptic transmission. These results in the cortex of immature
and adult mice are consistent with other studies examining
gene expression (Smith et al., 2020). These findings suggest
that PLX3397 influences microglia-mediated synaptic
remodeling and pruning by modulating gene expression in the
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Figure 6 Effects of PLX3397 and MK-801 treatment on inflammation-related gene expression profiles in PFC and HPC of mice

A1, B1: Heatmap showing relative expression of inflammation-related genes in PFC and HPC in different groups. " compared to Veh+Sal; ": P<0.05;
“: P<0.01; # compared to Veh+MK; *: P<0.05; #: P<0.01. A2-A26, B2-B26: Quantitative analysis showing effects of PLX3397 pretreatment on MK-
801-induced gene expression profiles in PFC (A2-A26) and HPC (B2-B26). Statistical analyses were performed via two-way ANOVA with
Bonferroni's post hoc test (n=6/group). " P<0.05; ": P<0.01. C, D: Correlations between differentially expressed inflammation-related gene
expression levels in PFC and HPC and behaviors (center duration and frequency of entries into central area in OFT). Color scale indicates r-value.
P-value was calculated using Spearman correlation test with a significance threshold of P<0.05 (n=24). X-axis is —logo-transformed P-values
(indicated by dotted line of —log,o(P-value)=1.3). MK, MK-801; PLX-depl, PLX3397 depletion; Sal, saline; Veh, vehicle.
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brain. An alternative possibility is that NMDAR function is
decreased by PLX3397 exposure in adults, such that MK-801
administration is less effective.

Abnormalities in gut microbiota composition play an
important role in psychiatric disorders (Hashimoto, 2022;
Mcguinness et al., 2022; Yang et al., 2023; Yao et al., 2022b).
Recent research has indicated that PLX5622 can produce
long-lasting abnormalities in the gut microbiota of mice (Yang
etal.,, 2022). Thus, abnormalities in gut microbiota after
PLX3397 treatment may affect MK-801-induced behaviors.

As reported in previous research, MK-801-induced
hyperlocomotion can be significantly attenuated by a single
injection of minocycline (40 mg/kg, 30 min before MK-801
administration) in Std:ddy mice (Zhang etal., 2007), in
contrast with our observations in chronic minocycline-treated
C57BL/6 mice (minocycline administration stopped 12 h
before behavioral testing). Minocycline has a short half-life
(approximately 2 h) in rodents (Fagan etal., 2004) and its
effects had likely disappeared before behavioral testing.

Importantly, we found that microglial density in the PFC and
HPC was significantly correlated with behavioral changes in
the PLX3397- and MK-801-treated mice. Collectively, these
findings indicate that microglia play a major role in MK-801-
induced hyperlocomotion. Microglia are resident macrophages
located in the central nervous system (Ginhoux et al., 2010).
Previous transcriptomic analyses have reported that PLX5622
administration to deplete microglia induces changes in the
expression of inflammatory-, glutamate-, and GABA-related
genes in the PFC of mice (Warden et al., 2020). In the present
study, PLX3397 resulted in a larger number of genes with
altered expression in the PFC than in the HPC. Moreover,
glutamate- and GABA-related gene expression patterns
induced by MK-801 differed between the PFC and HPC.
However, further correlation analysis found no significant
correlations between glutamate- and GABA-related gene
expression and behavioral changes.

Interestingly, immune-related gene expression profiles in
the PFC were similar to those in the HPC of PLX3397- and/or
MK-801-treated mice. The CSF1R/c-Kit kinase inhibitor
reduced the mRNA levels of microglial marker genes (CSF1R,
CX3CR1, and TREM?2) but increased the mRNA levels of
metabotropic glutamate receptor genes (Grm71 and Grm2),
consistent with previous studies (Coleman et al., 2020; Elmore
etal., 2014). Moreover, 10 common inflammation-related
genes (CD68, CD163, CD206, TMEM119, CSF3R, CX3CR1,
TREM2, CD11b, CSF1R, and F4/80) with strong correlations
were identified in the PFC and HPC using hierarchical
clustering analysis. Based on further correlation analysis, the
most significant associations were detected between
behavioral changes in the OFT and mRNA levels of CD206,
F4/80, TMEM119, and TMEM176a in the PFC, and center
time and frequency and NLRP3, TMEM119, F4/80, CD163,
and TMEM176a expression in the HPC. Thus, the present
study revealed that CD163, CD206, F4/80, TMEM119,
TMEM176a, and NLRP3 play important roles in NMDAR
antagonist-mediated hyperactive behavior.

Our study has several limitations. First, further research
using transgenic mouse models is needed to investigate the
functions of the genes correlated with inflammation and their
role in psychiatric disorders, including schizophrenia,
depression, bipolar disorder, anxiety, suicidality, and
Alzheimer’s disease. Second, it remains unclear whether the
inflammation-related effects observed were due to changes in
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the PFC or HPC. Thus, more reliable data may be obtained by
localized application of PLX3397 and MK-801. Third, further
immunohistochemical and western blot analyses are
necessary to confirm whether changes in behaviors and
genes are associated with protein changes in the brain. In
addition, electrophysiological experiments are needed to
determine whether microglial depletion with PLX3397 is
associated with a decrease in NMDAR-mediated synaptic
transmission in the PFC and HPC. Finally, it is unclear which
brain region may serve as an appropriate control that is both
unaffected by PLX3397 and unrelated to the observed
behaviors.

In summary, depletion of microglia with the CSF1R/c-Kit
kinase inhibitor PLX3397 reverses hyperactivity induced by
the NMDAR antagonist MK-801, which is associated with
regulating inflammation-related genes in the PFC and HPC.
Further investigations involving inflammation-related
transgenic mice with microglial NLRP3, CD163, CDZ206,
F4/80, TMEM119, and TMEM176a gene knockout will help to
clarify the functional roles of these genes in psychiatric
disorders, such as schizophrenia.
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