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Abstract: Alzheimer’s disease (AD) is a progressive neurodegenerative disease. In this study,
to investigate the effect of microglial elimination on AD progression, we administered PLX3397,
a selective colony-stimulating factor 1 receptor inhibitor, to the mouse model of AD (5xFAD mice).
Amyloid-beta (Aβ) deposition and amyloid precursor protein (APP), carboxyl-terminal fragment β,
ionized calcium-binding adaptor molecule 1, synaptophysin, and postsynaptic density (PSD)-95 levels
were evaluated in the cortex and hippocampus. In addition, the receptor density changes in dopamine
D2 receptor (D2R) and metabotropic glutamate receptor 5 were evaluated using positron emission
tomography (PET). D2R, tyrosine hydroxylase (TH), and dopamine transporter (DAT) levels were
analyzed in the brains of Tg (5xFAD) mice using immunohistochemistry. PLX3397 administration
significantly decreased Aβ deposition following microglial depletion in the cortex and hippocampus
of Tg mice. In the neuro-PET studies, the binding values for D2R in the Tg mice were lower than
those in the wild type mice; however, after PLX3397 treatment, the binding dramatically increased.
PLX3397 administration also reversed the changes in synaptophysin and PSD-95 expression in the
brain. Furthermore, the D2R and TH expression in the brains of Tg mice was significantly lower
than that in the wild type; however, after PLX3397 administration, the D2R and TH levels were
significantly higher than those in untreated Tg mice. Thus, our findings show that administering
PLX3397 to aged 5xFAD mice could prevent amyloid pathology, concomitant with the rescue of
dopaminergic signaling, suggesting that targeting microglia may serve as a useful therapeutic option
for neurodegenerative diseases, including AD.
Keywords: Alzheimer’s disease; Alzheimer’s disease mice; PLX3397; Aβ pathology; synaptic change;
dopamine D2 receptor; colony-stimulating factor 1 receptor inhibitor
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1. Introduction
Aging of the global population has led to a rapid increase in the incidence of Alzheimer’s
disease (AD), and there is a growing need for an effective therapeutic drug for AD in order to
improve the quality of life of AD patients during old age. AD is a multifactorial neurodegenerative
disease that is characterized by progressive cognitive deterioration along with neuropsychiatric
symptoms and behavioral changes. There is still a lack of clinical diagnostic parameters for living
patients; however, postmortem neuropathologic evaluation has shown that the histopathology of
AD is characterized by brain atrophy, amyloid plaques, neurofibrillary tangles, neuron and synapse
loss, and dystrophic neurites [1]. Amyloid-beta (Aβ) plaques constitute one of the neuropathological
hallmarks of AD and are thought to lead to the neuronal death and synaptic dysfunction that underlie
memory impairment [2]. On the basis of the amyloidogenic hypothesis of AD, much research has been
conducted on novel pharmacotherapies targeting the Aβ peptide cascade [3]. However, this approach
has been unsuccessful in clinical trials, and current research is targeting alternative mechanisms [4].
An increase in the number of reactive microglia is also a key feature of AD [5]. Histopathological studies
have shown that activated microglial cells surround amyloid plaques [6–8]. Microglia are widely
thought to be the key mediators of Aβ clearance in AD [9,10]. However, overwhelming microglial
activation exacerbates AD pathology via causing synaptic loss and inflammatory factor secretion [5].
Therefore, controlling microglial reaction in AD progression could serve as a potential therapeutic
target for AD.
A few studies reported that depleting microglia with a colony-stimulating factor 1 receptor
(CSF1R) inhibitor during the disease process prevented amyloid plaque accumulation in the brains of
AD animal models at an early stage of the disease [11,12]. PLX3397 is an orally bioavailable selective
CSF1R/c-kit inhibitor that crosses the blood–brain barrier [13]. PLX3397 is already in a Phase 3 clinical
study for pigmented villonodular synovitis [14]; however, its therapeutic effects on the late stage of AD
have not yet been investigated. Therefore, in this study, we examined the impact of PLX3397 treatment
during the late stage of the disease, which involves severe Aβ pathology, by using the 5xFAD mouse
model, an AD mouse model.
2. Results
2.1. PLX3397 Alleviated Aβ Pathology in the Cortex and Hippocampus of Aged Tg Mice
To investigate the effect of PLX3397 on a mouse model of AD, 5xFAD mice at the age of
9 months were treated with PLX3397 by daily oral gavage to the mice at 50 mg·kg−1 for 30 days
(Figure 1). Treatment of the Tg mice with PLX3397 (50 mg·kg−1 ·day−1 ) for 1 month effectively
suppressed the microglia in the cortex but did not eliminate them completely (Figure 2A). Oral PLX3397
administration led to a decrease in Aβ deposition in the cortex of the mice. In western blotting
analyses, quantification of full-length amyloid precursor protein (APP-FL), carboxyl-terminal fragment
β (CTFβ), and Aβ expression revealed 33% (APP-FL; Tg + PLX3397 = 0.669 ± 0.056, p = 0.0007),
28% (CTFβ; Tg + PLX3397 = 0.719 ± 0.148, p = 0.038), and 33% (Aβ; Tg + PLX3397 = 0.666 ± 0.053,
p = 0.009) reduction, respectively, in protein levels on using PLX3397 treatment (Figure 2B).
Furthermore, the treated mice showed 42% (Iba-1; Tg + PLX3397 = 1.748 ± 0.206, p = 0.0003) lower
Iba-1 expression in the cortex than the untreated 5xFAD mice (Iba-1; Tg = 3.028 ± 0.269; Figure 2C).
Next, we analyzed the effect of PLX3397 on the hippocampus of aged Tg mice. In the hippocampus,
oral administration of PLX3397 led to lower Aβ load (Aβ; Tg + PLX3397 = 0.624 ± 0.112, p = 0.007)
and lesser microglial activation (Iba-1; Tg + PLX3397 = 1.959 ± 0.356, p = 0.012) compared to those
noted for the vehicle-treated Tg group (Iba-1; Tg = 2.868 ± 0.423; Figure 3A,B).
Because Aβ deposition was significant in the CA1 region, we determined cell layer thickness in
CA1 by performing cresyl violet staining. The thickness in the CA1 region in Tg mice (Tg = 33.75 ± 4.49,
p < 0.0001, WT vs. Tg) was significantly lower than that in wild type (WT) mice (WT = 46.56 ± 1.48) and
the cell layer of the CA1 region was protected by PLX3397 administration (Tg + PLX3397 = 49.86 ± 1.64,
p < 0.0001, Tg vs. Tg + PLX3397; Figure 3C).
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Figure 1. Schematic diagram illustrating the experimental groups and protocol. When the 5xFAD
mice were 9 months old, they were administered PLX3397 (50 mg·kg−1, p.o.) or vehicle for 30 days.
Figure 1. Schematic diagram illustrating the experimental groups and protocol. When the 5xFAD
Then, each group underwent positron emission tomography (PET) imaging
targeting the dopamine
mice were 9 months old, they were administered PLX3397 (50 mg·kg−1 , p.o.) or vehicle for 30 days.
D2 receptor (D2R) and metabotropic glutamate receptor 5 (mGluR5), and histopathological and
Then, each group underwent positron emission tomography (PET) imaging targeting the dopamine D2
molecular analyses were also performed.
Schematic
diagram
the receptor
experimental
groups
and protocol.
receptor
(D2R) and illustrating
metabotropic glutamate
5 (mGluR5), and
histopathological
and molecularWhen
analyses were also performed.
−1

gure 1.
the 5xFAD
ice were 9 months old, they were administered PLX3397 (50 mg·kg , p.o.) or vehicle for 30 day
hen, each group underwent positron emission tomography (PET) imaging targeting the dopamin
2 receptor (D2R) and metabotropic glutamate receptor 5 (mGluR5), and histopathological an
olecular analyses were also performed.

Figure 2. The colony-stimulating factor 1 receptor (CSF1R) inhibitor PLX3397 decreased Aβ levels
and amyloid
precursor protein factor
(APP)1 processing
in the inhibitor
cortex ofPLX3397
5xFAD mice.
(A) Representative
Figure
2. The colony-stimulating
receptor (CSF1R)
decreased
Aβ levels and
immunofluorescent
images (APP)
of Amyloid
β deposits
in red)
and microglia
(Iba-1
in green) in
amyloid
precursor protein
processing
in the(6E10
cortex
of 5xFAD
mice. (A)
Representative
the cortex of 5xFADimages
mice treated
with PLX3397.
indicates
microglia.
Scale
bar = 100
µm,
immunofluorescent
of Amyloid
β depositsArrowhead
(6E10 in red)
and microglia
(Iba-1
in green)
in the
inserted
= 25 µm.
Representative
images
of western
blots and
cortex
of image
5xFADscale
micebar
treated
with (B)
PLX3397.
Arrowhead
indicates
microglia.
Scalequantification
bar = 100 μm,of
expression
levels
of full-length
amyloid-precursor
protein
(APP-FL),
CTFβ,blots
and Aβ
the cortex of WT,
inserted
image
scale
bar = 25 μm.
(B) Representative
images
of western
andinquantification
of
Tg, and Tglevels
+ PLX3397
mice. (C)
Representative images
western blots
and
quantification
of Iba-1
expression
of full-length
amyloid-precursor
proteinof(APP-FL),
CTFβ,
and
Aβ in the cortex
of
expression
cortex lysate
indicated groups.
has been defined
as
WT,
Tg, and in
Tgthe
+ PLX3397
mice. for
(C) the
Representative
imagesStatistical
of westernsignificance
blots and quantification
of Iba# p < 0.05, ## p < 0.01, ### p < 0.001 Tg vs. Tg + PLX3397 group. Error bars
***
p
<
0.001
WT
vs.
Tg;
1 expression in the cortex lysate for the indicated groups. Statistical significance has been defined as
indicate
SDWT
(n =vs.
4/group).
***
p < 0.001
Tg; # p < 0.05, ## p < 0.01, ### p < 0.001 Tg vs. Tg + PLX3397 group. Error bars indicate

SD (n = 4/group).

Int. J. Mol. Sci. 2020, 21, 5553
Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW

4 of 14
4 of 14

Figure 3. PLX3397 decreased Aβ levels and protected the neuronal cell layer in the hippocampus
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To investigate the effect of PLX3397 on synaptic plasticity, we performed neuro-positron emission
tomography (PET) imaging for the neurotransmitter receptors dopamine D2 receptor (D2R) and
metabotropic glutamate receptor 5 (mGluR5). In DA PET, the radiotracers were predominantly
distributed in the striatum whereas in glutamate PET, high radioactivity was detected in the striatum
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and hippocampus. The nondisplaceable binding potential (BPND) values for D2R and mGluR5
in the Tg group were 31% (Tg = 1.683 ± 0.287, p = 0.0142 vs. WT = 2.428 ± 0.558) and 30%
(Tg = 2.201 ± 1.119, p = 0.3268 vs. WT = 3.125 ± 1.027) lower, respectively, than those for the WT group.
However, after PLX3397 administration, the binding values for the Tg + PLX3397 group were 37%
(Tg + PLX3397 = 2.296 ± 0.288, p = 0.0241, Tg vs. Tg + PLX3397) and 16% (Tg + PLX3397 = 2.553 ±
0.914, p = 0.8445, Tg vs. Tg + PLX3397) higher, respectively, than those for the Tg group, although there
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were no significant differences in the BPND values for mGluR5 after PLX3397 treatment (Figure 5).
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To confirm the alteration of the DA system in Tg mice by PLX3397 treatment, we conducted
immunohistochemistry analysis for D2R in the striatum of the mice from the WT, Tg, and Tg + PLX3397
2.3. PLX3397
Protected
the dopamine
System
in±Aged
5xFAD
Mice
groups.
D2R expression
in the Tg(DA)
mice (Tg
= 0.818
0.0757,
p = 0.0187,
WT vs. Tg) was lower than that
in WT mice, and PLX3397 treatment restored these reduced levels to approximately those observed
To investigate
the effect of PLX3397 on synaptic plasticity, we performed neuro-positron
in case of the WT mice (Tg + PLX3397 = 1.108 ± 0.081, p = 0.0017, Tg vs. Tg + PLX3397; Figure 6A),
emission tomography
(PET)
imaging
theFurthermore,
neurotransmitter
receptors
dopamine
D2 receptor
(D2R)
which is consistent
with
the PET for
results.
we analyzed
the tyrosine
hydroxylase
(TH)
and metabotropic
glutamate
receptor
(mGluR5).
IninDA
the(Figure
radiotracers
were
predominantly
and dopamine
transporter
(DAT) 5
expression
levels
thePET,
striatum
6B,C). The
expression
patterns
of
DA
neurons
immunostained
with
TH
were
similar
to
those
of
DA
neurons
immunostained
distributed in the striatum whereas in glutamate PET, high radioactivity was detected in the striatum
with D2R. Tg mice showed significant decreases in TH (Tg = 0.457 ± 0.073, p = 0.0254, WT vs. Tg),
and hippocampus.
The nondisplaceable binding potential (BPND) values for D2R and mGluR5 in the
and PLX3397 prevented this reduction (Tg + PLX3397 = 0.948 ± 0.173, p = 0.0423, Tg vs. Tg + PLX3397).
Tg group However,
were 31%
(Tg = 1.683 ± 0.287, p = 0.0142 vs. WT = 2.428 ± 0.558) and 30% (Tg = 2.201 ± 1.119,
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PLX3397 administration, the binding values for the Tg + PLX3397 group were 37% (Tg + PLX3397 =
2.296 ± 0.288, p = 0.0241, Tg vs. Tg + PLX3397) and 16% (Tg + PLX3397 = 2.553 ± 0.914, p = 0.8445, Tg
vs. Tg + PLX3397) higher, respectively, than those for the Tg group, although there were no significant
differences in the BPND values for mGluR5 after PLX3397 treatment (Figure 5).
To confirm the alteration of the DA system in Tg mice by PLX3397 treatment, we conducted
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Figure 5. Neuro-PET imaging for evaluating dopamine D2 receptor (D2R) and metabotropic glutamate
receptor 5 (mGluR5) expression following PLX3397 treatment. (A) Representative nondisplaceable
Figure
5. Neuro-PET imaging for evaluating dopamine D2 receptor (D2R) and metabotropic
binding potential (BPND) parametric images for WT and Tg mice. Regional brain BPND levels in Tg
glutamate receptor 5 (mGluR5) expression following PLX3397 treatment. (A) Representative
mice after PLX3397 administration are shown. (B) Quantification of BPND for mGluR5 and D2R in
nondisplaceable binding potential (BPND) parametric images
for WT and Tg mice. Regional brain
the WT, Tg, and Tg + PLX3397 groups. * p < 0.05 WT vs. Tg; # p < 0.05 Tg vs. Tg + PLX3397 group.
BPND levels in Tg mice after PLX3397 administration are shown. (B) Quantification of BPND for
Error bars indicate SD (n = 4/group).

mGluR5 and D2R in the WT, Tg, and Tg + PLX3397 groups. * p < 0.05 WT vs. Tg; # p < 0.05 Tg vs. Tg +
PLX3397 group. Error bars indicate SD (n = 4/group).
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Furthermore, PLX3397 effectively suppressed the beta amyloid cascade, including the expression
levels of APP, CTFβ, and Aβ peptides, compared to those observed in case of the vehicle-treated
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It is well known that microglia activation is involved in Aβ clearance via phagocytosis during initial
AD pathology, however, with the progression of the disease, activated microglia elicit detrimental
effects by the overexpression of pro-inflammatory cytokines and decline in Aβ clearance [15,16]. In this
study, we have shown that suppressing reactive microglia by PLX3397 treatment exhibited reduced Aβ
lesions at the late AD stage. It is thought that suppression of microglia does not directly reduce amyloid
accumulation, but it could prevent increases in the accumulation of amyloid by neuroinflammation.
In contrast to some previous studies that investigated the effect of PLX3397 during the early stage
of Aβ formation in young 5xFAD mice [11,12], we administered PLX3397 to aged 5xFAD mice with
severe AD lesions to determine its therapeutic effects at the late stage of AD. Sosna et al. (2018) [11]
showed that 3-month administration of PLX3397 to 2-month-old 5xFAD mice prevented accumulation
of intraneuronal Aβ and formation of neuritic plaques. Spangenberg et al. (2016) [12] reported that
PLX3397 administration to 1.5-month-old 5xFAD mice reduced memory impairment but did not have
any beneficial effects on hippocampal Aβ deposition and Aβ-induced cell death. Moreover, other study
reported that 5.5-month administration of PLX5562, a CSF1R inhibitor, to 5xFAD mice at 1.5 months of
age prevented the amyloid plaque formation but had no beneficial effect on hippocampal dependent
memory [17]. Previous studies have investigated the effect of microglial suppression on the onset and
development of AD but our results have suggested the potential of PLX3397 as a therapeutic agent for
late-stage or advanced AD.
Synaptic plasticity has been known to play an important role in learning and memory,
and dysfunction of synaptic plasticity was demonstrated in AD mice, which were correlated with the
Aβ accumulation [18]. Previous studies have reported that PSD-95 levels were reduced in cultured
APP mutant neurons compared to wild-type neurons [19]. The expression levels of synaptophysin and
PSD-95 were decreased in the mouse model of AD, which were recovered by physical exercise [20].
In the present study, synaptophysin and PSD-95 levels in the brains of vehicle-treated 5xFAD mice
were significantly lower than those in age-matched WT mice. PLX3397 significantly increased the
levels of synaptophysin proteins both in the cortex and hippocampus. In addition, the level of
PSD-95 was reversed after PSD3397 administration in the cortex of 5xFAD mice (Figure 4). To further
investigate the effect of PLX3397 on synaptic plasticity, we analyzed the neurotransmitter receptors
D2R and mGluR5 by PET imaging involving receptor-specific tracers. Glutamate is the most abundant
excitatory neurotransmitter in the central nervous system and regulates learning and memory [21].
mGluR5 dysregulation due to Aβ-synaptic toxicity is related with the early symptoms of cognitive
dysfunction in AD [22,23]. The DA system, especially D2R, is a key player in Aβ pathophysiology and
neuronal plasticity [24,25]. We previously reported the age dependency of mGluR5 expression in 5xFAD
mice at 3, 5, 7, and 9 months of age; we found that 9-month-old 5xFAD mice showed significant decrease
in the mGluR5-binding values in the brain, which was consistent with their memory impairment [26].
In the current study, PET analysis confirmed that the expression of mGluR5 tended to decrease in the
hippocampus and striatum (Figure 5); PLX3397 treatment showed moderate effect with respect to the
protection from the suppression of mGluR5 expression in the hippocampus. Similar to the findings for
the mGluR5 status, the brain uptake and binding values of D2R dramatically decreased in the striatum
of aged 5xFAD mice. However, compared to the vehicle-treated group, in the PLX3397-treated 5xFAD
mice, both uptake and binding of D2R was significantly rescued (Figure 5). Therefore, PLX3397 could
have beneficial effects on neuronal plasticity and may have more effects on D2R than on mGluR5.
However, further studies are warranted to verify the neurophysiological changes in animal models
of AD by long term potentiation measurements and the associated behavioral functions following
PLX3397 administration.
DA neurons are considered extremely important in Parkinson’s disease [27], but they have not
been of great interest in AD. After neurotransmitter abnormalities were highlighted in AD, the DA
system has been intensively studied as a key neurotransmitter system involved with emotion and
cognition [28]. Several lines of investigation have shown that dopamine increases cortical excitability
by acting through D2-like receptors; these observations support the idea that disruption of the DA
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system is associated with AD pathophysiology. Currently, dysfunction of DA transmission has been
hypothesized as a new player in AD pathophysiology [29]. Consistent with a previous study showing
DA neuron loss in the midbrain of 5xFAD mice [25], our study showed that the D2R levels in the
striatum of 5xFAD mice were significantly lower than those in the striatum of WT mice. Our finding
supported the role of D2R in AD pathology. PET analysis showed that PLX3397 administration rescued
this D2R loss in the brains of aged 5xFAD mice. Using IHC, we confirmed this protective effect of
PLX3397 on D2R that was noted during PET imaging; loss of both D2R and TH was noted in brain
sections of aged 5xFAD mice, which was rescued by PLX3397 treatment (Figure 6).
Our study has some limitations in that the number of mice in the experimental groups was small
because this was a preliminary experiment; furthermore, the effect of PLX3397 on the behavior of the
mice is not entirely clear. We performed passive avoidance and object recognition tests after PLX3397
treatment and the results showed a tendency for improved memory function in 5xFAD mice in both
behavioral tests; however, these data were not statistically significant owing to the small sample
number. Therefore, additional experiments using increased sample sizes are necessary to interpret
behavioral changes in response to PLX3397 administration in 5xFAD mice. Although the deposition
of amyloid plaques and tau phosphorylation are known to be neuropathological hallmarks of AD,
the present study focused on changes in amyloid beta and neuroinflammation expression after PLX3397
treatment owing to lack of tau lesions in 5xFAD mice. Further studies are required to verify the effect
of PLX3397 administration on tau pathology as well. Nonetheless, promising effects of PLX3397 were
noted in our study, indicating a newly discovered role of PLX3397 that may protect neurotransmission
in AD and may apply to other diseases involving DA dysfunction, such as Parkinson’s disease.
However, further studies are required to clarify the mechanism underlying the effects of PLX3397
on AD, especially on the DA system of the animals. In addition, subsequent behavioral studies are
also needed to elucidate relationship between PLX3397-induced behavioral changes and molecular
mechanisms associated with D2R and TH.
In conclusion, the current study shows that microglial depletion by the CSF1R inhibitor PLX3397
prevented amyloid plaque formation and rescued the expression of synaptic plasticity-related genes in
the late stage of AD in 5xFAD mice. The protective effect of PLX3397 on Aβ pathology was consistent
with the effects on DA signaling. Therefore, we suggest that the ameliorative effect of PLX3397
on AD progression may be related to the decreased Aβ signaling and recovered levels of synaptic
plasticity-related signals, concomitant with the protective effects on DA signaling. Our results may
help support the clinical use of the CSF1R inhibitor PLX3397 in AD therapy.
4. Materials and Methods
4.1. Animals and Drug Administration
We used transgenic female 5xFAD mice that had five mutant human genes associated with AD:
Three APP genes, that is, APPsw, APPfl, and APPlon, and two presenilin1 genes, that is, PS1 and PSEN1
(mutations: PSEN1 M146L and PSEN1 L286V). The method used for generating the 5xFAD mice has
been described previously [30]. 5XFAD lines with the B6/SJL genetic background were maintained
by crossing hemizygous transgenic mice with B6/SJL F1 breeders. Heterozygous 5xFAD transgenic
animals and WT controls were obtained after the breeding of progenitors purchased from the Jackson
Laboratory (Jackson Laboratory, Bar Harbor, ME, USA).
At the age of 9 months, the female 5xFAD mice were assigned to a vehicle control group
(Tg: n = 4) or PLX3397-treated group (Tg + PLX3397: n = 5). Age-matched female B6/SJL mice were
assigned to the wild type (WT; n = 5). It is known that the pattern of beta amyloid accumulation and
neuroinflammation is more severe in female 5xFAD mice than in males [31,32]. Given this sex difference
in the severity of AD lesions, we have used only female 5xFAD and age-matched WT mice in our
study. PLX3397 (cat no. 206178; MedKoo Biosciences, Morrisville, NC, USA) was dissolved in dimethyl
sulfoxide (DMSO) and was then further diluted in an aqueous mixture of 0.5% (hydroxypropyl)methyl
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cellulose (HPMC; Sigma-Aldrich, St. Louis, MO, USA) and 1% Tween 80 (Sigma-Aldrich). When the
Tg mice were 9 months old, 100 µL of the suspended PLX3397 was administered by daily oral gavage
to the mice at 50 mg·kg−1 for 30 days (Figure 1). The animals were housed in a specific pathogen-free
facility and were allowed access to a normal diet and autoclaved water ad libitum. All the mouse
procedures in this study were approved by the Institutional Animal Care and Use Committee of
the Korea Institute of Radiological and Medical Sciences (IACUC permit number: KIRAMS2018-07,
approval date: 27 February 2018).
4.2. Immunofluorescence Staining
The tissues were fixed in 4% paraformaldehyde and embedded in paraffin. The deparaffinized
and hydrated tissues were incubated in normal goat serum solution (Vector ABC Elite Kit;
Vector Laboratories, Burlingame, CA, USA) for 30 min and reacted with the following primary
antibodies overnight at 4 ◦ C: 6E10 (cat no. SIG-39320; 1:1000 dilution; Biolegend, San Diego, CA, USA)
and ionized calcium-binding adaptor molecule 1 (Iba-1; cat no. 019-19741; 1:200 dilution; Wako, Neuss,
Germany). Subsequently, the tissues were washed with phosphate-buffered saline (PBS) containing
0.1% Triton-X 100 (PBS-Triton-X) and tagged with tetramethylrhodamine isothiocyanate-labeled
anti-mouse or anti-rabbit IgG antibody for 30 min at room temperature. The tissues were washed in
PBS-Triton-X again, counterstained with 40 ,6-diamidino-2-phenylindole (DAPI), and mounted. The
stained tissues were observed under a fluorescence microscope.
4.3. Immunohistochemistry
The tissues were deparaffinized, hydrated, and washed with PBS-Triton-X. For the block
nonspecific staining, the tissues were incubated in normal goat serum (Vector ABC Elite Kit) at room
temperature for 30 min. The washed tissues were then incubated with the following primary antibodies
overnight at 4 ◦ C: Anti-rabbit D2R (cat no. AB5084P; 1:500 dilution; Merck, Darmstadt, Germany),
anti-rabbit TH (cat no. NB300-109; 1:1000 dilution; Novus, Centennial, CO, USA), or anti-rabbit
DAT (cat no. D6944; 1:000 dilution; Sigma-Aldrich) antibodies. Subsequently, they were washed and
incubated with biotinylated secondary antibody for 30 min at room temperature. After incubation, the
tissues were incubated with an avidin–biotin–peroxidase complex (Vector Laboratories) for 30 min
and incubated with diaminobenzidine (DAB, Vector Laboratories). Images were obtained at 20×
magnification by using whole slide digital scanning with a Digital Pathology Scanner (Aperio VERSA;
Leica Biosystems, Buffalo Grove, IL, USA), and the positive cells were counted using Aperio
Image Analysis.
4.4. Cresyl Violet Staining
The 5 m tissue sections were deparaffinized, hydrated using a series of graded ethanol solutions,
and washed in tap water for 5 min. The tissues were incubated in 0.5% cresyl violet solution for 20 min
and differentiated in 0.25% acetic alcohol. Subsequently, they were dehydrated in graded ethanol and
two changes of xylene for 5 min. The tissues slides were cover-slipped using mounting medium.
4.5. Western Blotting
The tissues were homogenized in radioimmunoprecipitation (RIPA) buffer containing a protease
inhibitor and phosphatase inhibitor. The protein concentration was determined using Bradford
reagent (Bio-Rad, Hercules, CA, USA). Equal amounts of the total protein (10–30 µg) were
electrophoresed on 8–12.5% sodium dodecyl sulfate (SDS)–polyacrylamide gels and transferred
to nitrocellulose membranes. The membranes were incubated in 3% bovine serum albumin (BSA)
solution for nonspecific blocking, followed by overnight incubation at 4 ◦ C with the primary
antibody. The following primary antibodies and dilutions were used: Anti-6E10 (cat no. SIG-39320;
1:1000 dilution; Biolegend), anti-Iba-1 (cat no. 106-20001; 1:1000 dilution; Wako), anti-synaptophysin
(cat no. MAB-5258; 1:1000 dilution; Merck), anti-PSD-95 (cat no. GTX133091; 1:1000 dilution;
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GeneTex, Irvine, CA, USA), and anti-β-actin (cat no. A1978; 1:2000 dilution; Sigma-Aldrich) antibodies.
Subsequently, the membranes were washed in PBS containing 0.1% Tween 20 and incubated with
a 1:3000 dilution of horseradish peroxidase (HRP)-conjugated secondary antibodies (Santa Cruz
Biotechnology, Dallas, TX, USA) for 1 h at room temperature. The membranes were then washed and
developed using an enhanced chemiluminescence (ECL) kit (Perkin Elmer, Waltham, MA, USA).
4.6. PET Scans
We used two kinds of radiotracers, that is, (S)-N-[(1 allyl-2-pyrrolidinyl)methyl]-5-(3[18F]fluoropropyl)
-2,3-dimethoxybenzamide ([18 F]fallypride) and [18 ]F-3-fluoro-5-[(pyridin-3-yl)ethynyl]benzonitrile
([18 F]FPEB), which are specific radiotracers for D2R and mGluR5, respectively. These radiotracers were
synthesized by F-18 radiolabeling of tosyl or nitro precursors, according to a previously described
procedure [33,34]. The radiochemical purity at the end of synthesis was over 95%.
The PET experiments were conducted using an animal-dedicated PET scanner (nanoScan;
Mediso Medical Imaging Systems, Budapest, Hungary). The scanner has a peak absolute system
sensitivity of >9% in the 250–750 keV energy window, an axial field of view of 28 cm, a transaxial field
of view of 35–120 mm, and a transaxial resolution of 0.7 mm at 1 cm off-center.
All the mice were anesthetized with 2.5% isoflurane in oxygen, and 8.5 ± 0.7 MBq [18 F]fallypride
and [18 F]FPEB were administered via the tail vein. PET scanning was performed for 90 min in the
list mode. Subsequently, PET data were reconstructed in user-defined time frames (10 s × 6 frames,
30 s × 8 frames, 180 s × 5 frames, and 600 s × 7 frames) with voxel dimensions of 0.86 × 0.86 × 0.80 mm3
with a three-dimensional ordered-subset expectation maximization algorithm (four iterations and six
subsets). For attenuation correction, micro-CT imaging was conducted immediately after PET scanning,
using a 50 kVp X-ray voltage with 0.16 mAs.
4.7. PET Image Analysis
After mean PET images (50–90 min) were obtained from the dynamic PET images, each mean
PET image was spatially normalized to our own tracer-specific brain magnetic resonance (MR)
template [26], using the PMOD software (version 3.8, PMOD Technologies Ltd. Zürich, Switzerland).
Subsequently, individual normalization parameters were applied to the dynamic PET images and brain
masking was applied. The standardized uptake value (SUV) images were obtained by normalizing
tissue radioactivity concentration by injected dose and body weight.
Two volumes of interests (VOIs) of the striatum and cerebellum were defined on the MR template.
The cerebellum was used as a reference region because it has been shown to have very low D2R [35,36]
and mGluR5 [37,38] levels. Next, the decay-corrected regional time–activity curves (TACs) of two
regions were obtained from the VOIs.
To estimate the receptor density in vivo, we derived the BPND by noninvasive Logan graphical
analysis [39]. The clearance rate (k20 ) of the reference tissue was estimated with the simplified reference
tissue model (SRTM) and then applied to each BPND calculation. Voxel-based parametric mapping
was also utilized with Logan’s method. For each group, the individual parametric map was averaged.
Then, the mean PET image was coregistered to study the specific MR template in order to obtain a
PET–MR image.
4.8. Statistical Analysis
The data have been expressed in terms of mean ± standard deviation (SD). Statistical significance
was determined using one-way analysis of variance (ANOVA) followed by the Tukey multiple
comparison test by using the GraphPad Prism program (version 8.0, GraphPad Software, Inc. San Diego,
CA, USA). A p value of <0.05 was considered significant. Differences between the groups in PET
imaging (n = 4) were tested using the Mann–Whitney nonparametric test, with p < 0.05 being considered
to indicate significant difference.
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