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The major pathologies of Alzheimer’s disease (AD) are amyloid plaques and hyperphosphorylated tau.
The deposition of amyloid plaques leads to synaptic dysfunction, neuronal cell death, and cognitive
impairment. Among the neurotransmitters, glutamate is the most abundant in the mammalian brain and
plays an important role in synaptic plasticity. With respect to synaptic transmission, metabotropic
glutamate receptor 5 (mGluR5) is highly affected by amyloid pathology. However, the neuropathologic
changes in the protein expression of mGluR5 in AD remain unclear. Therefore, to elucidate the alteration
in mGluR5 expression with the progression of AD, we performed serial behavioral tests, longitudinal
imaging studies, and histopathological immunoassay for both 5xFAD (n ¼ 14) mice and age-matched
wild-type mice (n ¼ 14). The 5xFAD mice started showing severe hyperactivity and memory impair-
ment from 7 months of age. In addition, mGluR5 positron emission tomography revealed that while the
binding values in the wild-type mice were similar over time, those in 5xFAD mice fluctuated from
5 months of age. Furthermore, the 5xFAD mice presented a 35% decrease in the binding values of their
cortical and subcortical areas at 9 months of age compared with those at 3 months of age. Magnetic
resonance spectroscopy and histopathological studies showed similar changes. In conclusion, mGluR5
availability changes with age, and mGluR5 positron emission tomography could successfully detect this
synaptic change in the 5xFAD mice.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Alzheimer’s disease (AD) is the most common etiology of de-
mentia, and its primary clinical characteristic features include
gradual decline in multiple cognitive functions, as well as mani-
festation of noncognitive neuropsychiatric symptoms (Larson et al.,
1992). The neuropathological hallmarks of AD are senile plaques,
which are extracellular deposits of amyloid b (Ab), and the intra-
cellular accumulation of neurofibrillary tangles, which contain
hyperphosphorylated tau protein, in the brain (Alzheimer et al.,
1995). These proteinopathies cause neuronal cell death in the re-
gions of the cortex and hippocampus that affect memory formation.
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They also affect the cortical regions responsible for language,
reasoning, and social behavior (Grothe et al., 2017; Reilly et al.,
2003), as the disease progresses. Although many researchers
attempted to uncover the pathophysiology underlying AD, major
issues regarding synaptic homeostasis are yet to be fully
understood.

Numerous studies reported that amyloid b oligomer (Abo) in-
duces synaptic damage and consequent disturbance in neuro-
transmission systems (i.e., serotonin, noradrenaline, acetylcholine,
dopamine, and glutamate) in patients with AD (Francis et al., 2010;
Reinikainen et al., 1990; Xu et al., 2012). Considering that synapses
are the fundamental units of information transfer, the prevention
and treatment of AD may require a detailed understanding of the
mechanism that causes disturbances in synaptic neurotransmis-
sion. Glutamate is the most abundant neurotransmitter, and it plays
a crucial role in neuronal plasticity, which underlies learning and
memory formation (Allen and Barres, 2005; Fields and Stevens-
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Graham, 2002). In addition, this neurotransmitter is vulnerable to
neurotoxic effects of various assemblies of Ab (Esposito et al., 2013).
With respect to synaptic transmission, the metabotropic glutamate
receptor subtype 5 (mGluR5) is closely associated with AD pa-
thology. Abo induces mGluR5 clustering, which leads to an eleva-
tion in intracellular calcium (Renner et al., 2010). In addition, an
mGluR5 antagonist reversed the learning and memory deficits
observed in an animal model of AD (Um and Strittmatter, 2013).

To further understand the role of mGluR5 in AD, a study inves-
tigating the serial changes in Abo-related neuropathogenesis of AD
and assessing cognitive function is required. In the present study,
we evaluate the changes in mGluR5 expression with disease pro-
gression in an AD mouse model via behavioral tests, molecular
imaging, and histological immunoassay.
2. Materials and methods

2.1. Animals

The 5xFAD transgenic mice express 5 mutant human genes
associated with AD, that is 3 amyloid precursor protein (APP) genes
(APPswe, APPflo, and APPlon) and 2 presenilin 1 (PS1 and PSEN1)
genes (PSEN1M146L and PSEN1 L286V). 5xFADmicewere obtained
from Jackson laboratories (stock no. 006554). The 5xFAD transgene-
positive male mice were crossed with B6/SJL F1 hybrid female mice.
B6/SJL F1 hybrids were used as an age-matched wild type (WT).
Both WT and 5xFAD (n ¼ 6 for imaging studies and n ¼ 8 for im-
munostaining, total n¼ 14, female) mice had access to a normal diet
and autoclaved water ad libitum; they were housed in a specific
pathogen-free facility. The detailed study protocol is illustrated in
Fig. 1.

All the mouse-related procedures were in accordance with the
guidelines establish by the Institutional Animal Care and Use
Committee of the Korea Institute of Radiological and Medical Sci-
ences (IACUC permit number: KIRAMS2017-0014). The data re-
ported herein are in compliance with ARRIVE (Animal Research:
Reporting in Vivo Experiments) guidelines for reporting animal
experiments.
Fig. 1. Schematic protocol of the study. The behavioral tests and the imaging studies
are separated from the histopathological immunoassay. Abbreviations: mGluR5,
metabotropic glutamate receptor 5; AD, Alzheimer’s disease; PET, positron emission
tomography.
2.2. Behavioral tests

Mice (WT, n ¼ 6; 5xFAD, n ¼ 6, female) were subjected to both
open fields and novel object recognition behavioral tests at 3, 5, 7,
and 9 months of age. To ensure the animals’ habituation to the
experimenter, they were handled for 3 minutes on 7 consecutive
days before the initiation of the investigation. At the beginning of
each behavioral test, mice were adapted to the low-light illumi-
nation of the testing room for 30 minutes. The area surrounding the
testing apparatus was cleaned with 70% ethanol between each
experiment.

2.2.1. Open field test
The exploratory activity of mice in a novel environment was

assessed during a 10-min test in an open field apparatus. The open
field box comprised black acrylic walls (45 � 45 � 30 cm3) and a
central zone defined by a square-shaped area (22.5 cm � 22.5 cm).
The mice were subjected to open field test at 3, 5, 7, and 9 months
of age. Specifically, a single mouse was placed in the periphery of
the field, and it was allowed to freely move for 10 minutes in the
open field. The paths covered by the exploring animals were
recorded using a video camera. Velocity (cm/s, average velocity),
distance traveled (cm, total distance traveled), activity (%, mobility
time over total time), ambulation (number of ambulations), and
time in the center (s, time spent in the central zone) were deter-
mined through a tracking program (Viewer3, BIOSERVE GmbH,
Mainz, Germany).

2.2.2. Novel object recognition memory test
The mice were subjected to the novel object recognition test to

evaluate recognition memory at 3, 5, 7, and 9 months of age. The
test was conducted for 3 consecutive days, after the open field test.
On day 1, mice were acclimated to the testing box (width, 45 cm;
length, 45 cm; height, 30 cm) devoid of objects for 10 minutes. By
contrast, day 2 included a training session, in which 2 identical
objects were placed 15 cm apart in the testing apparatus and the
mice were allowed to explore them for 10 minutes. Finally, day 3
included a testing session, inwhich one of the objects was placed in
the same location as it was during the training session while the
other was replaced by a new differently shaped object (novel ob-
ject). The animals were left to freely move in the object recognition
testing box for 10 minutes. Mouse activity and exploratory behavior
were recorded with a video tracking system during both training
(day 2) and testing (day 3) sessions. The exploration time and
number of visits to each object were measured using a video
analysis program (Viewer3, BIOSERVE GmbH). When the head of a
mouse was oriented within an angle of 50� and a distance of 4 cm
from an object, recognitionwas defined on the basis of the duration
and number of visits to each object. The proportions of duration (%)
and visits (%) corresponding to novel object were calculated relative
to those corresponding to total objects.

2.3. Preparation of a radiotracer

Considering that [18F]FPEB is commonly used for the evaluation
of mGluR5 integrity, it was prepared by nucleophilic substitution of
F-18 in the nitro-FPEB precursor as described previously (Wang
et al., 2007). The specific activity of [18F]FPEB was greater than 80
GBq/mmol at the end of synthesis; its radiochemical purity was over
99%.

2.4. Positron emission tomography scans

Four days after carrying out the behavioral tests, positron
emission tomography (PET) experiments were conducted on the
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same mice (n ¼ 6 for each group) using an animal-dedicated PET
scanner (nanoScan, Mediso Medical Imaging Systems, Budapest,
Hungary). The scanner has a peak absolute system sensitivity of
>9% in an energy window of 250e750 keV, an axial field of view
(FOV) of 28 cm, a transaxial FOV of 35e120 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 11.1 �1.7 MBq of [18F]FPEB was administrated via the tail vein.
PET scanwas performed for 90 minutes in the list mode. Thereafter,
PET data were reconstructed in user-defined time frames
(10 seconds � 6 frames, 30 seconds � 8 frames, 180 seconds � 5
frames, and 600 seconds � 7 frames) with voxel dimensions of
0.86 � 0.86 � 0.80 mm3 using a 3-dimensional order-subset
expectation maximization algorithm (4 iterations and 6 subsets).
For attenuation correction, micro-CT imaging was conducted
immediately after the PET scan using a 50 kVp X-ray voltage with
0.16 mAs.
2.5. Image analysis

A study specific brain template was constructed as described by
Vállez Garcia et al. (Vallez Garcia et al., 2015). Subsequently, in-
dividual MR image was spatially normalized to MR-based mouse
atlas (M.Mirrion MRI template, embedded in the PMOD software
(version 3.4, PMOD Technologies Ltd, Switzerland). Normalized
brain MR images were summed and subsequently, a Gaussian filter
(FWHM ¼ 0.8 mm) was applied to minimize the noise-induced
bias. The study specific brain MR template was generated by
brain masking. After mean PET images (4e26 frames) were ob-
tained from the dynamic PET image, each mean PET image was
coregistered to the individual MR image. Successively, this PET
image was spatially normalized to the MR template. Finally, indi-
vidual dynamic PET images corresponding to both groups were
spatially normalized to the MR template and brain making was
applied.

The cortex, hippocampus, striatum, and cerebellum were
selected as volumes of interests (VOIs) on the MR template. The
cerebellum was used as a reference region because this region
presents a low concentration of mGluR5 (Shigemoto et al., 1993).
The regional timeeactivity curves were acquired from the VOIs, and
theywere normalized in the units of the standardized uptake value,
which is calculated as (MBq/mL in tissue)/(MBq of tracer injected/
body weight). The regional nondisplaceable binding potential
(BPND) was calculated as the distribution ratio �1 on the basis of
noninvasive Logan’s graphical analysis (Logan et al., 1990). Voxel-
based parametric mapping was also utilized in the Logan’s
method. For each group, individual parametric maps were aver-
aged. Subsequently, the mean PET image was coregistered to MR
template to obtain PET-MR image.
2.6. Magnetic resonance imaging scans

Two days after conducting the PET scans, MRI scans were per-
formed on the same mice to define the anatomical VOIs (n ¼ 6 for
each group). MRI data were obtained on a 31 cm horizontal-bore
Agilent 9.4 T scanner (Agilent Technologies, Santa Clara, CA, USA)
using a 2-channel array mouse head surface coil (Rapid Biomedical
GmbH, Rimpar, Germany). The image parameters for the 3D T2
turbo spin echo sequence were as follows: repetition time (TR) ¼
2500 ms; echo time (TE) ¼ 7.45 ms; FOV ¼ 20 mm � 20 mm �
10 mm; matrix size ¼ 128 � 128 � 64; voxel size ¼ 0.156 mm �
0.156 mm� 0.156 mm; echo train length¼ 3; and scan time¼ 1 hour
54 m 50 seconds.
2.7. MR spectroscopy

Mice (n ¼ 6 for each group) were anesthetized with 1%e2%
isoflurane, andMR spectroscopy (MRS) was conducted at 3, 5, 7, and
9 months of age. The static field homogeneity was adjusted using
the first- and second-order shims via manual shim. During exper-
iments, a 72 mm inner diameter volume coil for RF transmission
(Rapid) and 2-channel array mouse head surface coil (Rapid) for
signal reception were used.

T2-weighted localizer images were obtained in the coronal, axial
plane using a multislice turbo spin echo protocol (TR/TEeff ¼ 3500/
10 ms, echo train length ¼ 6, FOV ¼ 20 mm � 20 mm, slice
thickness ¼ 0.8 mm, 2 averages, and image matrix ¼ 128 � 128).
Proton (1H) MR spectroscopy of volumes of interest (1.2 � 1.5 �
2.0mm3) centered in the left dorsal hippocampuswas performed. A
water-suppressed point-resolved spectroscopy (PRESS) pulse
sequence was used for measuring metabolite levels. The parame-
ters for PRESS data acquisition were as follows: TR/TE ¼ 5000/
13.87 ms, number of averages ¼ 256, sweep width ¼ 5 kHz, and
number of sampling points ¼ 2048. Outer volume suppression was
used, which was interleaved with water signal suppression using
variable power RF pulses with optimized relaxation delays. A
nonewater-suppressed reference PRESS spectrum was also ac-
quired (8 averages).

Spectral fitting analysis was performed using the LCModel
software (version 6.3-1L). Cramer-Rao lower bounds, represented
as percentage standard deviations of metabolite estimates (%SD),
were obtained from the LCModel to determine the precision of the
metabolite signal estimates. The experimentally observed spectrum
of macromolecules and the simulated spectra of the following 12
metabolites were included in the basis set for the LCModel: alanine
(Ala), aspartate (Asp), creatine (Cr), phosphocreatine (PCr), g-ami-
nobutyric acid (GABA), glucose (Glc), glutamine (Gln), glutamate
(Glu), myo-inositol (mIns), lactate (Lac), N-acetylaspartate (NAA),
and taurine (Taur). Quantification was carried out using the abso-
lute metabolite concentration. The LCModel fitting was performed
over the spectral range of 1.0 ppme4.4 ppm.

2.8. Brain sample preparation

Two age-matched mice per group were sacrificed (n ¼ 2 � 4,
total n ¼ 8 for each group). After imaging studies, 3 mice per group
at 9 months of age were also included the immunostaining exper-
iments (total n¼ 5 for each group). After sacrificed their hemibrains
were extracted for histological and molecular analysis. For each
mouse, one hemibrain was fixed in 4% paraformaldehyde/
phosphate-buffered saline (PBS) for immunohistochemistry,
whereas the other hemibrain was dissected and its hippocampus
was immediately placed in ice as described previously (Hagihara
et al., 2009); this hippocampus was subsequently stored at �80
�C for western blotting.

2.9. Western blotting

The hippocampus was homogenized with tissue lysate buffer
(Pro-prepTM, Intron Inc, Gyeonggi-do, Korea). After sonication, the
protein concentration of the total extract was measured via the
Bradford assay (Bio-Rad, Hercules, CA, USA). Protein extract (10 mg)
was resuspended in SDS (sodium dodecyl sulfate)-bromophenol
blue reducing buffer with 250 mM Tris, 40% glycerol, 10% mercap-
toethanol, and 4% SDS. Western blotting was performed using 10%
SDS-polyacrylamide gel and a nitrocellulose membrane. The blots
were blocked with 5% skim milk in 0.1% Tween-20 in PBS for
30 minutes and incubated overnight with rabbit anti-mGluR5
(1:5000, ab76316, Abcam, Cambridge, UK) or mouse anti-actin
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antibody (1:5000; A1978, Sigma, St. Louis, MO, USA); they were
then washed with 0.1% Tween-20 in PBS and incubated with sec-
ondary antibodies (biotinylated anti-rabbit or anti-goat). Immu-
noactivity was detected using an enhancedWestern Lightning Plus-
ECL (NEL104001EA, PerkinElmer, Inc, Waltham, MA, USA). Optical
density of the detected bands was quantified using the NIH ImageJ
software (imagej.nih.gov/ij/), and it was normalized by actin
expression.
2.10. Immunohistochemistry

Formalin-fixedmouse brains were first cranially divided into the
cortex and striatum region (from 0.84 mm to 1.34 mm at the
bregma) and into the hippocampus and thalamus region
(from �1.94 mm to �1.58 mm at the bregma) using disposable
blades. They were then embedded into paraffin and sectioned into
3-mm thick slices. After dewaxing and rehydration, the sections
were retrieved with antigen citrate buffer for 30 minutes; the
endogenous peroxidase activity was blocked by incubating them
with 0.3% H2O2 in absolute methanol for 15 minutes at room
temperature (RT). After immunoperoxidase labeling, the sections
were blocked in normal horse serum (S-200, Vector Laboratories,
Burlingame, CA, USA) and incubated overnight at 4 �C in a humidity
chamber with the primary antibody, mouse anti-6E10 (1:2000, SIG-
39320, Covance, Princeton, NJ, USA). The next day, all the sections
were washed with PBS-Triton X-100 (0.1%) buffer, allowed to react
with each biotinylated secondary antibody for 30minutes at RT, and
then washed and incubated for 30 minutes at RT with an
avidinebiotin peroxidase complex (PK-6100, Vector Laboratories)
prepared according to the manufacturer’s instructions. After
washing with PBS-Triton X-100 buffer, the peroxidase reaction was
initiated using a diaminobenzidine substrate (DAB, SK-4100, Vector
Fig. 2. The 5xFAD mice showed hyperactive and decreased anxiety-like behavior from the ag
(B) 5 months, (C) 7 months, and (D) 9 months of age. Statistical significance was defined a
Laboratories), which was also prepared according to the manufac-
turer’s instructions. Counterstaining was conducted with hema-
toxylin for 30 seconds before mounting the sections. The images of
the stained brain sections were captured using a BX-53 microscope
equipped with a CCD DP73 digital camera (Olympus, Tokyo, Japan).
The quantification of beta-amyloid plaques bigger than 10 mm2 was
carried out using the NIH ImageJ software (imagej.nih.gov/ij/). In
addition, the number and size of plaques were determined in the
hippocampus, cortex, striatum, and thalamus.

2.11. Statistical analysis

Except immunostaining experiments from 3 to 7 months of age,
all the data are presented as mean � standard deviation (SD)
because 2 mice per time points were used in the immunostaining
experiments. Behavioral test was analyzed using the two-way
analysis of variance. Differences in BPND values and mGluR5 pro-
tein expression at 9 months of age were analyzed using the
ManneWhitney U test. Statistical significance was defined at a p-
value lower than 0.05. All statistical analyses were performed using
GraphPad Prism (GraphPad software, Inc, La Jolla, CA, USA).

3. Results

3.1. Behavioral tests

As shown in Fig. 2, general locomotor activity of the 5xFAD and
WT mice at 3 and 5 months of age was similar. However, the dis-
tance traveled and velocitywere observed to be higher in the 5xFAD
group than in the WT group, starting from the age of 7 months. In
addition, the 5xFAD mice showed higher retention in the center
than WT mice did at this time point.
e of 7 months. Values are presented as mean � standard deviation (n ¼ 6). (A) 3 months,
s *p < 0.05, **p < 0.01. Abbreviations: WT, wild type.



Fig. 3. The 5xFAD mice displayed memory dysfunction from 7 months of age. (A) 3 months, (B) 5 months, (C) 7 months, and (D) 9 months of age. Values are presented as mean �
standard deviation (n ¼ 6). Statistical significance was defined as *p < 0.05, **p < 0.01. Abbreviations: WT, wild type.
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To evaluate recognition memory in the 5xFAD mice, the object
recognition memory test was performed at the ages of 3, 5, 7, and
9months. No statistically significant difference in the preference for
the novel object was observed between the WT and 5xFAD mice at
3 and 5 months of age. However, the 5xFAD mice showed lower
preference to the novel object than the age matched WT mice did
from 7 months of age (Fig. 3).

3.2. Longitudinal mGluR5 PET

In WT mice, no significant differences in brain uptake were
observed over time. By contrast, the regional time-activity curves
Fig. 4. Definition of volumes of interest (A) and comparison of the binding values for
for the 5xFADmice showed that radioactivity levels in mGluR5-rich
regions (i.e., cortex, hippocampus, and striatum) changed according
to the time point. Specifically, at 5 months of age, the brain uptake
in the 5xFAD mice was reduced by 25%e29%; this was then
increased by 21%e27% at 7 months of age to finally decrease by
24%e28% at 9 months of age. By contrast, cerebellar radioactivity
levels remained constant at all ages.

In voxel-wise analysis, BPND values for the WT mice were
similar over time, whereas those for the 5xFAD mice fluctuated.
Specifically, BPND values observed at 5 months of age were 30%e
31% lower than those observed at an earlier time point. In addi-
tion, the values at 7 months of age increased by 51%e61%, whereas
mGluR5 between the (B) WT and (C) 5xFAD mice. Abbreviations: WT, wild type.



Table 1
Binding values in the WT and 5xFAD mice

3 mo 5 mo 7 mo 9 mo

Wild type
Striatum 4.52 � 0.68 4.31 � 0.57 4.28 � 0.62 4.16 � 0.53
Hippocampus 4.17 � 0.43 4.14 � 0.59 4.12 � 0.47 4.08 � 0.50
Cortex 2.80 � 0.51 2.40 � 0.75 2.77 � 0.52 2.80 � 0.39

5xFAD
Striatum 4.17 � 0.65 2.93 � 0.77 4.56 � 0.91 2.88 � 0.40a

Hippocampus 3.92 � 0.58 2.75 � 0.68 4.42 � 0.88a 2.59 � 0.53a

Cortex 2.64 � 0.49 1.83 � 0.43 2.84 � 0.63 1.71 � 0.24a

Data are presented as mean � standard deviation.
Key: WT, wild type.

a p < 0.05 for the comparisons between months. n ¼ 6.
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the values at 9 months of age decreased by 37%e42% (Fig. 4,
Table 1).
3.3. 1H MRS analysis

The comparison of the neurochemical profiles of the left dorsal
hippocampus between the 5xFAD and WT mice is shown in Fig. 5.
At the age of 3 months, no statistically significant differences were
observed, with the exception of Lac, which showed a significant
decrease in the AD mouse model (p ¼ 0.019). However, at 5 months
of age, a decrease in Glu (p¼ 0.003), NAA (p¼ 0.006), and Taur (p¼
0.0001) levels and an increase in Lac level were observed in the
5xFAD mice. At 7 months of age, the 5xFAD mice showed a signif-
icant decrease in Cr (p ¼ 0.002), GABA (p ¼ 0.004), and Taur (p ¼
0.006) levels and an increase in mIns (p ¼ 0.0009) level. Further-
more, at 9 months of age, the level of Cr (p¼ 0.048) was observed to
decrease, whereas those of PCr (p ¼ 0.037) and mIns (p ¼ 0.020)
Fig. 5. Comparison of the neurochemical profiles between the WT and 5xFAD mice. (A) 3 mo
� standard deviation (n ¼ 6). Statistical significance was defined as *p < 0.05, **p < 0.01, a
were observed to increase. Although no statistically significant
differences were observed, the concentrations of Glu, GABA, and
NAA were lower in the 5xFAD mice than in the WT mice (Figure S1
and S2).

3.4. Immunohistochemistry

In the 5xFAD mice, Ab accumulation was observed throughout
the brain; however, no pathologic findings were observed in WT
mice. Themost abundant site of Ab accumulation in the 5xFADmice
was the hippocampus, followed by the thalamus, cortex, and
striatum. The results of quantification revealed that Ab accumula-
tion increased with time (Fig. 6).

3.5. Quantification of mGluR5 protein level

In WT mice, mean mGluR5 protein levels did not significantly
differ with time. In the 5xFAD mice, the expression levels of
mGluR5 at 3 months of age were similar to that in WT. But the
concentration decreased at 5 months of age in 5xFAD mice, to in-
crease again at 7 months of age and finally further decrease at
9 months of age. At this age, the protein level for 5xFAD group
statistically significant decreased compared with WT group (Fig. 7,
p ¼ 0.0079). Furthermore, the results of longitudinal PET study
showed a similar trend.

4. Discussion

The present study aimed at evaluating the changes in mGluR5 in
an animal model of AD with the progression of the disease. In
particular, we examined themotor and cognitive function as well as
the neurochemical change within individual mice. Furthermore, we
nths, (B) 5 month, (C) 7 months, and (D) 9 months of age. Values are presented as mean
nd ***p < 0.001. Abbreviations: WT, wild type.



Fig. 6. Ab pathological analysis between the WT and 5xFAD mice in the cortex, striatum, hippocampus, and thalamus. (A) Immunohistochemical staining of Ab at 9 months of age;
(B) quantification of Ab deposition at 3, 5, 7, and 9 months of age. Values are presented as mean � standard deviation (n ¼ 2e6). Abbreviations: Ab, amyloid b; WT, wild type.
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Fig. 7. Comparison of the protein expression of mGluR5 between the WT and 5xFAD mice (A). Values are presented as a mean value from 3 to 7 months of age (n ¼ 2, respectively)
and as mean � standard deviation (n ¼ 5, respectively) at 9 months of age (B). Statistical analysis for 9 months mGluR5 expression in the WT or 5xFAD mice was performed using
Mann-Whitney U test. Statistical significance was defined as **p < 0.01. Abbreviations: mGluR5, metabotropic glutamate receptor 5; WT, wild type.
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validated the pathology in age-matched animals. In the behavioral
tests, the 5xFAD mice displayed severe hyperactive behavior and
decreased anxiety-like behavior as well as learning and memory
deficit from the age of 7 months because memory-impaired mice
have lower preference to the novel object than the previously
encountered one. From a neuroimaging point of view, Ab pathology
induced alterations in the mGluR5 and neurochemical profiles. In
addition, histopathology demonstrated that the protein expression
of mGluR5 changes dynamically because of amyloid deposition. To
the best of our knowledge, this is the first study that elucidated the
serial changes in mGluR5 protein expression in the Abo-related
neuropathogenesis of AD.

The advantages of usingmolecular imaging technologies include
the early detection of pathology and the assessment of therapeutic
effects in a noninvasive manner. The progression of AD begins with
a change at the molecular level; consequent functional and struc-
tural changes in turn cause clinical symptoms. To differentiate the
functional changes, radiopharmaceuticals must have a high signal-
to-noise ratio. Although many researchers attempted to differen-
tiate AD in murine brains, in the past, most of the studies did not
yield robust results. In amyloid and tau PET, the difference in spe-
cific binding of radiotracer between the AD and healthy animal
groups is very minor. Poisnel et al. observed an increased uptake of
radiotracer using amyloid PET in APP/PS1 mice at 5 months of age
although further increase at 12 months of age was not observed;
these results contrasted the histological findings (Poisnel et al.,
2012). In addition, the binding value of [11C]PIB to Ab in Tg2576
mice was not significantly higher than that in WT mice (Toyama
et al., 2005). With regard to tau PET, [18F]THK5117 showed only
0.15e1.31 of the specific binding in the P301S mice (Brendel et al.,
2016). Despite successful binding in humans, the radiotracers
failed to show discrimination in ADmice; this is probably due to the
difference in the morphology of plaques.

The changes in binding values of mGluR5 over time can be
explained by the amyloid pathology and neuroinflammation. In the
early state of AD, amyloid plaques directly influence the glutamate
signaling and glial cells perform physiological roles without man-
ifesting clinical symptoms. In the middle of the disease, however,
amyloid pathology induces neuroinflammation by the over-
activation of glial cells. Eventually, neurotoxic factors cause
neuronal death and consequently, decrement of available receptors
on the plasma membrane (Serrano-Pozo et al., 2011, 2016). From
these perspectives, downregulation of mGluR5 without behavioral
deficits at 5 months of age is the result of dominant amyloid pa-
thology. This result is also validated by the observed decrease in
mGluR5 protein level. Rupsingh et al. also reported a reduction in
hippocampal glutamate, in patients with AD (Rupsingh et al., 2011).
In the present study, MRS data also displayed a significant reduction
in Glu, NAA, and Taur levels. The levels of Glu and NAA are
reportedly related to neuronal integrity and the number of sur-
viving neurons (Glodzik et al., 2015; Ramadan et al., 2013). The
reduced taurine level is thought to be due to an imbalance in major
neurochemicals (Kulak et al., 2010) and neurogenesis (Gebara et al.,
2015). As AD progresses, amyloid pathology induces the over-
activation of glia cells as well as an increment of intracellular Ca2þ

concentration. These events accelerate the release of neurotoxins
including proinflammatory cytokines, reactive oxygen species, and
radicals. Recently, Herde et al. demonstrated that neuro-
inflammation leads upregulation of mGluR5 (Muller Herde et al.,
2019). In the present study, mGluR5 PET showed mGluR5 upregu-
lation and behavioral deficit at 7 months of age; this may be mainly
due to neuroinflammatory process. BecausemGluR5 is expressed in
neurons as well as in the activated astrocytes andmicroglia (Byrnes
et al., 2012; Ferraguti and Shigemoto, 2006). At this time point, MRS
showed a decrease in GABA and Taur levels and an increase in mIns
levels. These results imply a deficit in inhibitory functions and a
decreased neurogenesis. mIns expression is high in glial cells;
therefore, an increment inmIns level indicates the activation of glial
cells. Finally, downregulation of mGluR5 at 9 months of age can be
explained by the permanent neuronal loss caused by the cumula-
tive effect of chronic inflammation. An increase in mIns level and a
decrease in NAA and Glu levels represents the typically observed
MRS pattern in AD studies (Lin et al., 2014; Ross et al., 1998). The
patterns of upregulation and downregulation of the receptor are
similar to those observed by Ikonomovic et al. (Ikonomovic et al.,
2003), that is the cholinergic system shows a transient upregula-
tion in subjects with mild cognitive impairment, followed by a
depletion as AD progresses to the advanced stage.

The limitations of this study include low sample size and lack of
inflammation-related experimental data that are comparable with
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mGluR5 PET results. If additional experiments are carried out from
the perspective of neuroinflammationwith disease progression, we
can improve our understanding of AD pathophysiology and possibly
find an optimal time point for the initiation of therapeutic in-
terventions before the occurrence of irreversible neuronal changes.

In conclusion, we demonstrated that mGluR5 PET successfully
differentiates the severity of AD and further validated it using his-
topathology. Considering that the changes in mGluR5 binding
occurred before behavioral perturbation, mGluR5 PET could serve
as a sensitive in vivo imaging tool for the detection of AD.
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