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This study aimed to investigate how amyloid pathology affects the functional

aspects of neurotransmitter systems in Alzheimer’s disease. APPswe/PS2 mice

(21 months of age) and wild-type (WT) mice underwent positron emission

tomography (PET) and magnetic resonance spectroscopy (MRS). First, we

obtained 18F-FDG and 18F-florbetaben PET scans to evaluate neuronal

integrity and amyloid pathology. Second, 18F-FPEB and 18F-FMZ PET data

were acquired to assess the excitatory-inhibitory neurotransmission. Third,

to monitor the dopamine system, 18F-fallypride PET was performed. Amyloid

PET imaging revealed that radioactivity was higher in the AD group than

that in the WT group, which was validated by immunohistochemistry. In the

cortical and limbic areas, the AD group showed a 25–27% decrease and

14–35% increase in the glutamatergic and GABAergic systems, respectively.

The dopaminergic system in the AD group exhibited a 29% decrease in

brain uptake compared with that in the WT group. A reduction in glutamate,

N-acetylaspartate, and taurine levels was observed in the AD group using

MRS. Our results suggest that dysfunction of the neurotransmitter system is

associated with AD pathology. Among the systems, the GABAergic system was

prominent, implying that the inhibitory neurotransmission system may be the

most vulnerable to AD pathology.
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder and the most common cause of dementia. The
pathological hallmarks of AD are the deposition of extracellular
senile plaques (Aβ) and intracellular neurofibrillary tangles in
the brain, which act as neurotoxins, causing synaptic loss,
neuronal cell death, and neuroinflammation (Serrano-Pozo
et al., 2011). Sustained neurodegeneration in patients with AD
manifests as various clinical symptoms, including memory loss,
cognitive impairment, and behavioral abnormalities (Tarawneh
and Holtzman, 2012). According to the World Health
Organization, approximately 50 million people are affected
by AD, with nearly 10 million new cases reported annually
(WHO Guidelines, 2019). As the aging population increases, the
prevalence of AD is expected to significantly increase. Although
efforts have been made over the past few decades to conquer
AD, no efficient therapeutic drug has been established to prevent
disease progression or restore brain functions. This highlights
the need to expand our understanding of AD pathophysiology.

Neuroimaging enables the non-invasive evaluation of
structural and functional changes in the brain. Typically,
patients with AD show atrophy in the medial temporal lobe
and a significant reduction in the rate of brain glucose
consumption. Therefore, regional atrophy and hypometabolism
are promising diagnostic imaging biomarkers (Kas et al., 2020).
In terms of disease cascades, functional changes occur prior
to anatomical changes, and the use of functional molecular
imaging for the early diagnosis of AD is ideal. Positron emission
tomography (PET) provides information on biological processes
at the molecular level and is a functional molecular imaging
technique (Lu and Yuan, 2015). Although PET has been
recently applied in the diagnosis of AD using pathology-specific
radiopharmaceuticals, the neurobiological characteristics of AD
remain poorly understood (Rowley et al., 2020). In other words,
most of the previous studies focused on the amyloid and tau
burden with AD progression, but the question remains as to the
effect of these pathological changes on the functional aspect of
the neurotransmitter systems.

The involvement of excitatory and inhibitory
neurotransmission systems is over 80%, thereby making these
systems vulnerable to neurotoxins. The principal excitatory
and inhibitory neurotransmitters are glutamate (Glu) and
γ-aminobutyric acid (GABA), respectively. The equilibrium
between these two neurotransmitters is linked to synaptic
plasticity and normal brain function (Foster and Kemp, 2006).
Dysfunction of these systems is associated with psychiatric
disorders (Sarawagi et al., 2021). In addition, the dopaminergic
system plays a vital role in synaptic plasticity and is considered
a key modulator of emotion and cognition (Pan et al., 2019).
A comprehensive evaluation of the neurotransmission system
is required to understand AD pathophysiology because each
system is interconnected.

However, previous studies have focused on individual
neurotransmissions and not on systemic effects in live
organisms. To address this gap, we evaluated changes in
neuronal integrity and the degree of pathological damage
using glucose or amyloid PET. Subsequently, changes in the
excitatory-inhibitory and dopamine systems were assessed to
observe reward circuits using glutamate, GABA, and dopamine
PET. After finishing the imaging studies, we assessed the
histopathology of the control and AD mice. Here, we used aged
APPswe/PS2 mice as an AD animal model because this strain is
known to have a significant amyloid pathology from 19 months
of age (Brendel et al., 2015).

Materials and methods

Animals

In a previous amyloid PET study using various transgenic
mice, including APPswe/PS2, APP/PS1dE9, G394A, and
APPswe, amyloid deposition was detected only in APPswe/PS2
mice at 8 months of age using the cortical standardized uptake
value (SUVR) relative to the cerebellum. This SUVR is highly
correlated with the pathology of plaque deposition (Brendel
et al., 2015). Therefore, this mouse model was selected for the
present study. Double APPswe/PS2 transgenic [strain name:
C57BL/6-Tg(NSE-hPS2∗N141I); Tg(NSE-hAPPsw)Korl, male,
AD, n = 6] and wild-type mice (B6C3F1, WT, male, n = 6,
8 months old), were provided by the National Institute of Food
and Drug Safety Evaluation (NIFDS, Cheongju, South Korea).
The care, maintenance, and treatment of animals in this study
followed protocols approved by the Institutional Animal Care
and Use Committee (permission number: kirams2020-0070),
and experiments involving animals were conducted according
to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health. The living
chambers of the mice were automatically controlled with a
12-h light/dark cycle at a temperature of 22 ± 3◦C and relative
humidity of 55 ± 20%. Sterilized rodent diet and purified tap
water were provided ad libitum.

Study protocol

The experiments included two groups, the WT and
AD groups, and the animals received care for 13 months
(8–21 months of age). To examine abnormalities in the
neurotransmission system, various PET scans (18F-FDG,
18F−florbetaben, 18F-FPEB, 18F-flumazenil, and 18F-fallypride)
were obtained from the same mouse at 21 months of age.
For anatomical information acquisition and magnetic resonance
spectroscopy (MRS) analysis, magnetic resonance (MR) images
were sequentially obtained for the same individuals. After the
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imaging studies were completed, all animals were sacrificed,
and their brain tissues were prepared. Immunohistochemistry
experiments were performed to quantify Aβ42 levels in the brain
(21 months of age).

Radiosynthesis of radiotracers

18F-FDG was provided by the Radiopharmaceutical
Production Team of KIRAMS, and 18F-florbetaben was
purchased (Ci-Co Healthcare Co., Ltd., Seoul, South Korea).
Other radiotracers, 18F-FPEB, 18F-flumazenil, and 18F-
fallypride, were synthesized according to previously described
procedures (Seok Moon et al., 2010; Moon et al., 2014; Kang
et al., 2021). The radiochemical purity of all radiotracers at the
end of the synthesis was 99%.

Positron emission tomography imaging

To observe the neurological changes in AD mice, glucose
metabolism (18F-FDG), amyloid (18F-florbetaben), glutamate
(mGluR5, 18F-FPEB), GABA (GABAA,18F-flumazenil), and
dopamine (D2R,18F-fallypride) PET scans were performed
using a small animal PET/CT scanner (nanoScan R©, Mediso
Medical Imaging Systems, Budapest, Hungary). Mice were
anesthetized with 2.5% isoflurane in oxygen, and 8.4± 0.7 MBq
of radiotracers in 200 µL of saline was intravenously injected
via the tail vein. In the case of 18F-FDG, static PET scanning
was performed 40–60 min post-injection (p.i., Mosconi, 2013).
For the other tracers, dynamic PET scanning was performed
for 50 min with 25 frames (14 × 30 s, 3 × 60 s, and
8 × 300 s). The image scans were acquired in an energy
window of 400–600 keV. All images were reconstructed using
the three-dimensional ordered subset expectation maximization
(3D-OSEM) algorithm with four iterations and six subsets.
For attenuation correction and anatomical reference, micro-CT
imaging was conducted immediately after PET, using 50 kVp
X-ray voltage at 0.16 mAs.

Magnetic resonance imaging

To define the anatomical volumes of interest (VOIs),
MR scans were obtained on a 31-cm horizontal-bore
Agilent 9.4-T scanner (Agilent Technologies, Santa
Clara, CA, United States) using a 2-channel array mouse
head surface coil (Rapid Biomedical GmbH, Rimpar,
Germany). The image parameters for the turbo spin
echo (TSE) 3D T2-weighted image were as follows:
repetition time (TR) = 2500 ms; echo time (TE) = 7.45 ms;
FOV = 20 mm× 20 mm× 10 mm; matrix size = 128× 128× 64;
voxel size = 0.156 µm × 0.156 µm × 0.156 µm; echo train

length (ETL) = 64; and scan time = 2 h 50 m 50 s. During
imaging, the respiratory rate of mice was monitored using an
MR-compatible physiological monitoring and gating system
(SA Instruments Inc., Stony Brook, NY, United States).

Magnetic resonance spectroscopy

Mice (n = 6 for each group) were anesthetized with 1–
2% isoflurane, and MR spectroscopy (MRS) was conducted at
21 months of age. Static field homogeneity was adjusted using
first- and second-order shims via a manual shim. During the
experiments, a coil of 72-mm inner diameter for radiofrequency
(RF) transmission (Rapid) and a 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 TSE protocol (TR/TEeff = 3500/10 ms, echo train
length = 6, FOV = 20 mm × 20 mm, slice thickness = 0.8 mm,
2 averages, and image matrix = 128 × 128). Proton 1H-MRS
of volumes of interest (1.2 × 1.5 × 2.0 mm3) centered in
the left dorsal hippocampus was performed. Water-suppressed
point-resolved spectroscopy (PRESS) pulse sequence was used
to measure metabolite levels. The parameters for PRESS data
acquisition were as follows: TR/TE = 5000/13.87 ms, number
of averages = 384; sweep width = 5 kHz; and number of
sampling points = 2048. Outer volume suppression was used,
which was interleaved with the water signal suppression using
variable-power RF pulses with optimized relaxation delays.
A non-water-suppressed reference PRESS spectrum was also
acquired (8 averages).

Spectral fitting analysis was performed using LCModel
software (version 6.3-1N). Cramer-Rao lower bounds,
represented as percentage standard deviations of metabolite
estimates (%SD), were obtained from the LCModel to determine
the precision of metabolite signal estimates. The experimentally
observed spectra of macromolecules and the simulated spectra
of the following 12 metabolites were included in the basis set
for the LCModel: creatine (Cr), phosphocreatine (PCr), GABA,
glucose (Glc), glutamine (Gln), Glu, myo-inositol (mIns),
lactate (Lac), N-acetylaspartate (NAA), and taurine (Taur).
Quantification was performed using the absolute metabolite
concentration. LCModel fitting was performed over the spectral
range of 1.0–4.4 ppm.

Image analysis

Three-dimensional VOIs were drawn to compare the
regional PET uptake in both groups. To this end, dynamic
PET images were motion corrected and co-registered with the
corresponding magnetic resonance imaging (MRI) for each
mouse. The MR images were then spatially normalized to the
M. Mirrione T2-weighted mouse brain MRI template found
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in PMOD software (version 3.4, PMOD Group, Graubünden,
Switzerland), and the normalization factor values were applied
to the corresponding dynamic PET images. Depending on
the characteristics of each PET tracer, VOIs of the target
regions were defined on the MRI template (Figure 1). Finally,
decay-corrected regional time-activity curves (TACs) of the
target regions were obtained. The obtained uptake value,
represented as the standardized uptake value (SUV), was
determined for each region. SUV values were calculated to
normalize the differences in the injected dose and body
weight. To compare quantitative values between the groups,
we obtained the target-to-reference ratio based on the TACs.
We then compared the radioactivity at 30 min, which indicates
the beginning of transient equilibrium. Pharmacokinetic
parameters such as the area under the curve (AUC) were
estimated from the TACs. The AUCs were obtained from 0
to 50 min by the trapezoid rule using the Prism software
(version 8, GraphPad Software, Inc., La Jolla, CA, United
States).

Immunohistochemistry

APPswe/PS2 and WT mice were anesthetized using 3%
isoflurane in oxygen and perfused with normal saline containing
0.1% heparin (JW Pharmaceutical Corp., Seoul, South Korea)
and 4% paraformaldehyde (PFA) solution (Biosesang,
South Korea). Mouse brains were removed and post-fixed
with formalin (10%). Staining was performed at the Korean
Pathology Technical Center (Cheong-ju, South Korea). Briefly,
brain samples were embedded in paraffin and cut into 4-µm
sections using a microtome (Shandon Finesse ME Microtome,
Thermo Fisher Scientific, Waltham, MA, United States). After
dewaxing and rehydration, endogenous peroxidase activity was
blocked with a peroxidase-blocking solution for 10 min (S2023,
DAKO, Copenhagen, Denmark). Brain sections were incubated
with mouse anti-6E10 antibody (SIG-39320, diluted 1:1000,
Covance, Princeton, NJ, United States) or anti-Aβ1-42 primary
antibody (AB5708P, diluted 1:100, Sigma-Aldrich, Burlington,
MA, United States) at 4◦C overnight. After washing, the
sections were incubated with a secondary antibody (Envision
kit, DAKO, Copenhagen, Denmark) at room temperature
for 30 min, washed, and incubated at room temperature
for 30 min with a rabbit/mouse target retrieval solution
(S2369, DAKO, Copenhagen, Denmark). Brain tissues were
incubated in 3,3′-diaminobenzidine (DAB) substrate for 3 min
(EnVision Detection System, DAKO, Copenhagen, Denmark)
and counterstained with Mayer’s hematoxylin (Sigma-Aldrich,
Burlington, MA, United States). Digital images of stained
sections were obtained using a microscope (CX31, Olympus,
Tokyo, Japan). The image was adjusted to a magnification field
(100×), and the three areas (100 × 100 µm) were defined as
the subregions of the hippocampus (CA1, CA2, and CA3). Aβ42

peptides were counted using an image viewing software (Motic
VM 3.0, Motic microscopes, Canada).

Statistical analysis

Quantitative results are expressed as the mean ± SD. All
statistical analyses were performed using the GraphPad Prism
software (GraphPad Software, Inc., La Jolla, CA, United States).
The student’s t-test was used to determine statistical significance
at a 95% confidence level, and a value of p< 0.05 was considered
significantly different.

Results

Positron emission tomography

Glucose positron emission tomography
18FDG uptake, a surrogate marker of glucose

metabolism, was used to assess neuronal integrity. Lower
uptake (hypometabolism) was considered to indicate
neurodegeneration. The interpretation of PET images by
visual inspection revealed no significant difference in 18F-FDG
uptake in the target area between the two groups (Figures 2A–
F). The mean SUV at 40–60 min for the AD demonstrated no
significant difference in all target regions compared to those
for the WT group (cortex: WT 1.53 ± 0.15 vs. AD 1.58 ± 0.23,
p = 0.7278, thalamus: WT 1.84 ± 0.19 vs. AD 1.90 ± 0.22,
p = 0.6762, hypothalamus: WT 1.54 ± 0.17 vs. AD 1.54 ± 0.16,
p > 0.9999, brain stem: WT 1.76 ± 0.26 vs. AD 1.67 ± 0.28,
p = 0.5313, striatum: WT 1.77 ± 0.18 vs. AD 1.80 ± 0.25,
p = 0.8345, hippocampus: WT 1.75 ± 0.18 vs. AD 1.80 ± 0.31,
p = 0.7278, amygdala: WT 1.20 ± 0.14 vs. AD 1.16 ± 0.20,
p = 0.7806, midbrain: WT 1.94 ± 0.23 vs. AD 2.00 ± 0.22,
p = 0.6762, cerebellum: WT 2.05 ± 0.26 vs. AD 2.13 ± 0.33,
p = 0.5778, Figure 2G).

Amyloid positron emission tomography
To evaluate the Aβ burden, 18F-florbetaben PET scans

were performed. Mean PET images showing brain uptake (10–
30 min) are depicted in Figures 3A–F, which revealed that
radioactivity mainly accumulated in the midbrain, thalamus,
and brainstem in the brain. In the TAC group, after
approximately 10 min, the AD group exhibited increased 18F-
florbetaben uptake compared to the WT group (Supplementary
Figures 1A–I). The mean SUV at 10–30 min for the
hypothalamus, hippocampus, and brain stem of the AD group
demonstrated higher uptake than that of the WT (cortex: WT
0.91 ± 0.02 vs. AD 1.05 ± 0.08, p = 0.0475, thalamus: WT
1.31 ± 0.04 vs. AD 1.49 ± 0.20, p = 0.0142, hypothalamus:
WT 0.93 ± 0.08 vs. AD 1.21 ± 0.20, p = 0.0002, brain stem:
WT 1.25 ± 0.02 vs. AD 1.55 ± 0.23, p < 0.0001, striatum: WT
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FIGURE 1

Definition of volumes of interest (VOIs) for all positron emission tomography (PET) tracers. Magnetic resonance (MR) images for the horizontal,
coronal, and sagittal planes are presented. Spatially normalized PET images were applied to the VOIs for each radiotracer.

1.14 ± 0.04 vs. AD 1.33 ± 0.16, p = 0.0106, hippocampus: WT
1.08 ± 0.03 vs. AD 1.25 ± 0.15, p = 0.0193, amygdala: WT
0.88 ± 0.02 vs. AD 1.07 ± 0.16, p = 0.0001, midbrain: WT
1.49 ± 0.05 vs. AD 1.66 ± 0.20, p = 0.0162, cerebellum: WT
1.06± 0.07 vs. AD 1.14± 0.05, p = 0.2879, Figure 3G). The AUC
values of the target regions showed a 2–12% increase, compared
with the corresponding values in the WT group (cortex: WT
47.85 ± 0.47 vs. AD 53.55 ± 1.02, p < 0.0001, thalamus: WT
67.61 ± 0.80 vs. AD 74.54 ± 1.70, p < 0.0001, hypothalamus:
WT 47.76 ± 0.92 vs. AD 55.15 ± 2.00, p < 0.0001, brain stem:

WT 62.99± 0.71 vs. AD 69.37± 2.94, p< 0.0001, striatum: WT
58.59± 0.75 vs. AD 62.32± 1.91, p = 0.0002, hippocampus: WT
56.18 ± 0.63 vs. AD 62.42 ± 1.44, p < 0.0001, amygdala: WT
46.35 ± 1.33 vs. AD 50.15 ± 1.84, p = 0.0001, midbrain: WT
73.43 ± 0.85 vs. AD 80.71 ± 1.76, p < 0.0001, cerebellum: WT
55.78± 0.90 vs. AD 61.92± 1.98, p < 0.0001, Table 1).

Glutamate positron emission tomography
To evaluate the glutamatergic system, we measured the

density of the metabotropic glutamate receptor 5 (mGluR5)
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FIGURE 2

Summed positron emission tomography (PET) images
(40–60 min) of 18F-FDG in the wild-type (WT) (A–C) and
Alzheimer’s disease (AD) groups (D–F). In PET images, the
columns from left to right show the axial, coronal, and sagittal
views. Comparison of the standardized uptake values (SUVs) in
terms of the target regions (G). Data are presented as the
mean ± SD (n = 6).

using 18F-FPEB PET. The mean PET images (30–50 min)
are shown in Figures 4A–F. Supplementary Figures 2A–C
represent the regional TACs. After approximately 10 min, the
striatum and hippocampus of the AD group showed lower PET
uptake than those of the WT group. The SUVs at 30–50 min
of the striatum indicated 26.8% lower uptake in the AD group
than in the WT group (WT 2.55 ± 0.52 vs. AD 1.86 ± 0.28
SUV, p = 0.0034, Figure 4M). In the hippocampus, the uptake
of the AD group was 25.3% lower than that of the WT group
(WT 2.61 ± 0.55 vs. AD 1.95 ± 0.40, p = 0.0043, Figure 4M).
In contrast, the radioactivity in the cerebellum did not differ
between the groups (WT 0.58 ± 0.09 SUV vs. AD 0.49 ± 0.03,
p = 0.6696, Figure 4M). The AUC value of the target region in
the AD group showed a 24–27% decrease compared to that of
the WT group (striatum: WT 97.72± 4.78 vs. AD 71.65± 3.01,
p< 0.0001, hippocampus: WT 98.32± 4.89 vs. AD 74.64± 3.93,
p < 0.0001, cerebellum: WT 22.47 ± 0.95 vs. AD 21.97 ± 0.48,
p = 0.8184, Table 1).

GABAergic positron emission tomography
To observe the distribution of GABAA receptors, we

performed 18F-flumazenil PET. A comparative overview of
the mean brain 18F-flumazenil PET images is presented in T
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FIGURE 3

Summed positron emission tomography (PET) images
(10–30 min) of 18F-florbetaben in the wild-type (WT) (A–C) and
Alzheimer’s disease (AD) groups (D–F). Comparison of the
standardized uptake values (SUVs) for the brain regions (G) at
10–30 min. Values are presented as the mean ± SD (n = 6).
Statistical significance was defined as a p value less than 0.05 for
comparisons between groups (*p < 0.05, ***p < 0.001 and ****p
< 0.0001).

Figures 4G–L. The mice in the AD group exhibited higher
radioactivity in the target regions (i.e., the cortex, hippocampus,
superior colliculus, and olfactory bulb) than that in the WT
group. Supplementary Figures 2D–H shows the regional
TACs of 18F-flumazenil for both groups, which suggests that
transient equilibrium was attained at 30 min on average. After
approximately 10 min, the mice in the AD group exhibited
relatively higher uptake than the WT group. The radioactivity
(SUV) of target regions except the cerebellum indicated a 14–
35% higher uptake in the AD group than in the WT group
30–50 min (cortex: WT 1.81 ± 0.22 vs. AD 2.61 ± 0.33,
p = 0.0006, hippocampus: WT 2.23 ± 0.09 vs. AD 3.11 ± 0.54,
p = 0.0002, superior colliculus: WT 2.26 ± 0.33 vs. AD
3.11 ± 0.53, p = 0.0003, olfactory bulb: WT 1.44 ± 0.08 vs.
AD 2.16 ± 0.48, p = 0.0017, cerebellum: WT 1.00 ± 0.22
vs. AD 1.01 ± 0.14, p = 0.9631, Figure 4N). The AD group
showed a 10–26% increase in the AUC value of the target regions
compared to the WT group (cortex: WT 117.40 ± 2.91 vs. AD
134.40 ± 4.75, p = 0.0002, hippocampus: WT 144.80 ± 9.65
vs. AD 159.90 ± 6.47, p = 0.0008, superior colliculus: WT
135.70 ± 9.84 vs. AD 171.40 ± 7.79, p < 0.0001, olfactory bulb:
WT 92.86± 5.78 vs. AD 111.30± 5.93, p < 0.0001, cerebellum:
WT 76.94± 4.58 vs. AD 78.69± 4.03, p = 0.6751, Table 1).

Dopaminergic positron emission tomography
To measure dopamine D2 receptor levels, 18F-fallypride

PET was performed. Summed PET images showed that striatal
uptake was significantly lower in the AD group than in the WT
group (Figures 5A–F). In the TAC group, transient equilibrium
was reached after an average of 30 min, and the radioactivity
of the striatum revealed lower uptake in the AD group than in
the WT group (Supplementary Figure 3). The striatal uptake in
the AD group at 30–50 min was 29.3% lower than that in the
WT group (WT 2.39 ± 0.73 vs. AD 1.69 ± 0.12, p = 0.0036,
Figure 5G). The AD group exhibited a 28% reduction in striatal
AUC values compared to the WT group (WT 90.45 ± 2.06 vs.
AD 64.88± 0.27, p < 0.0001, Table 1).

Aβ42 immunoreactivity

To compare Aβ expression levels between AD and WT mice,
we analyzed the immunoreactivity of the Aβ42 peptide in the
hippocampus (Figures 6A–H). The number of positive Aβ42

cells in AD mice was significantly higher than that in WT mice.
In the CA1 region, amyloid pathology was evident in AD mice;
however, it was rarely observed in WT mice (Aβ42 peptide:
WT 1.60 ± 0.55 vs. AD 10.80 ± 0.84 counts/µm2, p = 0.0041,
Figure 6I). This result was also observed in the CA2 and CA3
regions (CA2: WT 2.60 ± 0.55 vs. AD 9.60 ± 1.67 counts/µm2,
p = 0.0142; CA3: WT 2.00 ± 0.71 vs. AD 8.60 ± 1.14
counts/µm2, p = 0.0488, Figure 6I). Compared with the Aβ

pathology using 6E10 staining, no significant differences were
observed between the two groups (Supplementary Figure 4).

Magnetic resonance spectroscopy

To determine the biochemical features of AD, we
compared the concentrations of neurochemicals in the
dorsal hippocampus of AD and WT mice (Figure 7). Creatine,
phosphocreatine, glucose, and myoinositol levels in the
AD group were similar to those in WT mice. Although
no statistically significant differences were observed, the
concentrations of GABA, glutamine, and lactate were higher in
the AD group than those in the WT group. However, the AD
group exhibited a significant decrease in glutamate (p = 0.032),
N-acetylaspartate (p = 0.036), and taurine (p = 0.036).

Discussion

Amyloid pathology induces synaptic dysfunction, neuronal
death, and brain shrinkage resulting in various clinical
symptoms. Although many researchers have conducted
molecular biological studies and developed chemicals
to prevent AD progression, no effective therapeutic
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FIGURE 4

Mean positron emission tomography (PET) images of 18F-FPEB [wild-type (WT) (A–C) and Alzheimer’s disease (AD) (D–F) at 40–60 min] and
18F-flumazenil [WT (G–I) and AD (J–L) at 30–50 min]. Quantification of the radioactivities for the 18F-FPEB (M) and 18F-flumazenil (N). Data are
presented as the mean ± SD (n = 6). Statistical significance was defined as a p value less than 0.05 for comparisons between groups (**p < 0.01,
***p < 0.001, and ****p < 0.0001).

drug has been developed to date except aducanumab
(AduhelmTM). Limited by the scope of molecular imaging,
existing studies have evaluated only the effect of a single
neurotransmission system in the AD model. However,
since many neurotransmission systems are interconnected,
a compressive evaluation is required to broaden the
understanding of AD pathophysiology. In the present study,
we systemically elucidated the effect of Aβ pathology on
major neurotransmission systems in vivo using functional
molecular imaging techniques. First, we confirmed amyloid
pathology with PET and observed an imbalance of the
excitatory-inhibitory system and a decreased dopaminergic

system in APPswe/PS2 mice (21 months of age). Notably,
changes in the GABAergic system are prominent among
the neurotransmission systems, particularly in the superior
colliculus. This implies that the GABAergic system is the
most vulnerable to amyloid pathology; therefore, modulation
of this system may be an effective target for AD treatment
in advanced stage.

The mammalian brain uses glucose as its primary energy
source; therefore, glucose metabolism plays a pivotal role
in maintaining neuronal function and neurotransmission.
The disruption of neuronal glucose metabolism is closely
related to synaptic dysfunction (Moon et al., 2014). In
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FIGURE 5

Mean positron emission tomography (PET) images of
18F-fallypride for wild-type (WT) (A–C) and Alzheimer’s disease
(AD) groups (D–F). Comparison of the standardized uptake
values (SUVs) for the striatum and cerebellum for 18F-fallypride
at 30–50 min (G). Data are presented as the mean ± SD (n = 6).
Statistical significance was defined as a p value less than 0.05 for
comparisons between groups (****p < 0.0001).

patients with AD, reduced cerebral glucose consumption,
called “hypometabolism,” is typically observed, indicating
neuronal degradation (Costantini et al., 2008). However, several
preclinical PET studies have shown findings contradictory to the
clinical results of “hypermetabolism” (Luo et al., 2012; Poisnel
et al., 2012; Rojas et al., 2013). In the present study, we did not
observe any significant differences in 18F-FDG uptake between
the AD and WT groups. This result is in good agreement
with Kuntner’s work. They demonstrated that 18F-FDG-PET in
Tg2576 mice did not show any significant differences in glucose
metabolism in the brain compared with WT mice (Kuntner
et al., 2009). These results may be due to the presence of
inflammatory cells around amyloid plaques. High astrogliosis
and microgliosis can reportedly increase glucose metabolism,
which appears to be reflected in the PET images. In the case
of APP/PS2 mice, the inflammatory response starts at the age
of 9 months and correlates with Aβ deposition (Richards et al.,
2003). Further investigation is required to address this issue.

Aβ is regarded as a critical biomarker for AD. In
clinical studies, growing evidence suggests that amyloid PET
correlates with the pathology of AD (Ikonomovic et al., 2008;
Sojkova et al., 2011). However, the suitability of amyloid PET for
preclinical use is controversial in the literature. Some studies
have successfully monitored the progression of amyloidosis in
animal models of AD. Snellman et al. (2013) demonstrated
that neocortical 11C-PIB uptake is noticeably increased in

FIGURE 6

Immunohistochemical staining of Aβ42 peptide in the
hippocampus for wild-type (WT) and Alzheimer’s disease (AD)
mice (A–H). (A,B) 100×magnification of the hippocampus,
(C–H) 400×magnification of the hippocampal regions such as
CA1, CA2, and CA3 (Scale bar = 60 µm). The number of Aβ42
peptides in the CA1, CA2, and CA3 regions are expressed as
mean ± SD (I, ∗p < 0.05, and ∗∗p < 0.005). This analysis was
done for all mice (n = 5).

APP23. Rojas et al. (2013) revealed that 5xFAD mice exhibited
a significantly higher uptake of 18F-florbetapir and 11C-PIB.
In contrast, other researchers have observed no difference
between the AD and WT groups, despite the pathological
confirmation of the deposition of high Aβ. Klunk et al. (2005)
also showed no significant uptake of 11C-PIB in APP/PS2 mice
compared to the WT. Amyloid pathologies may vary depending
on the genetically modified mouse. To address this issue,
Brendel et al. (2015) performed a comparative amyloid PET and
cross-sectional histological study to identify suitable transgenic
mice with APPswe, APPswe/PS2, APPswe/PS1G384A, and
APPswe/PS1dE9. They suggested that APPswe/PS2 transgenic
mice had the highest brain and progressive radioactivity
uptake with age (Brendel et al., 2015). Therefore, we selected
APPswe/PS2 mice for the present study and observed higher
brain uptake values in these transgenic mice than in wild-
type mice.
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FIGURE 7

Definition of the volume of interest (i.e., dorsal hippocampus) in magnetic resonance spectroscopy (MRS) (A). Comparison of the
neurochemical profiles between the wild-type (WT) and APPswe/PS2 mice (B). Data are presented as the mean ± SD (n = 5). A p-value < 0.05
was considered statistically significant (*p < 0.05).

Glutamatergic and GABAergic neurons are the two major
types of synapses in the central nervous system (CNS), which
play a role in achieving a coordinated balance between excitation
and inhibition events, as well as learning and memory (Mathew
et al., 2005; Foster and Kemp, 2006). Li et al. (2016) noted that
both neurotransmission systems might undergo pathological
changes in AD. In this study, we evaluated the in vivo changes
in mGluR5 in APPswe/PS2 mice and observed that the uptake
of 18F-FPEB in the AD group was considerably lower than
that in the WT group, which is consistent with our previous
work and a clinical study conducted by Mecca et al. (2020)
(Lee et al., 2018). This reduced expression of mGluR5 indicated
the diminished availability of binding sites for radiotracers
since mGluR5 is a scaffold for Aβ oligomers and cellular prion
proteins (Um et al., 2013).

γ-aminobutyric acid is the primary inhibitory
neurotransmitter that binds to three types of receptors
(GABAA, GABAB, and GABAC) (Barnard et al., 1998). As
GABAA receptors are widely expressed in the CNS, they
mediate the inhibition of most brain functions (Kwakowsky
et al., 2018). A previous study reported that abnormal
GABA-mediated signaling plays a vital role in neurological
diseases, including AD (Rudolph and Möhler, 2014). Notably,
we observed significantly higher GABAergic PET uptake
in specific brain regions in the AD group than that in
the WT group. These results indicate that the inhibitory
neurotransmitter systems were activated in the AD group.
This finding contradicts those of previous studies. This may
be due to differences in the timing of the experiments or
the pathological stage. Rissman et al. (2004) reported that
a decrease in the expression of GABAA receptors is an
early event in patients with AD. Pascual et al. (2012) also
demonstrated that patients with early-stage AD showed
decreased GABA PET. The distinct mechanism for the increase

in GABA-PET uptake in AD is unknown; however, this
result may be due to the intervention of GABAA receptors.
In the mammalian brain, the GABAA receptor contains
two α subunits, two β subunits, and one γ subunit (Olsen
and Sieghart, 2008). Altered GABAA receptor subunits are
observed in AD and significantly impact neuronal function
and disease progression (Kwakowsky et al., 2018). Iwakiri
et al. (2009) reported that the γ-subunit of hippocampal
GABAA receptors is upregulated in patients with AD in the
immunohistochemical findings. In addition, Limon et al.
(2012) demonstrated that the α2, β1, and γ1 subunits in
patients with AD are upregulated at the mRNA and protein
levels. 18F-flumazenil specifically binds to the binding sites
between α and γ of the GABAA receptor; therefore, it
seems to increase GABA PET uptake (Palner et al., 2016). A
possible explanation is that AD pathology is characterized
by the upregulation of the GABAergic system by reactive
astrocytes. Under pathological conditions, reactive astrocytes
release GABA, which eventually results in overactivation of
the GABAA receptor. Jo et al. (2014) reported that reactive
astrocytes produced by Aβ generate abnormally upregulated
GABA in an APP/PS1 mouse model and participate in AD
pathology. Wu et al. observed high levels of GABA in reactive
astrocytes in the hippocampus of 5xFAD mice compared
with that in WT (Wu et al., 2014) to evaluate changes in
the dynamics of the GABAergic system in pathological
stages.

Dopamine is another major neurotransmitter found in
the CNS. In AD, striatal dopamine levels are known to
be associated with cognitive impairments, suggesting the
potential of dopaminergic neurons as a treatment target for
AD (Kumar and Patel, 2007). However, the pathological
mechanism of dopamine in AD is not fully understood.
In the present study, we observed significantly lower brain
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uptake of 18F-fallypride in the AD group. This implies that
alterations in striatal dopamine D2 receptors are part of the
pathological profile of AD (Pizzolato et al., 1996). Previous
studies have supported our results. Immunocytochemistry
studies reported by Kumar and Patel (2007) revealed that
D2R expression was moderately reduced in the frontal cortex
of the AD group compared with that in the WT group.
Pizzolato et al. (1996) reported that striatal dopamine D2
receptors were reduced in patients with AD compared with
those in the control group. Kemppainen et al. (2003) also
demonstrated that dopaminergic PET uptake decreased in the
hippocampal and temporal cortical regions of patients with
AD. The ventral tegmental area (VTA) is a group of neurons
located in the midbrain that sends dopaminergic projections
to both the limbic and cortical areas. The VTA contains
dopaminergic neurons (65%), GABAergic neurons (30%),
and glutamatergic neurons (approximately 5%) (Swanson,
1982; Margolis et al., 2006; Nair-Roberts et al., 2008;
Yamaguchi et al., 2011). Previous studies have demonstrated
that dopaminergic neurons are inversely correlated with
GABA neurons in vivo (Zhou et al., 2009). In this study,
we also observed activation of the GABAergic system and
simultaneous suppression of the dopaminergic system in an
animal model of AD.

In MRS experiments, no difference in creatine and
phosphocreatine levels indicated a similar cellular energy
metabolism between the AD and WT groups (Ford and
Crewther, 2016). This may be linked to glucose levels.
A low glutamate + glutamine (Glx) concentration in AD
compared with that in the WT indicates decreased glutamatergic
neurotransmission. Antuono et al. (2001) also reported reduced
Glx levels in patients with AD. Glutamate and N-acetylaspartate
are related to neuronal integrity and the number of living
neurons, respectively (Ramadan et al., 2013; Glodzik et al.,
2015). Taurine levels are key indicators of neurogenesis (Kulak
et al., 2010). Therefore, our MRS data imply that AD mice
have damaged neuronal integrity, a reduced number of neurons,
and neurogenesis. These results were also consistent with
those of our previous work using 5xFAD mice. The levels of
glutamate, N-acetylaspartate, and taurine in the AD group were
significantly lower than those in the WT group at 5 months of
age (Lee et al., 2019). Lin et al. (2014) also reported that AD mice
displayed significantly lower glutamate and N-acetylaspartate
compared to that in the control group. Patients with AD also
showed a decreased N-acetylaspartate concentration compared
to that in healthy individuals (Dixon et al., 2002; Kantarci et al.,
2007).

The most crucial consideration in applying the five different
types of PET studies to clinical patients is the severity of the
disease and radiation exposure. First, although the specific role
of the individual neurotransmission system in the progression
of AD has not yet been clarified, the sensitivity of the
neurotransmission system may vary depending on the severity

of AD. Second, in terms of clinical research, there are practical
restrictions on acquiring five different types of PET scans
from patients. According to the Radioactive Drug Research
Committee guidelines in the United States, the effective dose for
the whole body should not exceed 30 or 50 mSv/year (FDA 21
CFR 361.1). Previous studies have reported that the whole-body
effect dose of PET scans used in the present study was 0.015–
0.021 mSv/MBq (mean 0.018 mSv/MBq, Van Laere et al., 2010;
Kessler et al., 2014; Sabri et al., 2015; Srinivasan et al., 2020). For
an injected dose of 370 MBq, the whole-body was 6.68 mSv/each
and 33.4 mSv/five study. This value does not exceed the annual
permissible dose; however, it can be challenging to perform
follow-up or additional radiation exposure studies within a year.
To conduct multiple PET studies with a cycle of over a year, two
or three PET scans may be conducted each year.

The significance of the present study is that it is possible
to identify the role of specific neurotransmission systems in
elucidating the pathophysiology of AD by conducting multiple
PET studies, which are difficult to apply in clinical practice. We
plan to conduct longitudinal studies to determine the specific
role of a certain neurotransmission system in AD progression.

A limitation of the present study is the absence of
behavioral studies. Hence, we are uncertain whether a
specific neurotransmission system affects the clinical symptoms,
including cognitive function and mood-related changes.

Conclusion

Overall, we determined amyloid pathology by increased
brain uptake of amyloid PET, which was validated by
immunohistochemistry. This pathology induces an imbalance
in the excitatory-inhibitory neurotransmission system and a
reduction in the dopaminergic system. AD mice exhibited lower
concentrations of major neurochemicals, such as Glu, NAA, and
Taur. In general, our results demonstrate that AD pathology
causes the deterioration of neurotransmission systems. This
expands the understanding of the pathophysiology of AD and
may help develop appropriate treatment strategies for AD.
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