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Abstract 
 
Background: Metabotropic glutamate receptor 5 (mGluR5) modulates excitatory glutamatergic synaptic 

transmission and plays an important role in learning and memory formation and in neurodegeneration and 

amyloid deposition in Alzheimer’s disease (AD). Conflicting results on the cerebral mGluR5 levels in AD have 

been reported based on in vivo and postmortem studies. Here, we aimed to assess alterations in hippocampal 

mGluR5 expression in AD, and the associations between mGluR5 expression and pathologies. 

Methods: Immunofluorescence staining for mGluR5 was performed on postmortem brain tissue from 34 AD 

patients and 31 nondemented controls (NCs) and from aged 3×Tg and arcAβ model mice of AD. 

Autoradiography was performed on brain tissue slices from arcAβ mice using mGluR5 tracer [18F]PSS232. 

Analysis of different cellular source of GRM5 RNA in human and mouse brains was performed. Proteomic 

profiling and pathway analysis were performed on hippocampal tissue from aged 3×Tg mice and wild-type mice. 

Results: No differences in hippocampal mGluR5 expression or entorhinal cortical GRM5 RNA levels were 

detected between the AD and NC groups. Hippocampal mGluR5 levels increased with Braak stage and 

decreased with amyloid level in the NC group. No correlations were detected between the levels of mGluR5 and 

amyloid, tau, or Iba1/P2X7R in the hippocampus of AD patients and NC cases. Ex vivo autoradiography 

revealed comparable cerebral levels of [18F]PSS232 in arcAβ mice compared to nontransgenic mice. GO and 

KEGG pathway enrichment analyses revealed that the Shank3, Grm5 and glutamatergic pathways were 

upregulated in hippocampal tissue from aged 3×Tg mice compared to wild-type mice. 

Conclusion: This study revealed no difference in hippocampal mGluR5 levels between AD patients and NCs 

and revealed the divergent influence of amyloid and tau pathologies on hippocampal mGluR5 levels in NCs. 

Species differences were observed in the GRM5 RNA level as well as at the cellular location. 
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Introduction 

Alzheimer’s disease (AD) is pathologically characterized by the aberrant accumulation of amyloid-beta (Aβ), 

tau tangles, neuroinflammation, and synaptic dysfunctions (9, 32, 35). Synaptic degeneration and 

neurotransmitter receptor alterations play critical roles in the progression of AD (54, 72). Glutamatergic neurons 

form the main excitatory system in the brain and play a pivotal role in many neurophysiological functions. 

Excessive activation of glutamate receptors can lead to excitotoxicity, neuronal dysfunction and death, impaired 

calcium buffering, free radical generation, and mitochondrial permeability transition in the brain (64). 

Metabotropic glutamate receptor 5 (mGluR5) is a G protein-coupled receptor located predominantly at the 

postsynaptic terminal and in the presynaptic membrane, as well as on microglia (24, 48). In healthy adult 

astrocytes, mGluR5 is generally absent but transiently reemerges in astrocytes within a restricted time frame. In 

the brain, mGluR5 is mainly expressed in the hippocampus, amygdala, olfactory bulb, dorsal striatum, nucleus 

accumbens, and lateral septum (67). mGluR5 modulates excitatory glutamatergic synaptic transmission and 

plays an important role in learning, memory and neuronal development and glutamate-induced excitotoxicity 

(24, 48). mGluR5 has implications for the pathophysiology of many neurodegenerative diseases (10), including 

AD (2, 46). Aβ oligomers have been shown to be toxic and can lead to synaptic impairment (68). mGluR5 has 

been shown to act as a coreceptor for Aβ oligomers that bind to cellular prion proteins (57, 73), mediating 

synaptic dysfunction (57). Soluble Aβ oligomers have been shown to induce the accumulation and 

overactivation of mGluR5, leading to an abnormal increase in the release of intracellular Ca2+ (57, 73). Genetic 

deletion of mGluR5 has been shown to improve cognitive function and reduce Aβ plaque, Aβ oligomer 

accumulation, and mTOR phosphorylation in the brains of APP/PS1 mice of AD (22). Pharmacological 

treatment, such as allosteric modulation of mGluR5, prevents cognitive impairment, reduces pathogenesis, and 

reverses synapse loss in AppNL-G-F/hMapt double-knock-in mice and APP/PS1 mouse models of AD (21, 23, 

65). Chronic pharmacological inhibition of mGluR5 has also been shown to prevent cognitive impairment and 

reduce pathogenesis in AD mice (23). Moreover, mGluR5 has been implicated in modulating microglial 

inflammation, such as in Parkinson's disease (PD) (84). 

 

Given its important pathophysiological role, mGluR5 is thus a promising target in drug development and a 

promising imaging biomarker for neurodegenerative diseases, including AD (53). Several mGluR5 positron 

emission tomography (PET) tracers, including [18F]FPEB (80), [11C]ABP688 (8) and [18F]PSS232 (60, 78), have 

been developed. Silent allosteric modulator (SAM) and negative allosteric modulators (NAMs) of mGluR5 are 
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currently being tested in clinical trials in AD patients as well as in PD patients (e.g., NCT05804383; 

NCT04857359). However, existing results from in vivo and ex vivo studies on changes in mGluR5 expression in 

the AD brain are conflicting. By western blotting, a significant decrease in the protein expression of mGluR1, 

but not mGluR5, was detected in the frontal cortex tissue of AD patients (7). A phosphoproteomic study 

revealed that the GRM-calcium signaling pathway in the frontal cortex was more enriched in patients with AD 

than in controls (59). Autoradiography revealed increased [18F]PSS232 binding in the cortex and hippocampus 

of 6 AD patients compared to 6 NC subjects (46). However, another autoradiography study using L-

[3H]glutamate revealed a reduced binding level in the frontal cortex of AD patients, which directly correlated 

with Braak stage progression in AD patients (7). Thus far, four in vivo studies have been conducted, and reduced 

uptake was shown in the hippocampus of AD patients compared to that in NC subjects in relatively small 

cohorts by using [11C]ABP688 (70), [18F]FPEB (44), and [18F]PSS232 (76, 77). In addition, little is known about 

the stage dependency and influence of APOE on mGluR5 levels in the AD brain and its link with tau deposits in 

the brain. Moreover, mGluR5 is one of the major mGluRs identified on microglia and astrocytes (84). The 

activation of microglial mGluR5 has been shown to regulate neuroinflammation in disease animal models (52, 

75). However, the association between the level of mGluR5 and microglial activation in the AD brain has not 

been directly quantified. 

 

Given the conflicting results, the aim of the current study was to assess alterations in hippocampal mGluR5 

expression and RNA levels in AD patients and NC subjects and in tissue from transgenic animal models of AD. 

Furthermore, we aimed to determine the influence of age, sex, and the APOE e4 allele and to determine the 

associations of mGluR5 levels with Aβ and tau pathologies and neuroinflammation. 

 

Materials and Methods 

Animal models 

Six 3×Tg mice [B6;129-Psen1tm1MpmTg(APPSwe, tauP301L)1Lfa/Mmjax] were purchased from Jax 

Laboratory (33, 36). Ten arcAβ transgenic mice (human APP695 transgenes harboring Swedish and Arctic 

(E693G) mutations under the control of the prion protein promoter) (30, 56) and eight nontransgenic littermates 

were used. For the proteomics study, wild-type C57BL6 mice were obtained from Cavins Laboratory Animal 

Co., Ltd., of Changzhou. Mice were housed in ventilated cages inside a temperature-controlled room under a 12 

h dark/light cycle. Pelleted food and water were provided ad libitum. Paper tissue and red mouse house shelters 
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were placed in cages for environmental enrichment. For the proteomics study, the experimental protocol used 

was approved by the Institutional Animal Care and Ethics Committee of Huashan Hospital of Fudan University 

and performed in accordance with the National Research Council’s Guide for the Care and Use of Laboratory 

Animals. All experiments were carried out in compliance with national laws for animal experimentation and 

were approved by the Animal Ethics Committee of Fudan University. For the staining and autoradiography 

studies, the experiments were performed in accordance with the Swiss Federal Act on Animal Protection and 

were approved by the Cantonal Veterinary Office Zurich. The animals were housed in ventilated cages inside a 

temperature-controlled room under a 12-h dark/light cycle. Pelleted food (3437PXL15, CARGILL) and water 

were provided ad libitum. Paper tissue and red Tecniplast Mouse House® (Tecniplast, Milan, Italy) shelters 

were placed in cages for environmental enrichment. 3×Tg mice, C57B6 wild-type mice, arcAβ mice and 

nontransgenic mice were perfused under ketamine/xylazine/acepromazine maleate anesthesia (75/10/2 mg/kg 

body weight, i.p. bolus injection) with ice-cold 0.1 M PBS (pH 7.4) and 4% paraformaldehyde in 0.1 M PBS 

(pH 7.4), fixed for 24 h in 4% paraformaldehyde (pH 7.4) and then stored in 0.1 M PBS (pH 7.4) at 4°C. 

 

Postmortem human brain tissue 

Postmortem hippocampal brain tissue from thirty-four patients with ADs, each with a clinical diagnosis 

confirmed by pathological examination, and thirty NC subjects were included in this study (Table 1). Autopsy 

paraffin-embedded hippocampal tissues were obtained from the Netherlands Brain Bank (NBB), Netherlands. 

All materials were collected from donors or from whom written informed consent was obtained for a brain 

autopsy, and the use of the materials and clinical information for research purposes were obtained by the NBB. 

The study was conducted according to the principles of the Declaration of Helsinki and subsequent revisions. 

All the autopsied human brain tissue experiments were carried out in accordance with ethical permission 

obtained from the regional human ethics committee and the medical ethics committee of the VU Medical Center 

for NBB tissue. Information on the neuropathological diagnosis of AD (possible, probable, or definite AD) or 

not AD was obtained from the NBB. Information on the Consortium to Establish a Registry for AD 

(CERAD), which applied semiquantitative estimates of neuritic plaque density and the Braak score (9) based on 

the presence of neurofibrillary tangles (NFTs), is provided in Table 1. Patients with pathology other than AD 

pathology were excluded from the study. 

 

Radiosynthesis 
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For the mGluR5 tracer [18F]PSS232, the molar activity ranged from 46.4 to 73.9 GBq/μmol at the end of 

synthesis, with a radiochemical purity > 95% (46). In a typical experiment, a moderate radiochemical yield of ~ 

12% (decay corrected) was achieved with a radiochemical purity > 99%. In postsynaptic elements, mGlu5 

receptors are physically linked to the NR2 subunit of the N-methyl-D-aspartate receptor (NMDAR) via a chain 

of interacting proteins, including PSD-95, Shank and Homer (71). The GluN2B subunit is a major NR2 subtype 

of the NMDA receptor and is highly expressed only in the cortex and hippocampus, with a rather low density in 

the cerebellum and hypothalamus (51). Here, we assessed the level of GluN2B using [11C]WMS1405B (69). 

The GluN2B subunit is one of the major NR2 subtypes of NMDA receptors and is highly expressed only in the 

cortex and hippocampus; moreover, the GluN2B subunit is expressed at a rather low density in the cerebellum 

and hypothalamus (51) and mediates the acute and chronic synaptotoxic effects of oligomeric Aβ in murine 

models of AD (55). Several PET ligands for GluN2B have been developed, including (S)-[18F]OF-NB1 (5), (R)-

[18F]OF-Me-NB1 (5), (R)-[11C]NR2B-Me (13), [11C]Me�NB1 (5, 37), [11C]Ro04-5595 (26) and [11C]WMS-

1405B (69). The molar activities of [11C]WMS1405B ranged from 53.8 to 295.3 GBq/μmol at the end of 

synthesis, with a radiochemical purity > 99% (69). The molar activities ranged from 156 to 194 GBq/μmol at 

the end of synthesis. The identity of the final product was confirmed by comparison with the high-performance 

liquid chromatography (HPLC) retention time of the nonradioactive reference compound after coinjection (47). 

 

Autoradiography of postmortem brain tissues from arcAβ mice 

Four arcAβ mice and three NTL mice were used in the autoradiography. Dissected mouse brains embedded in 

TissueTek were cut into 10-μm-thick sagittal sections on a cryostat (Cryo-Star HM 560�MV; Microm, Thermo 

Scientific, USA). The slices were adsorbed on SuperFrost Plus (Menzel, Germany) and stored at -80�°C until 

further use (30, 58). For [18F]PSS232 autoradiography, slices were thawed on ice and preconditioned with ice-

cold buffer (pH 7.4) containing 30 mM HEPES, 1.2 mM MgCl2, 110 mM NaCl, 2.5 mM CaCl2, 5 mM KCl and 

0.1% BSA. The tissue slices were dried and then incubated with 1 mL of [18F]PSS232 (1 nM) for 40�min at 

room temperature in a humidified chamber. For blockade conditions, 2-methyl-6-(phenylethynyl)-pyridine 

(MPEP; 1�μM) was added to the solution containing the radioligand. The slices were washed with ice-cold 

washing buffer (pH 7.4) containing 30 mM HEPES, 1.2 mM MgCl2, 110 mM NaCl, 2.5 mM CaCl2, 5 mM KCl, 

and ice-cold distilled water. For [11C]WMS1405B autoradiography, slices were thawed on ice and 

preconditioned. The tissue slices were dried and then incubated with 1 mL of [11C]WMS1405B (5 nM) for 

15�min at room temperature in a humidified chamber. For blockade conditions, Ifenprodil (10�μM) was added 
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to the solution containing the radioligand. The slices were washed with ice-cold washing buffer (pH 7.4) 

containing ice-cold distilled water. After drying, the slices were exposed to a phosphorimager plate (Fuji, 

Switzerland) for 30�min, and the film was scanned in a BAS5000 reader (Fuji, Japan). 

 

Immunohistochemistry, immunofluorescence staining, microscopy and image analysis 

The paraffin-embedded fixed postmortem human brain tissues (from 34 AD patients and 31 NC subjects) were 

cut into 3 µm sections using a Leica microtome (Leica Microsystems, Germany). Hematoxylin and eosin (H&E) 

staining was performed according to routine procedures for each patient to provide anatomical information and 

to determine whether there were abnormalities in the brain. Immunochemical staining using antibodies against 

ionized calcium binding adaptor molecule 1 (Iba1) and Aβ17-24 (4G8) was performed. Immunofluorescence 

staining using antibodies against mGluR5, Aβ1-16 (6E10), P2X7R and phospho-Tau (AT-8) was performed. 

Paraffin-embedded fixed human brain tissue sections were incubated with primary antibodies overnight at 4°C 

with mild shaking (29). The detailed data and quantification of the levels of P2X7Rs in hippocampal tissue from 

NC and AD patients were obtained from our recent study (43). Here, the correlation between P2X7R and 

mGluR5 was assessed to determine the link between gliosis and mGluR5. 

 

For immunofluorescence analysis of 3×Tg and arcAβ mouse brains, coronal mouse brain sections (40 mm) were 

cut around bregma 0 to -2 mm. Then, the sections were permeabilized and blocked in 5% normal donkey or goat 

serum and 1% Triton-PBS for one hour at room temperature with mild shaking. Free-floating tissue sections or 

paraffin-embedded sections were incubated with primary antibodies against 6E10 and mGluR5 overnight at 4°C 

(STable 1) (29). The next day, the sections were washed with PBS two times for 20 minutes and incubated with 

a suitable secondary antibody for 2 hours at room temperature. The sections were incubated for 15 minutes in 

4′,6-diamidino-2-phenylindole (DAPI), washed two times for 10 minutes with PBS, and mounted with 

VECTASHIELD Vibrance Antifade Mounting Media (Vector Laboratories, Z J0215). The brain sections were 

imaged at ×20 magnification using an Axio Oberver Z1 slide scanner (Zeiss, Germany) using the same 

acquisition settings for all brain slices and at ×10 and ×63 magnification using a Leica SP8 confocal microscope 

(Leica, Germany). The images were analysed by a person blinded to the genotype using Qupath and ImageJ 

(NIH, U.S.A.). 
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For the human hippocampus, manual delineation of the adult human brain based on the Allen atlas (18) was 

performed using Qupath and ImageJ (NIH, U.S.A.). Regions of interest (ROIs) for CA1, CA2/3, the dentate 

gyrus (DG), the subiculum (SUB), and the entorhinal cortex (EC) were delineated. The mean fluorescence 

intensity was calculated after calibration for background intensity. 

 

RNA data analysis 

The RNA sequencing data from the AD and NC groups used in this study were obtained from the scREAD 

database (https://bmbls.bmi.osumc.edu/scread/) (28), which comprises comprehensive datasets from GEO (Gene 

Expression Omnibus) (17) and Synapse, focusing specifically on human and mouse models of Alzheimer’s 

disease (AD). The specific datasets used in this study, along with their IDs, are as follows: Synapse IDs: 

syn18485175 and syn21125841; GEO IDs: GSE138852, GSE147528, GSE98969, GSE140510, GSE140399, 

GSE147495, GSE141044, GSE130626, GSE103334, GSE150358, GSE142853, GSE129308, and GSE146639. 

Data preprocessing involved removing duplicate entries, handling missing values, and standardizing gene 

expression values, particularly the log fold change (logFC) values, to ensure consistency across samples. The 

Mann�Whitney U test was used to compare gene expression levels between the AD and C groups across 

different cell types and brain regions (nonnormal data distributions). For comparisons between different cellular 

sources of GRM5 in the mouse brain and in the human brain, the Brain RNAseq Database was used 

(https://brainrnaseq.org/). The human data was based on (83), and the mouse data was based on (81). 

 

Proteomic profiling and pathway analysis 

To further assess whether there is change in animal model with both amyloid and tau pathology, we conducted 

high-throughput quantitative proteomic analysis of hippocampal samples obtained from three 16-month-old 

3×Tg mice and three age-matched wild-type (WT) mice. The analysis employed tandem mass tag (TMT) 

labelling, as previously described (34). Hippocampal tissues were collected from both 3×Tg mice and WT mice. 

Tissues were homogenized on ice for 10 minutes using lysis buffer (34) (STable 2). The resulting supernatant 

was obtained by centrifugation at 10,000×g for 30 minutes at 4°C. The supernatant was incubated with 100 mM 

tetraethylammonium bromide (TEAB) and 10 mM dithiothreitol (DTT) for 60 minutes at 55 °C. Subsequently, 

35 mM iodoacetamide was added and incubated in the dark for 60 minutes. Acetonitrile (5 times volume, v/v) 

was added at -20°C for 3 hours. The sample was then centrifuged at 20,000×g for 30 minutes at 4 °C. The 

remaining sample underwent two additional incubations with 1 mL of 50% acetonitrile at -20 °C for 3 hours. To 
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the protein precipitate, 0.1 mL of 100 mM TEAB was added, and the solution was mixed. The peptide/protein 

concentration was determined using the bicinchoninic acid (BCA) protein assay. The protein precipitate was 

combined with 100 mL of 100 mM TEAB, 1 mg/mL trypsin, and 1.0 mg of enzyme per 100 mg of protein. The 

mixture was incubated at 37°C for 4 hours, followed by the addition of additional trypsin and incubation at 37°C 

for 12 hours. The resulting peptide solution was centrifuged at 5,000 × g. The dried peptide powder was 

obtained using a freeze dryer. The enzymatic hydrolysis efficiency was assessed using LC�MS. The 

peptide/protein concentration in the supernatant was determined by a BCA protein assay (34). For TMT 

labelling and LC�MS analysis, the peptides were labelled using a TMT 6-plex kit following the manufacturer’s 

instructions. LC system analysis was subsequently performed. Extracted spectra from Proteome Discoverer 

(version 2.4.0.305) were searched with Sequest HT. Quantitative analysis of the spectra was carried out using 

Proteome Discoverer. The false positive rate (FDR) was set at ≤ 1% for both the protein and peptide levels (p 

value < 0.05; fold change > 1.2). 

 

In addition, a comprehensive bioinformatics analysis was used to investigate the differentially expressed 

proteins and enriched signalling pathways as described earlier. We analysed the differentially expressed genes 

(DEPs) by using differential gene expression analysis and gene ontology (GO) analysis. Kyoto Encyclopedia of 

Genes and Genomes (KEGG) signalling pathway, kinase analysis, and KEGG signalling pathway analysis were 

performed using the Mus musculus (mouse) database (www.kegg.jp/kegg/pathway.html). GO analysis was 

performed using the GO database (http://www.geneontology.org/) with annotations based on the UniProt 

database (https://www.uniprot.org/taxonomy/10090). Protein�protein interaction (PPI) network analysis was 

performed for the DEPs using the STRING database for Mus musculus (mouse) (v11, stringdb.org). A volcano 

plot was generated using https://huygens.science.uva.nl/VolcaNoseR/. 

 

Statistics 

All the statistical analyses were performed using Python and GraphPad Prism. The Shapiro�Wilk test was used 

to assess the normality of the distribution of various parameters in both groups. For the statistical analysis of 

differences between two groups, the nonparametric Mann�Whitney U test was used. Linear regression models 

were used to assess the impact of age and group status (AD vs. NC) on mGluR5 expression across brain regions, 

with age and group status being predictors and mGluR5 expression being the response variable. Differences in 

expression between groups were evaluated using p values for group coefficients to identify AD-related 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 26, 2024. ; https://doi.org/10.1101/2024.05.25.595868doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.25.595868
http://creativecommons.org/licenses/by-nc-nd/4.0/


10 
 
 
 

disparities. Nonparametric Spearman’s rank correlation analysis was performed between Braak stage, CERAD 

score, tau level, and Iba1, P2X7R and mGluR5 levels in the brain. Principal component analysis (PCA) and 

canonical correlation analysis (CCA) were conducted using R statistical software. PCA was utilized to explore 

the variance structure of the data. The datasets included two categories: tau proteins and mGluR5. Prior to PCA, 

data standardization was performed using the scale function in R to ensure that all variables contributed equally 

to the analysis by subtracting the mean and dividing by the standard deviation. PCA was executed using the 

prcomp function, which computes the covariance matrix, eigenvalues, and eigenvectors and extracts the 

principal components. The loadings of the first principal component were computed for each dataset to assess 

their contribution to variance. CCA was used to explore the relationships between mGluR5 expression levels 

and tau protein levels in the AD and NC datasets. Preprocessing steps involved removing observations with 

missing values. CCA was then performed separately for the AD and NC datasets with the objective of 

identifying linear combinations of mGluR5 and tau variables that maximized their correlation across brain 

regions. Canonical correlation coefficients and canonical loadings were calculated to quantify the strength and 

direction of the relationships between the two sets of variables, with canonical loadings representing the weights 

assigned to each variable in the linear combination. 

 

Results 

Demographics and pathological description and not affected by age, sex or APOE e4 allele status 

The ages of the individuals in the NC group (82.2) were comparable to those in the AD group (82.4) and 

followed a normal statistical distribution (Shapiro�Wilk test). A greater percentage of females was noted in the 

AD group (88%) than in the NC group (58%). The prevalence of apolipoprotein E (APOE) ε4 carriers was 

significantly greater in the AD group (58.8%) than in the NC group (12.9%). H&E staining revealed no 

abnormalities in the brain tissue slices from the AD patients or NC subjects (data not shown). We used 4G8 

immunohistochemical staining to map the Aβ distribution and AT-8 immunofluorescence staining to map the 

pathological phospho-Tau distribution in hippocampal slices. Amyloid-beta plaques and tau pathology were also 

observed in the brains of a proportion of NCs.  

 

Comparable hippocampal mGluR5 expression and GRM5 RNA levels in AD patients and NC subjects 

We chose the hippocampus for the analysis of mGluR5 levels in AD and NC brains because it is the region with 

the most abundant mGluR5 in the human brain (2). We first quantified mGluR5 expression in subfields of the 
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hippocampus in 34 AD patients and 30 NC subjects by using immunofluorescence staining and slide scanner 

microscopy. The mGluR5 levels decreased in the following order: the entorhinal cortex (EC), subiculum (SUB), 

CA3, CA1, and dentate gyrus (DG) in the AD group (Fig. 1a). In the NC group, the mGluR5 levels showed a 

similar decreasing trend across brain regions, with the highest levels observed in the SUB region, followed by 

the EC, CA3, CA1, and DG regions (Figs. 1, 2). Given that not all the patients had parahippocampal tissue 

blocks, we did not include parahippocampal tissue blocks in the data analysis. A similar level of mGluR5 was 

detected in all the hippocampal subfields analyzed (CA1, CA3, DG, Sub, and EC) in the AD patients compared 

to the NC subjects (Fig. 1a). 

 

Computation of RNA levels based on the existing dataset further revealed that there was no significant change 

in GRM5 levels in the entorhinal cortex between the AD group and the NC group; these changes included 

oligodendrocytes (U=4.0000, p=1.0000, AD n=4, NC n=2), astrocytes (U=6.0000, p=0.5333, AD n=4, NC n=2), 

microglia (U=5.0000, p=0.4000, AD n=3, NC n=2), endothelial cells (U=2.0000, p=0.6667, AD n=2, NC n=1), 

oligodendrocyte precursor cells (U=14.0000, p=0.6389, AD n=7, NC n=5), excitatory neurons (U=184.0000, 

p=0.5182, AD n=25, NC n=13), and inhibitory neurons (U=1.0000, p=1.0000, AD n=3, NC n=1) (Fig. 1b). 

Similar findings were found in the prefrontal cortex and in the superior frontal gyrus (BA8) (SFig. 1). 

 

Next, we assessed the associations between hippocampal mGluR5 levels and age, APOE e4 status, and sex by 

using correlation and group analyses (Fig. 1). No correlation was detected between age and mGluR5 levels in 

the hippocampal subfields in the AD or NC groups (Table 2, linear transgression model). No difference in 

hippocampal mGluR5 levels was detected between females and males in either the AD (n=30 for females, n= 4 

for males) or NC (n=18 for females, n=13 for males) groups (Fig. 1c, d). APOE ε4 is a genetic risk factor for 

sporadic AD. Here, we found no difference in hippocampal mGluR5 levels between APOE ε4 carriers and 

noncarriers in the NC and AD groups (Figs. 1e, f). 

 

Reduced hippocampal mGluR5 levels with increased Aβ pathology in NCs 

Next, we assessed the impact of Aβ accumulation on hippocampal mGluR5 levels in the NC and AD groups. An 

earlier study showed that Aβ oligomers, including mGluR5s, initiate synaptotoxicity following their interaction 

with the plasma membrane (73). Different types of amyloid plaques (CAAs, cored plaques, diffuse plaques) 

were observed, with a greater load in the hippocampus of AD patients than in that of NCs (Fig. 2). Comparisons 
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between AD patients with CERAD score B or C amyloid levels did not reveal significant differences. However, 

a lower mGluR5 level in the subiculum was detected in the NCs with an amyloid level of CERAD score B than 

in the NCs with scores of O and A (p = 0.0305, Fig. 2 s). Nonparametric Spearman’s rank analysis indicated no 

association between the amyloid level (both the CERAD score and  % 4G8 positive area) and the mGluR5 level 

in the subfields of the hippocampus in the AD patients and NCs (Table 2). This finding indicated an association 

between amyloid pathology and the mGluR5 level in the hippocampus. 

 

Increased mGluR5 levels with increased tau in NCs and the association between mGluR5 and tau levels in 

the hippocampus 

Next, we assessed the association between tau pathology and mGluR5 levels in the hippocampus. No significant 

difference was observed in the mGluR5 levels between AD patients with different tau levels (indicated by Braak 

stages II, III-IV, and V-VI). However, increased mGluR5 levels in the CA1 region, CA2/3 region, DG, and 

subiculum were detected in NC subjects in the Braak stage III-IV group compared with NC subjects in the 

Braak stage II group (CA1: p = 0.0076, CA2/3: p = 0.0372, DG: p = 0.0036, SUB: p = 0.0073) (Fig. 3b,c, f, g, 

t). This finding indicated a divergent influence of tau pathology on the mGluR5 level in the hippocampus, 

different from the effect of amyloid-beta pathology. Nonparametric Spearman’s rank analysis indicated no 

association between tau levels and mGluR5 levels in the subfields of the hippocampus in the AD patients and 

NCs (Table 2). 

 

We further performed PCA and CCA to assess the distinct effects of tau on mGluR5 levels and associations 

between tau and mGluR5 levels in the hippocampus (STable. 3, 4). PCA of the AD and NC datasets. In the AD 

dataset, tau proteins exhibited positive loadings on the first principal component, with tau_SUB displaying the 

highest loading (0.337), indicating its predominant role in explaining variance within the AD group. Conversely, 

mGluR5 receptors demonstrated lower and more positive loading, suggesting that they contribute less to overall 

variance than do tau proteins. In contrast, in the NC dataset, tau proteins maintained positive loading, while 

mGluR5 receptors displayed negative loading, indicating an inverse relationship with tau protein expression 

patterns in the control group (STable. 3). CCA analysis revealed significant associations between mGluR5 

expression in the EC region and tau protein levels in the CA2/3 region in the AD dataset. However, the mGluR5 

expression level in the DG region was negatively associated with the tau protein level in the CA2/3 region. In 
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the NC dataset, although associations were less pronounced, mGluR5 expression levels in the DG and SUB 

regions were positively associated with tau protein levels in the CA1 region (STable. 4). 

No associations between mGluR5 levels and Iba1 or P2X7R indicated gliosis in the hippocampus 

An earlier study showed that mGluR5 plays a role in modulating neuroinflammation. An earlier study showed 

that P2X7R (which is expressed on both astrocytes and microglia) and mGlu5R crosstalk influence 

proinflammatory conditions in microglia (16, 75). Here, we assessed the associations of mGluR5 with Iba1 and 

P2X7R, which are indicative of gliosis, in the hippocampi of AD patients and HCs. In the hippocampus, which 

exhibited high levels of Iba1 staining, which is indicative of activated microglia (denser processes, Fig 4n), the 

mGluR5 level did not increase. Nonparametric Spearman’s rank analysis indicated no association between 

P2X7R levels and mGluR5 levels in the subfields of the hippocampus in the AD patients and NCs (Table 2). 

We further assessed the cellular source of GRM5 in the brains of humans and mice based on existing RNA 

sequencing data (81, 82). We found that there is a species difference in which neurons account for the majority 

(72%) of GRM5 source in the human brain, where as 10% for microglia and 4% for astrocytes (Fig 4p, Data 

computed from (82)), This is different from the pattern in mouse brain, where astroglial GRM5 is the majority 

(60%), followed by oliogodendroczte progenitor cell (21%), and neuron (15%) (Fig 4q, Data computed from 

(81)). 

 

Comparable [18F]PSS232 binding in the brains of arcAβ mice and nontransgenic littermates 

We first assessed the changes in mGluR5 and GluN2B levels in amyloidosis mice that exhibited tau pathology. 

mGluR5 has been shown to be closely related to GluN2B in inducing downstream alterations (20). We 

examined GluN2B and mGluR5 levels by autoradiography using [11C]WMS1405B and [18F]PSS232, 

respectively, in nontransgenic littermate mice and arcAβ mice at 16 months of age. The nonspecific binding of 

both ligands is low in mouse brain tissue slices. No difference in [18F]PSS232 binding or [11C]WMS1405B 

binding was detected in the hippocampus or striatum between the arcAβ mice and their nontransgenic 

littermates (Figs. 5a-c, SFig. 2). We further performed immunofluorescence staining to assess whether there 

were differences in the levels of mGluR5 in the brain tissue of arcAβ mice and their nontransgenic littermates 

and whether mGluR5 expression and Aβ deposits were spatially associated. Abundant Aβ deposits were 

observed in the arcAβ mouse brain across the cortex, hippocampus and subcortical regions. We found that there 

was no clear difference in the immunofluorescence reactivity of mGluR5 between the brains of arcAβ mice and 
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those of NTL mice (Figs. 5d, e). The mGluR5 level did not change depending on whether it was near or remote 

from the plaque in the hippocampus of the arcAβ mice (Figs. 5e, f). 

 

Increased GRM5 levels and glutamatergic pathway in the hippocampus of 3×Tg mice 

To further understand the GRM5 alterations in AD, we selected 3×Tg mice with both Aβ and tau pathologies in 

the brain. Despite genetic drift, which showed a slower Aβ and tau accumulation in the brain compared to the 

original paper (27, 49), 3×Tg mice developed abundant Aβ and tau pathologies at 16 months of age according to 

a recent systematic characterization study as well as our own staining (Fig. 6i, j). GO and KEGG pathway 

enrichment analyses revealed increased levels of Shank3, Grm5 and MAPT, as well as upregulated 

glutamatergic pathways (top 7th) in hippocampal tissue from aged 3×Tg mice compared to that in hippocampal 

tissue from wild-type mice (Fig. 5g, h, SFig 3, 4). In addition, similar to that in the arcAβ mouse brain, the 

expression of mGluR5 in the hippocampus was greater than that in other brain regions in the 3×Tg mouse brain 

(Fig. 5e, f, i, j).  

 

Discussion 

We provided evidence based on postmortem brain tissue from patients and animal models to demonstrate 

comparable mGluR5 and GRM5 levels in the hippocampus of AD patients. We revealed divergent and stage-

dependent associations between mGluR5 and Aβ and between mGluR5 and tau pathologies in the hippocampus 

within the NC group. Our results are in line with earlier transcriptomic analysis of the prefrontal cortex of AD 

patients, which revealed altered expression of synaptic genes, including GRIN2A, GRIA1, GRIA2, GABRA1, 

GABRB2, GRM3 and SHANK2, (79), while GRM5 remained stable. The results from earlier in vivo PET 

studies revealed reduced [11C]ABP688 uptake in the hippocampus and amygdala in 9 AD patients and 10 NC 

subjects (70) and in 5 patients with behavioral variant frontotemporal dementia and 10 NC subjects (40). 

Reduced [18F]FPEB in the hippocampus in 16 mild cognitive impairment (MCI)/AD patients and 15 NC 

subjects (44) and [18F]PSS232 (19 AD patients and 16 NC subjects) (76). A recent [18F]PSS232 study (10 AD 

patients and 10 NC subjects) further showed that a reduction in mGluR5 availability in the hippocampus of AD 

was associated with PET imaging of Aβ deposits and glucose metabolism, and that this pattern was opposite to 

in the NC group (76). This negative correlation between Aβ and mGluR5 measured by [18F]PSS232 in the NC 

group (76) is in line with our results of lower hippocampal mGluR5 level in NCs with CERAD score II 

compared to NC with CERAD score of O and A. The relationship between tau and mGluR5 has not been 
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reported in vivo by PET. Here, we found increased mGluR5 levels in NC subjects with Braak stage III-IV 

compared to NC subjects with Braak stage II. These findings indicate a complex, stage-dependent relationship 

between amyloid, tau and mGluR5.  

There is a potential difference between the PET and ex vivo analyses of mGluR5 levels in the brain. One 

possible reason is that the PET tracers are antagonistic and agonist-based and might be more strongly associated 

with receptor activity than with ex vivo readouts. In addition, age-related tissue loss was implicated in one 

[18F]FPEB PET study: older age was associated with lower [18F]FPEB uptake (p= 0.026), whereas this 

association was not significant after gray matter masking or partial volume correction to account for age-related 

tissue loss (45). 

 
Previous studies have shown that glutamate-dependent neuroglial calcium signaling differs between young and 

adult brains (66). Increased levels of mGluR5 levels have been reported in the hippocampal astrocytes of AD 

patients in proximity to Aβ plaques (15), colocalized with the nuclear accumulation of the p65 NF-kB subunit 

and increased CaNAα staining (41). However, according to the RNA sequencing data (Fig. 4), the expression of 

mGluR5 in the human brain is mainly neuronal (82). In addition, the fold changes in GRM5 levels were 

comparable in different cell types (neurons, astrocytes, microglia, etc.) in the entorhinal cortex between AD and 

NC groups. Therefore, we did not further investigate the neuronal/glial location of mGluR5 expression in the 

brains of patients with AD and HCs by using immunofluorescence staining. A link between mGluR5 and 

neuroinflammation has been reported: delayed mGluR5 activation has been shown to limit neuroinflammation 

(12) through the inhibition of NADPH oxidase (42), and neurodegeneration after traumatic brain injury (11). 

mGluR5 is also involved in AKT/PI3K signaling and the NF-κB pathway in methamphetamine-mediated 

increases in IL-6 and IL-8 expression in astrocytes (61). Agonist-dependent activation of mGluR5 inhibited 

alpha-synuclein-induced microglial inflammation and protected against neurotoxicity in the brain in a PD 

animal model (84). Using autoradiography, an earlier study revealed increased [18F]PSS232 binding in a 

lipopolysaccharide-induced neuroinflammation mouse model and in the brains of AD and amyotrophic lateral 

sclerosis patients (46). However, no prior study has directly investigated the association between the level of 

mGluR5 and neuroinflammation (gliosis) in the AD brain postmortem or in vivo. Here, we found that the 

mGluR5 level did not correlate with the P2X7R or Iba1 expression level, which is indicative of gliosis in the 

hippocampus of AD patients and NC subjects. In addition, we did not observe significant differences in the 

neuronal or glial expression of GRM5 (Fig. 1b) in the entorhinal cortex tissue of AD and NC. 
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Moreover, we found a species difference in the cellular location of GRM5, with glial cells dominant in the 

mouse brain and neuronal cells dominant in the human brain. This is important for developing imaging or 

therapeutic agents targeting mGluR5. Overexpression of mGluR5 has been shown in reactive astrocytes 

surrounding Aβ plaques in brain sections from APP/PS1 mice (14). Aβ oligomers led to the diffusional trapping 

and clustering of mGluR5s and an increase in ATP release following the activation of astroglial mGluR5s by 

their agonist (63). In addition, an earlier study in rats showed that astroglial mGluR5 expression in the 

hippocampus decreased with increasing age, with a greater decrease in the "a" splice variant than in the "b" 

splice variant (14).  

 

The changes in mGluR5 in AD mouse models seem to depend on strain and stage according to earlier studies. In 

this study, we used an amyloidosis arcAβ mouse model with only amyloid deposits to determine the 

contribution of Aβ alone to mGluR5 levels and compared the results with those of 3×Tg mice with both amyloid 

and tau pathologies. We found no difference in mGluR5 levels in the hippocampus or striatum of arcAβ mice by 

using [18F]PSS232 autoradiography. Increase in the GRM5 level and enrichment of the glutamatergic pathway 

were observed via proteomics analysis of the hippocampal tissue of 3×Tg mice with both amyloid and tau 

pathologies. The network included APP and Prnp as well as genes linked to synaptic dysfunction in AD models, 

namely, Grm5, Fyn, and Ptk2B, as been also reported in previous studies (25). Increase in the mGluR5 surface 

expression (75%) but not mGluR5 total expression in the brain by using western blot was reported in 3×Tg mice 

at 9-months of age compared to control mice (4). A 12-week inhibition of mGluR5 using antagonist in 9-month-

old 3×Tg mice shown improvement in the (4). Complex findings have been reported in other lines of AD mouse 

models: An earlier study showed increased mGluR5 expression on the cell surface but unaltered total mGluR5 

levels in brain lysates of APP/PS1 mice at 9 months and 12 months, by using western blot (4, 22). Increased 

[18F]FPEB uptake was observed in 10-month-old APP/PS1 mice and age-matched NTL mice (39), while another 

study showed slightly greater (not significant) [18F]FPEB uptake in the brain of 10-month-old APP/PS1 mice 

(74). mGluR5 contribution to AD neuropathology has shown a disease stage-dependent pattern: blockade of 

mGluR5 for 24 weeks but not for 36 weeks was shown to reduce Aβ pathology, neuroinflammation and the 

cognitive impairment in 6-month-old APP/PS1 mice (3), whereas the effect was abolished in 15 month old 

APP/PS1 mice. Reduced levels of mGluR5 have been reported in the cortex, hippocampus and striatum by using 

[18F]FPEB PET and histology in 5×FAD mice aged 9 months compared to 3 months (38). Furthermore, by 
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immunoblotting and immunofluorescence staining, [11C]ABP688 PET revealed elevated mGluR5 in 16-month-

old tg-ArcSwe mice compared with control mice (19). A reduction in mGluR5 levels has been reported by using 

[11C]ABP688 PET and western blot in a 6×Tg mouse model of AD (31). Earlier studies have shown increased 

mGluR5 levels in the hippocampus of α-syn/APP tg mice and that mGluR5 mediated the toxicity of 

increased calcium flux and the vulnerability of hippocampal neurons to alpha-synuclein and Aβ (50). 

[11C]ABP688 uptake in the brain of P301L tau mouse model (rTg4510) was found to be unaltered relative to 

that in nontransgenic mice at 2 months. However, the expression of Grm4 gradually decreases in parallel with 

progressive brain atrophy at 5-6 and 8-9 months in an rTg4510 mouse model of tauopathy (62).  

 

There are several limitations in our study. First, there was a greater percentage of females in the AD group than 

in the NC group. Although Aβ oligomers have been shown to induce pathophysiological mGluR5 signaling in 

AD mice in a sex-selective manner (1). We found that sex did not influence the hippocampal mGluR5 

expression levels in AD and NC groups. Second, the clinical history, Mini-Mental State Examination (MMSE) 

scores and smoking habits (6) of the AD patients and NC subjects were not known, which might be related to 

mGluR5 levels. 

 

Conclusion 

In the present study, we found comparable hippocampal mGluR5 levels between AD patients and NC 

individuals. The hippocampal level of mGluR5 is differentially influenced by amyloid and tau but not by age, 

sex or APOE e4 genotype. According to earlier mechanistic studies, the clustering of mGluR5 rather than the 

amount of mGluR5 might be the major target for therapeutic intervention (57). 
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Table 1. Demographics of postmortem human brains 

Group Control (n=31)                         AD (n=34) P value 

Age, mean (SD), y 82.17 (7.41) 82.41 (8.48) 0.907 

Sex, No. (%)    

Female 18 (58.06) 30 (88.24) 
0.013 

Male 13 (41.94) 4 (11.76) 

Braak stage     

0 2 0  

� 16 0 

1.60E-08 
� 9 3 

� - � 4 11 
� - � 0 19 

CERAD score    

O 12 0 

9.44E-11 
A 8 0 

B 5 6 

C 5 23 
ApoE ε4 allele status, % carrier 12.9 58.8  

ApoE ε4 0 allele (%) 25 (80.65) 14 (41.18) 

2.50E-05 ApoE ε4 1 allele (%) 3 (9.68) 14 (41.18) 

ApoE ε4 2 allele (%) 0  6 (17.65) 

Abbreviations: AD, Alzheimer’s disease. The Mann�Whitney test was used for continuous parameters, and the 
chi�square test was used for categorical parameters. 
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Table 2. Correlation analysis in the Alzheimer's disease and nondemented control groups 
  AD NC 

mGluR5 vs  r P value r P value 

Age 

CA1 (0.0951) 0.6240  (0.0170) 0.9240  

CA2/3 (0.0850) 0.6900  (0.0500) 0.7920  

DG (0.0690) 0.6720  (0.0440) 0.7960  

SUB (0.0680) 0.7250  0.0610  0.7590  

EC (0.0450) 0.8480  0.1410  0.4610  

CERAD 

CA1 0.0800  0.7030  (0.0200) 0.2910  

CA2/3 0.0600  0.7440  (0.1800) 0.3550  

DG 0.0400  0.8280  (0.2500) 0.1890  

SUB 0.1100  0.5850  (0.1800) 0.3480  

EC 0.0600  0.7580  (0.0600) 0.7700  

Braak Stage 

CA1 0.0500  0.7770  (0.0500) 0.7980  

CA2/3 0.1500  0.3980  (0.0850) 0.6680  

DG 0.1400  0.4450  (0.1600) 0.3970  

SUB 0.0900  0.6140  (0.0500) 0.7940  

EC 0.0400  0.8230  0.0100  0.9400  

Tau (AT8) 

CA1 0.0800  0.6690  0.1200  0.5530  

CA2/3 0.2100  0.2380  0.0800  0.6980  

DG 0.1700  0.3560  0.0800  0.6810  

SUB 0.2800  0.1280  0.1000  0.6420  

EC 0.2100  0.2620  0.0200  0.9220  

Aβ (4G8) 

CA1 (0.2600) 0.1880  (0.1400) 0.5100  

CA2/3 (0.2800) 0.1630  (0.1600) 0.4730  

DG (0.1700) 0.3760  0.0200  0.9240  

SUB (0.2300) 0.2280  0.0500  0.8210  

EC (0.2200) 0.2960  0.0100  0.9740  

P2X7R 

CA1 0.0700  0.7220  0.1200  0.5430  

CA2/3 0.0300  0.8560  0.1200  0.5470  

DG 0.0700  0.7030  0.1600  0.4100  

SUB 0.1600  0.3820  0.1600  0.4230  

EC 0.0900  0.6420  0.0900  0.6380  

Iba1 

CA1 (0.0962) 0.6792  0.0077  0.9026  

CA2/3 (0.0329) 0.7460  (0.0288) 0.9657  

DG 0.2652  0.8119  (0.0330) 0.7638  

SUB (0.2490) 0.1818  (0.4999) 0.1622  

EC 0.2384  0.3127  (0.2348) 0.3071  

AD, Alzheimer’s disease. NC, nondemented control group. Linear transgression model for correlation with age. 
Nonparametric Spearman’s rank correlation was used for the other analyses. r: Correlation coefficient. 
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Fig. 1 Distribution of mGluR5 in the hippocampus of AD patients and NC subjects. (a) No difference in 
mGluR5 levels between AD and NC groups. (b) No difference in GRM5 RNA expression in different cell types 
in the entorhinal cortex of AD and NC (n=25, n=13 for excitatory neurons; n=4, n=2 for oligodendrocytes; n=4, 
n=2 for astrocytes; n=3, n=2 for microglia; n=2, n=1 for endothelial cells; n=7, n=5 for oligodendrocyte 
precursor cells (OPCs); n=3, n=1 for inhibitory neurons). Data from the scREAD database (28) 
(https://bmbls.bmi.osumc.edu/scread/), which compiles comprehensive datasets from GEO (Gene Expression 
Omnibus) (17) and Synapse. logFC: log fold change. Boxplots showing the medians, quartiles, and outliers. (c) 
no difference in mGluR5 levels between male (n=4) and female AD patients (n=30) or (d) between male (n=18) 
and female NCs (n=12). (e) no difference in mGluR5 levels between APOE e4 carriers and noncarriers in the 
AD group or (f) in the NC group. DG, dentate gyrus; SUB, subiculum; EC, entorhinal cortex; CA, cornu 
ammonis. 
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Fig. 2 Reduced hippocampal mgluR5 in NC subjects with increased Aβ pathology. (a-i) Representative 
images of mGluR5 (green) staining and (j-r) 4G8 immunohistochemistry showing amyloid plaque deposits in 
the hippocampi of NC and AD patients with different amyloid levels (NCs #10-038, #04-015, and AD #01-116). 
Nuclei were counterstained with DAPI (white). (s) Quantification of mGluR5 fluorescence intensity in the CA1 
region, CA2/3 region, DG, and EC. NC, Aβ score O-A, B, C (n=20, n=5, n=5). AD Aβ score B, C (n= 6, n= 23); 
Scale bar 2 mm (a-c, j-l), 50 mm (d-i, m-r). Nonparametric Mann�Whitney test. 
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Fig 3. Increased mGluR5 in NC subjects with higher Braak tau stage. (a-l) Representative images of 
mGluR5 (green) and (m-t) phospho-Tau (AT8, red) staining in the hippocampi of NC (#08-103, #97-156, #05-
073) and AD (#06-069). Increased hippocampal mgluR5 was associated with increased Braak stage (III-IV 
compared to II) in the NC brain. Zoom in in the entorhinal cortex (EC). Nuclei were counterstained with DAPI 
(white). (u) Quantification of mGluR5 fluorescence intensity in the CA1 region, CA2/3 region, dentate gyrus 
(DG), subiculum (SUB), and entorhinal cortex (EC) in the NC and AD groups. NC, Braak 0-I, II, III-IV (n=17, 

n= 9, n= 4); AD Braak II, III-IV, V-VI (n= 3, n=11, n=19). Scale bars: 2 mm (a-d, m-p) and 50 μm (e-l, q-t). 
Nonparametric Mann�Whitney test. 
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Fig 4. Distribution of microgliosis and mGluR5 in the hippocampus of NC subjects and AD patients. (a-o) 
Representative images of mGluR5 (green), corresponding P2X7R (yellow) and Iba1 (brown) staining in the NC 
(#09-022) and AD (#99-137, #99-098) hippocampi. Zoom in in the entorhinal cortex (EC). Scale bars: 2 mm (a-
f, j-l) and 50 microns (g-i, m-o). (p, q) Different cellular sources of GRM5 RNA in the human brain and in the 
mouse brain. For comparisons between different cellular sources of GRM5 in the mouse brain and in the human 
brain, the Brain RNAseq Database was used (https://brainrnaseq.org/). Human data was based on (83), and 
mouse data was based on (81). FPKM: fragments per kilobase of transcript per million mapped reads. 
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Fig. 5 Analysis of mGluR5 expression and GRM5 levels in the brains of arcAβ mice and 3×Tg mice. (a, b) 
Representative [18F]PSS232 for mGluR5 autoradiographic images of sagittal brain sections of nontransgenic 

littermates (NTL) and arcAβ mice (baseline and in the presence of blocker). (c) Quantification of regional 
[18F]PSS232 binding in the cortex (ctx), hippocampus (hip), striatum (str), and cerebellum (cb). Nonparametric 

Mann�Whitney test, arcAβ vs. NTL. (d-f) Representative images of coronal brain slices from 16-month-old 
NTL mice and 16-month-old arcAβ mice stained for mGluR5 (red) and Aβ (6E10, green). (g-h) Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analysis of the pathways associated with the differentially 
expressed proteins (DEPs) in the hippocampi of 16-month-old 3×Tg and NTL mice. (g) Volcano plots showing 
the log2-fold change (x-axis) and -log10 p value (y-axis) for all quantified proteins. (h) Enrichment analysis 
showing the top 10 enriched pathway terms. (i, j) Representative images of sagittal brain slices from 16-month-
old 3×Tg mice stained for mGluR5 (red) and Aβ (6E10, green); nuclei were counterstained with DAPI (white). 

Scale bars: 20 μm (zoom in) and 800 μm. 
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