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Abstract

Microglia and complements appear to be involved in the synaptic and cognitive deficits in 

Alzheimer’s disease (AD), though the mechanisms remain elusive. In this study, utilizing two 

types of rodent model of AD, we reported increased complement C1q-mediated microglial 

phagocytosis of hippocampal glutamatergic synapses, which led to synaptic and cognitive deficits. 

We also found increased activity of the metabotropic glutamate receptor 1 (mGluR1) in 

hippocampal CA1 in the modeled rodents. Artificial activation of mGluR1 signaling promoted 

dephosphorylation of fragile X mental retardation protein (FMRP) and facilitated the local 

translation machinery of synaptic C1q mRNA, thus mimicking the C1q-mediated microglial 

phagocytosis of hippocampal glutamatergic synapses and synaptic and cognitive deficiency in the 

modeled rodents. However, suppression of mGluR1 signaling inhibited the dephosphorylation of 

FMRP and repressed the local translation of synaptic C1q mRNA, which consequently alleviated 

microglial phagocytosis of synapses and restored the synaptic and cognitive function in the rodent 

models. These findings illustrate a novel molecular mechanism underlying C1q-mediated 

microglial phagocytosis of hippocampal glutamatergic synapses in AD.
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Introduction

The AD brain is characterized by extensive amyloid-induced neuroinflammation (e.g., 

microglia activation), neuronal and synaptic loss, and memory deficiency [1]. Dysfunction 

of hippocampal glutamatergic synapses markedly contributes to the cognitive impairment 

seen in AD patients and rodent models of AD [2,3]. Currently, the molecular and cellular 

mechanism underlying amyloid-induced synaptic loss is only partially understood. 

Microglia play a central role in the induction and maintenance of synaptic plasticity in brain 

Correspondence to: Mohamed Naguib, Anesthesiology Institute, Cleveland Clinic, and Cleveland Clinic Lerner College of Medicine, 
Case Western Reserve University, 9500 Euclid Ave., Mail Code NB3-78,Cleveland, OH 44195, naguibm@ccf.org.
*These authors contributed equally to this work.

Conflict of interest:
The authors declare no conflict of interest.

HHS Public Access
Author manuscript
Mol Neurobiol. Author manuscript; available in PMC 2020 August 01.

Published in final edited form as:
Mol Neurobiol. 2019 August ; 56(8): 5568–5585. doi:10.1007/s12035-019-1467-8.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



neurons by altering the local environment and by modifying synaptic structure [4–7]. 

Phagocytosis of synapses by microglia contributes to synaptic development in mice [8] and 

synaptic deficit in neurological disorders including a transgenic mouse model of AD [9–12], 

but the underlying molecular mechanism remains elusive.

The complement system serves as the first line of defense against infection of exogenous 

pathogens and also clears the cellular debris to protect against autoimmunity [13]. While 

peripheral circulating complement proteins are mostly synthesized in the liver, many are 

produced locally by the resident neurons or glial cells in the brain [14]. It was previously 

reported that C1q, the initiating protein of the classical pathway for complement activation, 

was synthesized in retinal ganglion cells [15], and the complement receptor CR3 (a complex 

consisting of CD11b and CD18) was located exclusively in the central microglia[16,17]. 

Binding of C1q to apoptotic cell membranes or pathogens results in C3 opsonization and 

phagocytosis by macrophages expressing complement receptors [14]. C1q also contributes 

to synaptic pruning by tagging the weak or damaged synapses, resulting in their subsequent 

phagocytosis by microglia in a transgenic mouse model of neurodegenerative diseases 

[14,12]. The expression of C1q is substantially increased in several brain regions in the 

normal aging mouse and human brain [18]. Inhibition of C1q or the microglial complement 

receptor CR3 reduces the microglial phagocytosis of synapses and synaptic loss in the early 

stage (3 months old) in the transgenic AD mice [11]. The present study sought to further 

elucidate the critical role of C1q in the synaptic loss in rodent models of AD.

It is currently recognized that protein synthesis occurs not only in the cell soma but also in 

the neurites [19]. In particular, a significant amount of mRNA has been identified in the 

dendrites of hippocampal neurons [20], providing a mechanism for spatially restricting gene 

expression in a synapse-specific manner [19]. Evidence suggests that a modification of 

dendritic mRNA translation contributes to several neural processes such as synapse 

formation, learning-related synaptic plasticity, or synapse elimination [21,19,22]. Fragile X 

mental retardation protein (FMRP), an mRNA-binding protein abundant in the brain, 

modulates the transportation and local translation of synaptic mRNA[23,24], and increased 

FMRP expression was recently reported in the transgenic mouse AD model[25]. 

Metabotropic glutamate receptors (mGluRs) that are abundantly located in the excitatory 

synapses may, via the mGluR-protein phosphatase 2A (PP2A) pathway, alter the 

phosphorylation status of FMRP, thus modulating the translation of local mRNA [24,26]. 

Activation of group I mGluRs induced long-term depression [27] and was intensively 

involved in the amyloid-induced synaptic dysfunction in the hippocampal neurons [28,29]. 

Here we provide evidence that up-regulated mGluR signaling induced dephosphorylation of 

FMRP, and facilitated the local translation machinery of synaptic C1q mRNA, which 

consequently enhanced the hippocampal microglial phagocytosis of synapses and 

contributed to the synaptic and cognitive dysfunction in the rodent models of AD.

Materials and Methods

Animals

All animal procedures were approved by the Animal Care and Use Committee of Cleveland 

Clinic. Adult male Sprague–Dawley (250–300 g, 2–3 mo of age, Charles River) rats were 
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used, and all experiments were performed during the light cycle. Tg-APPsw/PSEN1DE9 

(APP/PS1, MMRRC Stock No: 41848-JAX), and C57BL/6 mice were purchased from 

Jackson Laboratory, regularly maintained and studied at six months old. Tg-APPsw/

PSEN1DE9 mice were obtained as hemizygote by crossing the transgenics with animals on 

a C57BL/6 background. During experiment, non-transgenic littermates were used as the 

control for the transgenic mice with the same age (6 months old) and gender ratio (male/

female ratio about 1). Metabotropic glutamate receptor 1 mutant mice (Grm1−/−, C57BL/6J-

Grm1rcw−3J/GrsrJ, Jackson Laboratory stock No. 005521) crossed with APP/PS1 mice to 

generate the new strain (APP/PS1/Grm1−/−), which was validated by genotyping following 

the protocols provided by Jackson Laboratory. Experiments were conducted in mice at the 

age of 6 mo. The animals were randomly assigned to different groups with specific 

treatment, and another party blinded the experimenter to the individual groups. No statistical 

methods were used to predetermine sample sizes, but our sample sizes are similar to those 

reported in previous publications [30,3].

Microinjection in the hippocampal CA1 area

The rats were anesthetized with sodium pentobarbital (45 mg/kg i.p.) and restrained in a 

stereotaxic apparatus[31]. Aβ1–40 fibrils were formed as described previously [32]. Aβ1–40 

fibrils (10 μg/3μl), Aβ40–1 fibrils (10 μg/3μl) or 3μl of artificial cerebrospinal fluid were 

injected stereotaxically and bilaterally into each hippocampus (anteroposterior: −3.5 mm, 

mediolateral: ± 2.0 mm, dorsoventral: −3.0 mm) [33] using a 10 μl Hamilton syringe with a 

27 G stainless steel needle at a rate of 0.5 μl /min. Our previous immunostaining studies 

confirmed the deposition of Aβ1–40 species in hippocampal CA1 14 days after the 

microinjection in the modeled rats [3,34–36]. It has been shown that Aβ1-40 species co-exist 

with Aβ1–42 species in the brain of APP/PS1 mice [37–39]. The experimental model using 

Aβ1–40 species has been used for studying AD [40,41,32,35,36,3].

For in vivo treatment by microinjection, a 26-gauge double-guide cannula was inserted into 

the brain, aimed at the hippocampal CA1 area (same coordinate as above) [31]. The guide 

cannula was then cemented in place to the skull and securely capped. The rat was allowed to 

recover for at least 5 d before subsequent treatment. C1q siRNA and scrambled RNA 

(scRNA) were commercially designed and synthesized by Invitrogen. All types of siRNA (5 

nmol in 3 μl/side), specific mGluR agonist dihydroxyphenylglycine (DHPG; 0.25 μg/side), 

JNJ16259685 (0.3 ng/side), or artificial CSF were delivered daily into the hippocampal CA1 

area through a 33 gauge double injector at a rate of 0.5 μl/min for 7 days. Behavioral, 

cellular and molecular analysis were performed one day after the last injection of specific 

agents or vehicle. The injection sites for the hippocampal CA1 were histologically verified 

afterward by injecting the same dose of ink [42,35].

Morris water maze test

The Morris water maze test (n = 10 in each group) was employed to determine the memory 

function of the rats and mice [32,35,43,44]. The water maze model was performed in a 

circular tank (diameter 1.8 m for rats and 1.32 m in diameter for mice) filled with opaque 

water. A platform (15 cm in diameter) was submerged below the water’s surface in the 

center of the target quadrant. The swimming path of the animal was recorded by a video 
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camera and analyzed by EthoVision XT software (Noldus Information Technology). Each 

rat underwent 4 trials per day for 5 days. The mice were tested in the visible platform (for 3 

days) and the hidden platform (for 4 days) task of the Morris water maze. They underwent 

four trials a day for seven days with a 10 min inter-trial interval. For each training session, 

the animals were placed into the maze consecutively from four random points of the tank, 

and were allowed to search for the platform. If the animal did not find the platform within 

(120 s for rats and 60 s for mice), they were gently guided to it. Animals were allowed to 

remain on the platform for 20 s. The latency for each trial was recorded for analysis. During 

the probe trial, the platform was removed from the tank and the rats were allowed to swim in 

the maze for 60 s.

Hippocampal synaptosomal preparation

Hippocampal synaptosome preparations were obtained as previously described [22]. 

Hippocampal CA1 tissues from the rats in the appropriate groups were gently homogenized 

in ice-cold 0.32 M sucrose buffer with proteinase and phosphatase inhibitors at pH 7.4 and 

then centrifuged for 10 min at 1,000g (4°C). The supernatant was collected and centrifuged 

for 20 min at 10,000g (4°C). The synaptosomal pellet was then collected and proceeded to 

the subsequent mRNA and protein analysis.

Protein extraction and immunoblotting

The protocol for protein extraction and immunoblotting was generally based on previous 

reports [45,31]. The hippocampal CA1 tissues or synaptosomal preparations were collected 

and lysed in ice-cold lysis buffer containing 50 mM Tris–Cl, 150 mM NaCl, 0.02 mM NaN2, 

100 μg/ml phenylmethyl sulfonyl fluoride, 1 μg/ml aprotinin, 1% Triton X-100 and 

proteinase and phosphatase inhibitor cocktail. The proteins were extracted and subjected to 

7.5% - 15% SDS– PAGE followed by immunoblotting. The blots were incubated overnight 

at 4 °C with the primary antibodies as follows: monoclonal anti-C1q antibody (1:1000; 

Abcam, ab71940), anti-FMRP antibody (1:1000; Cell Signaling, 7104), monoclonal anti-p-

FMRP antibody (1:1000; Thermo Scientific, PA5–35389), and monoclonal anti-β-actin 

antibody (1:2000; Santa Cruz Biotechnology, sc-81178). The membranes were washed 

extensively and then incubated with horseradish peroxidase (HRP) -conjugated anti-mouse 

and anti-rabbit IgG antibody (1:10,000; Jackson ImmunoResearch Laboratories Inc., West 

Grove, PA). The immunoreactivity was detected using enhanced chemiluminescence (ECL 

Advance Kit; Amersham Biosciences). The intensity of the bands was captured digitally and 

analyzed quantitatively with ImageJ software. The immunoreactivity of all proteins was 

normalized to that of β-actin.

RNA immunoprecipitation (RNA-IP) and quantitative RT-PCR for mRNA analysis

RNA-IP was performed in the hippocampal tissue as previously described [46]. Briefly, the 

hippocampal CA1 tissue was collected and homogenized in the lysis buffer. Protein/mRNA 

complex was precipitated by the monoclonal anti-p-FMRP (1:100, Thermo Scientific, PA5–

35389) antibody or anti-eIF-4E antibody (1:100, Cell Signaling, 9741) and was recovered 

with protein A/G beads. The pulled-down and input mRNA was extracted using a single-step 

RNA isolation protocol and quantified as previously described [47]. GAPDH was used 

internal control [48,49]. Reverse transcription and real-time RT-PCR were performed in 
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triplicate with C1q primers (5′- ACAAGGTCCTCACCAACCAG −3′, 5′- 

CGTTGCAATTGAAGCACAGT −3′), and GAPDH primers (5′- 

AGACAGCCGCATCTTCTTGT −3′, 5′- CTTGCCGTGGGTAGAGTCAT −3′). IP/input 

ratio was then calculated. For the analysis of C1q mRNA in the synaptosomal preparation, 

fold change was calculated using the ΔΔCT method. The entire protocol was repeated in 

triplicate, and the mean and SEM were calculated.

Immunostaining and 3-D confocal imaging

Immunostaining on the serial sections containing hippocampal CA1 area in all groups (30 

μm, 15–20/rat, n = 5 rats per group) was performed as previously described [31,35]. Mouse 

monoclonal antibody against the microglial marker Iba1 (1:500, Abcam, ab5076), 

glutamatergic presynpatic marker synaptophysin (1:200, Cell signaling, 5467), C1q (1:200, 

Abcam, ab71940), CD68 (1:500, Abcam, ab955), goat anti-PSD-95 (1:500, Abcam, 

ab12093), rabbit anti-PSD95 (1:500, Cell Signaling, 3450), rabbit anti-FMRP (1:500, Cell 

Signaling, 7104), and rabbit anti-pFMRP (1:400, Thermo Scientific, PA5–35389) were used. 

The sections were then incubated with FITC-, Cy3-conjugated secondary antibody (1:500, 

Jackson ImmunoResearch), or Alex Fluor 633 (1:500, Invitrogen) for 1 h. Mouse IgG 

isotype (Abcam, ab188776) was applied as control of C1q immunostaining in the same 

groups of tissues as above. Negative controls were run in parallel, and involved omission of 

one or both primary antibodies and/or inclusion of an irrelevant isotype control antibody. All 

such controls were devoid of staining. All sections were examined by the confocal 

microscopy, and fluorescent images were acquired using a Leica TCS-SP8-AOBS inverted 

confocal microscope (Leica Microsystems, GmbH, Wetzlar, Germany). Image rendering and 

analyses were performed using Image-Pro Plus (Media Cybernetics, Inc., Rockville, MD) 

and Velocity (PerkinElmer, Waltham, MA). The presentation and analysis of internalization 

of PSD95 or synaptophysin in microglial (Iba1) lysosomes (CD68) were adopted from the 

method described by Schafer, et al.[6] with minor modification. Briefly, the internalization 

of PSD95 or synaptophysin in microglial lysosomes was defined by rotating the 3D 

micrographs to confirm the colocalization of synaptic markers with CD68 immunoreactivity 

within microglia in hippocampal CA1. The representative 3D images were presented with 

resolution 1024 × 1024 dpi, z-step size 0.3 μm. Usually, a 200 × 200 ×20 μm neuropil 

(containing about 9–12 microglia) in each section and 4 sections in each animal were 

randomly sampled and analyzed in different groups. The volume of PSD95 or synaptophysin 

within lysosome (CD68-positive) and the total volume of these synaptic markers in a 

neuropil (200 μm × 200 μm × 20 μm) were measured by Velocity (PerkinElmer, Waltham, 

MA), and the ratio was calculated as the measurement of microglial phagocytosis of 

synapses in hippocampal sections in all groups using the following formula: PSD95 

engulfment (%) = volume of CD68 -positive PSD95 puncta (μm3)/volume of total PSD95 

(μm3) × 100.

Hippocampal slice preparation and whole-cell recordings

Brain slices containing hippocampal CA1 areas were prepared as previously described 

[31,50,42]. The brain was quickly removed and cut on a Vibratome in cold physiological 

saline to obtain coronal slices (300 μm thick) containing the hippocampus. Whole-cell 

voltage-clamp recordings from the CA1 area were taken using an Axopatch 200B amplifier 
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(Molecular Devices) with 2–4 MΩ glass electrodes containing the internal solution (mM): 

K-gluconate or cesium methanesulfonate, 125; NaCl, 5; MgCl2 1; EGTA, 0.5; Mg-ATP, 2; 

Na3GTP, 0.1; HEPES, 10; pH 7.3; 290–300 mOsmol. A seal resistance of ≥ 2 GΩ and an 

access resistance of 15–20 MΩ were considered acceptable. The series resistance was 

optimally compensated by ≥ 70% and constantly monitored throughout the experiments. 

Schaffer collateral–commissural fibers were stimulated by ultrathin concentric bipolar 

electrodes (FHC Inc.), and the excitatory postsynaptic currents (EPSCs) were recorded in the 

CA1 area in the presence of bicuculline (30 μM). The evoked EPSCs were filtered at 2 kHz, 

digitized at 10 kHz, and acquired and analyzed using Axograph X software. The amplitude 

of the EPSCs was monitored for a baseline period of at least 15 min. Miniature EPSC 

(mEPSC) was recorded in the presence of tetrodotoxin (TTX, 1 μM) and bicuculline (10 

μM) at a holding potential of −70 mV. All electrophysiological experiments were performed 

at room temperature.

Compounds and statistical analyses

Aβ peptide consisting of residues 1–40 of the human wild-type sequence (Aβ1–40) and 

Aβ40–1 was purchased from Bachem (Torrance, CA). AP-5 (D-2-amino-5-

phosphonopentanoate), CNQX (6-cyano-2,3-dihydroxy-7-nitroquinoxaline), bicuculline, and 

other chemicals were purchased from Sigma Aldrich (St. Louis, MO) or Tocris (Ellisville, 

MO).

Normality was tested using the Shapiro-Wilk test. For electrophysiological and behavioral 

analysis, the data were compared with two-way ANOVA. The data from the histological 

study, western blot, real-time PCR and other studies were analyzed using Student’s t-test, 

one-way ANOVA test. For non-normally distributed data we used Mann-Whitney U test, or 

Kruskal-Wallis test. Post hoc analyses were performed using Student-Newman-Keuls test or 

Dunn multiple comparisons test as appropriate. All statistical analyses were performed with 

BMDP statistical software (Statistical Solutions, Saugus, MA). All data were expressed as 

means ± SEM. For all tests, a two-tailed P < 0.05 was considered statistically significant.

Results

Microglial Phagocytosis of Glutamatergic Synapses Induced by Amyloid Fibrils.

Consistent with our previous studies [3,35,36], bilateral microinjection of Aβ1–40 fibrils (but 

not of reverse sequence Aβ40–1 fibrils or artificial CSF) into the hippocampal CA1 led to 

memory deficiency, as shown by extended escape latencies and less time spent in the target 

quadrant (during the probe trial) in the Morris water maze test (Fig. 1a,1b). We also 

observed a substantial rightward shift in the input (stimulation intensities) - output (current 

amplitudes) curve of glutamatergic excitatory post-synaptic currents (EPSCs) in the 

hippocampal CA1 neurons in the modeled rats (Fig. 1c). Further analysis of the miniature 

postsynaptic currents revealed a significant decrease in the amplitude and increase of the 

inter-event interval of excitatory glutamatergic transmission in the hippocampal CA1 

neurons in these modeled rats (Fig. 1d). Notably, our previous report also demonstrated a 

reduction of hippocampal dendritic spine numbers using Golgi impregnation staining and a 

substantially decreased immunosignal of presynaptic marker vGluT1 in the hippocampal 
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CA1 in the rats injected with Aβ1–40 fibrils [3]. These results demonstrated a substantial 

suppression of hippocampal glutamatergic transmission in the rats injected with amyloid 

fibrils.

Microinjection of Aβ1–40 fibrils also increased the intensity of Iba1 and CD68 (a microglial 

lysosomal marker), indicating an extensive microglial activation and neuroinflammation in 

the hippocampal CA1 (Fig. 1e,f). To determine the involvement of activated microglia in the 

suppressed hippocampal neurotransmission, the microglial phagocytosis of glutamatergic 

synapses was evaluated by immunostaining with antibodies against postsynaptic marker 

PSD95, microglial marker Iba1 and the lysosomal marker CD68 in the hippocampal CA1 in 

the modeled rodents. We found that the majority of PSD95 immunosignals within microglia 

were co-localized within lysosomal compartments in rats injected with Aβ1–40 fibrils, but 

not those injected with Aβ40–1 fibrils (Fig. 2a), and APP/PS1 mice (Fig. 2b). Internalization 

of PSD95 within microglial lysosomes was further confirmed by assessing confocal z stacks 

through individual microglia in AD models of rat (Movie 1) and mice (Movie 2). 

Consistently, internalization of another synaptic marker synaptophysin with lysosomes in 

microglia was also observed in the hippocampal CA1 in the modeled rats when compared 

with those injected with saline or with Aβ40–1 fibrils (Fig. 3a). This was also observed in 

APP/PS1 mice when compared to wild type mice (Fig. 3b). Taken together, these results 

support a role of microglial phagocytosis in glutamatergic synapse loss in the rodent models 

of AD.

Complement C1q mediates the microglial phagocytosis of glutamatergic synapses

Previous findings provided clues that complement C1q is a key mediator of synaptic loss in 

neurodegenerative disorders including multiple sclerosis [51] and early stages of AD in 

rodent models [11]. Here we explored the role of C1q-mediated microglial phagocytosis of 

glutamatergic synapses in AD. In accordance with a previous report[11], our results showed 

an increased expression of C1q in the hippocampal CA1 synaptosomal preparation in the 

rats injected with Aβ1–40 fibrils (Fig. 4a), which was predominantly co-localized with the 

immunosignal of postsynaptic marker PSD95 (Fig. 4b, Movie 3). The increase of C1q 

expression was not observed in rats injected with Aβ40–1 fibrils (Fig. S1, Fig. 4b). Note that 

the existence of significant C1q immunosignal outside that of PSD95 indicates the potential 

C1q production from other cells such as microglia or astrocytes. The expression of C1q was 

also increased in the hippocampal CA1 synaptosomal preparation of the APP/PS1 transgenic 

mice (Fig. 4c).

We then assessed whether suppressing C1q upregulation, by local administration of a 

specific C1q small interfering RNA (siRNA), would confirm the involvement of C1q in 

microglial phagocytosis of glutamatergic synapses in the presence of amyloid fibrils. Local 

administration of a specific C1q siRNA (5 nmol per side for 7 days), but not scrambled RNA 

(scRNA), effectively attenuated hippocampal C1q expression in the amyloid-injected (Fig. 

4a,b) and control group as well (Fig. S1). It also decreased the localization of PSD95 within 

the microglial lysosomes (Fig. 5a) in the hippocampal CA1 in the modeled rats. Moreover, 

treatment with C1q siRNA, but not scRNA, restored the amplitude and inter-event interval of 

mEPSCs in the hippocampal CA1 neurons of the amyloid-injected rats (Fig. 5b). In the 
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Morris water maze test, the amyloid-injected rats exhibited significantly shortened escape 

latencies (Fig. 5c) and spent more time in the target quadrant (Fig. 5d) after treatment with 

C1q siRNA. Considering the potential function of C1q to initiate the complement response 

leading to C3 opsonization and phagocytosis, these results further confirmed the critical role 

of C1q signaling in the mechanism underlying amyloid fibril-induced elimination of 

glutamatergic synapses by microglia.

Metabotropic glutamate receptor 1 (mGluR1)-mediated synaptic C1q mRNA translation 
induced by amyloid fibrils

Given that neuronal protein synthesis intensively occurs at the synaptic terminals as well as 

cell bodies[21,22] and that phosphorylation of FMRP, via associated polyribosomes, may 

substantially impair mRNA transportation into dendrites and its translation in the synapses 

[26,24], we next evaluated the expression of C1q mRNA in the hippocampal CA1 

synaptosomal preparation of amyloid-injected rats. First, we detected a substantially 

increased expression of hippocampal mGluR1 in rats injected with Aβ1–40 fibrils (Fig. 6a), 

but not those injected with Aβ40–1 fibrils (Fig. S2), and in APP/PS1 transgenic mice (Fig. 

6b). Then, upregulation of C1q mRNA was observed in the synaptosomal preparation in 

hippocampal CA1 in the modeled rats (Fig. 6c). In addition, our RNA immunoprecipitation 

(RNA-IP) study revealed an increased binding of eIF-4E with C1q mRNA in the 

hippocampal synaptosomal preparation in the modeled rats (Fig. 6d). These findings suggest 

an enhanced translational activity of synaptic C1q mRNA in the modeled rats.

Next, we observed a corresponding reduction of phosphorylated FMRP (p-FMRP), but not 

the total FMRP, as measured by western blot analysis (Fig. 6e). Moreover, an RNA-IP study 

also revealed a significantly decreased binding of p-FMRP in the ribosome containing C1q 
mRNA in the hippocampal CA1 tissue of the amyloid injected rats (Fig. 6f). Considering the 

critical role of p-FMRP in modulating the local mRNA transport and translation, these 

results point toward FMRP involvement in the altered local expression of C1q in the 

hippocampal synaptosomes in the amyloid-treated rats.

Next, we also found that local administration of mGluR1 inhibitor, JNJ16259685 (0.3 ng for 

7 days), significantly attenuated the dephosphorylation of FMRP (Fig. 6e) in the 

synaptosomal preparation of hippocampal CA1 in the modeled rats. It also increased the 

binding between p-FMRP and C1q mRNA (Fig. 6f) and decreased the upregulation of C1q 
mRNA (Fig. 6c) and C1q immunosignal and its co-localization with PSD95 (Fig. 6g). 

Further, results of our immunostaining study also showed that inhibition of mGluR1 

signaling by JNJ16259685 significantly decreased the localization of PSD95 within 

microglia lysosomes (CD68) (Fig. 7a) in the hippocampal CA1 in the rats injected with 

Aβ1–40 fibrils. Consistently, JNJ16259685 also significantly recovered the amplitude and 

inter-event interval of mEPSCs in hippocampal CA1 neurons (Fig. 7b) in the hippocampal 

CA1, and improved the performance in the Morris water maze test in the rodent model of 

AD (Fig. 7c,d).

Moreover, to confirm the role of mGluR1 in microglial phagocytosis of synapses in rodent 

models of AD, we crossed APP/PS1 mice with mGluR1 knockout mice (Grm1−/−), and 

analyzed the C1q production and microglial phagocytosis of synapses in this new strain 
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(APP/PS1/Grm1−/−). Consistently, substantial amelioration of p-FMRP dephosphorylation 

(Fig. 8a), C1q upregulation (Fig. 8b), and co-localization of PSD95 within the lysosomes 

(CD68) in microglia (Iba1) (Fig. 8c), as well as restoration of glutamatergic synaptic 

transmission (Fig. 9a) and improved performance in Morris water maze test (Fig. 9b,c) was 

observed in the APP/PS1/Grm1−/− mice, when compared to APP/PS1 mice. Together, our 

findings show that inhibition of mGluR1 signaling decreased the local translation of synaptic 

C1q mRNA, mitigated microglial phagocytosis of the glutamatergic synapses and restored 

synaptic strength and cognition in rodent models of AD.

The next step was to determine whether artificial activation of mGluR1 signaling mimicked 

the C1q-mediated microglial elimination of glutamatergic synapses similar to that noted 

with amyloid fibrils. We microinjected the mGluR1 agonist dihydroxy phenylglycine 

(DHPG, 0.25 μg per side for 7 days) into the hippocampal CA1 tissue of naïve rats and 

observed significantly decreased FMRP phosphorylation in the hippocampal synaptosome in 

the naïve rats (Fig. 10a). DHPG also decreased the binding between p-FMRP and C1q 
mRNA (Fig. 10b), and consequently upregulated the C1q mRNA (Fig. 10c) in the 

hippocampal CA1 synaptosomal preparation in the naïve rats. The increased expression of 

C1q was predominantly co-localized with the postsynaptic marker PSD95 (Fig. 10d) 

indicating its distribution in the glutamatergic synapses. We also found that activation of 

mGluR1 signaling by DHPG increased the localization of PSD95 within microglial 

lysosomes (CD68) (Fig, 11a), and decreased the amplitude and increased the inter-event 

interval of mEPSCs in the hippocampal CA1 neurons (Fig. 11b). Furthermore, these rats 

exhibited significantly extended escape latencies and spent less time in the target quadrant in 

the Morris water maze test (Fig. 11c,d). Taken together, these findings strongly support the 

critical role of upregulated mGluR1 signaling in the C1q-mediated microglial preferential 

elimination of glutamatergic synapses induced by amyloid fibrils.

Discussion

Reactive microglia appear to play a cardinal role in several neuroinflammatory disorders 

including Alzheimer’s disease [52,11,3]. We have previously shown that amyloid fibril-

induced microglial activation and neuroinflammation enhanced the interaction between the 

transcriptional repressors and suppressed the expression of synaptic scaffolding protein 

neuroligin 1, thus leading to the reduction of hippocampal glutamatergic synapses [3]. 

Reactive microglia may prune the synapses and sculpt the neural circuit, thus affecting the 

synaptic development and maturation in the developing nervous system [6,8]. Deficient 

microglianeuronal interaction has been shown to impair the synaptic pruning and functional 

brain connectivity, which was associated with deficits in social interaction and increased 

repetitive-behavior phenotypes in rodents [53]. Transient cerebral ischemia increased the 

duration of microglia-synapse contacts, which was frequently followed by the loss of the 

presynaptic buttons and contributed to the subsequent increased turnover of synaptic 

connections in the cortex neurons [54]. Nanomolar concentrations of Aβ induced 

remarkable microglial phagocytosis of neurons and synapses in culture [55]. Knockout of 

microglial CX3CR1, which is essential for microglial recruitment, significantly prevented 

neuron loss in the transgenic mice AD model [56]. Reactive microglia may inappropriately 

phagocytose the synapses and lead to synaptic loss in the early stage of AD mouse model 
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[11]. It was recently reported that sustained, but delayed, activation of microglia/macrophage 

and neuroinflammatory response coincided with significant tissue loss induced by traumatic 

brain injury in a transgenic mice model with cerebral amyloidosis [57,58]. In the present 

study, we also noted that reactive microglia phagocytosed the hippocampal glutamatergic 

synapses, which was associated with hippocampal synaptic dysfunction and memory 

deficiency in the established rodent models of AD. We observed synaptic and behavioral 

deficits in APP/PS1 mice at 6 months old in the present study, which was consistent with the 

other reports that synaptic loss and impaired performance in cognitive behavioral tests 

gradually developed as early as 3 to 6 months of age in APP/PS1 mice [59–63,11,64].

C1q-mediated synaptic elimination is involved in the pathogenesis of several neurological 

disorders. For instance, we noted that transforming growth factor β from astrocytes 

upregulated the C1q expression in retinogeniculate synapses, thus opsonizing the synapse 

for microglial elimination during synaptic remodeling in the mouse retinogeniculate 

system[15]. Increased C1q expression was temporally correlated with a decrease in synapse 

density in the inner plexiform layer of the retina in the rodent model of glaucoma [65]. In 

addition, a significantly increased spinal expression of complement C1q was detected, which 

potentially contributed to the synaptic elimination, in the mice model of chronic spinal cord 

compression[66]. Upregulation of C1q is likely associated with the disruption of 

neuromuscular junction architecture and impairment of sensory-motor circuitry in the 

neurodegenerative disease spinal muscular atrophy [67]. It was also found that C1q 

knockout mice exhibited defects in neocortical synapse elimination resulting in enhanced 

excitatory synaptic connectivity and epileptic activity [68].

Results of a recent study revealed that expression of C1q was dramatically increased in close 

proximity to synapses in several brain regions, including the hippocampus and cortex, in the 

normal aging mouse and human brain [18]. It was found that aged C1q-deficient mice 

exhibited significantly less cognitive and memory decline in certain hippocampus-dependent 

behavior tests with enhanced synaptic plasticity and reorganization of the circuitry in the 

aging hippocampal neurons [18]. The C1q content was found to be largely region-

specifically elevated, particularly in the hippocampus and frontal cortex, and was associated 

with the early microglia-mediated synaptic loss in two transgenic mice models of AD (J20 

and APP/PS1 mice)[11]. The present studies demonstrated a significant increase of 

hippocampal C1q immunosignal in the hippocampal glutamatergic synapses in the rodent 

models of AD, and suppression of C1q upregulation substantially attenuated the microglial 

phagocytosis of glutamatergic synapses, restored the hippocampal glutamatergic 

transmission and cognitive function in the rats injected with amyloid fibrils. Previous in situ 
hybridization studies confirmed neuronal expression of C1q in the hippocampus and cortex 

neurons [69–72] and brain microglial cells [73]. We also found that some C1q 

immunoreactivity was not co-localized with that of synaptic marker, which indicated that 

C1q expression from other resources (e.g., microglia) might also contribute to the 

pathological process seen in the present study. It is well recognized that C1q-involved 

complement activation serves as the first step of the classical complement cascade in a 

sequential manner, including C3 convertase activation and amplification, C5 convertase 

activation, and the assembly of the terminal complement complex [74]. Consistent with the 

finding of C1q-mediated microglia phagocytosis of glutamatergic synapses, previous studies 
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also found that genetic deletion of complement C3 or its receptor CR3 substantially 

ameliorated the hippocampal synaptic loss in APP/PS1 mice or mice infused with 

oligomeric Aβ [11]. Taken together, these findings confirmed the critical role of activation 

of C1q, potentially partnering with C3 and CR3 and other components in complement 

cascade, in microglia phagocytosis and central glutamatergic synapse loss and its functional 

significance in the rodent models of AD.

Previous studies demonstrated that FMRP regulated the transportation and local translation 

of dendritic mRNA in the central neurons [24,26]. Phosphorylation of FMRP (Ser499) is 

associated with stalled polyribosomes, and dephosphorylated FMRP is released from the 

polyribosome, which facilitates the transportation and translation of local mRNA [75]. 

Ablation of FMRP leads to excessive and dysregulated mRNA translation at the synapse, 

resulting in altered synaptic function and loss of protein synthesis-dependent synaptic 

plasticity [76,24]. Increased expression of FMRP was reported in the transgenic mice model 

of AD [25]. FMRP was suggested to be involved in modulating the expression of amyloid 

precursor protein and in the accumulation of amyloid aggregations in the brain [77,78]. In 

the present study, a significant decrease of p-FMRP, as well as a reduced binding between 

the p-FMRP and C1q mRNA, was observed in the hippocampal synaptosome in the modeled 

rodents. Suppression of p-FMRP dephosphorylation by inhibition of mGluR1 signaling 

decreased the synaptic C1q expression and microglial phagocytosis of synapses, and led to 

recovery of glutamatergic transmission and cognition in the amyloid fibril-injected rats.

Metabotropic glutamate receptors are abundantly present in excitatory synapses throughout 

the brain where they regulate activity-dependent dendritic protein synthesis and 

glutamatergic neurotransmission. Signaling by mGluR1/5 contributes to the formation of 

synaptic circuits during development and is implicated in the induction of synaptic plasticity 

and associative learning [79]. It was reported that brain expression of mGluRs was increased 

in the mouse model of AD [28], and activation of mGluRs mediated the amyloid-induced 

suppression of synaptic plasticity in the hippocampal neurons [29]. In addition, sustained 

suppression of group II mGluRs markedly reduced the brain Aβ monomers and oligomers, 

promoted hippocampal neurogenesis and improved the anxiety and memory deficit in the 

transgenic mice model of AD [80]. Notably, stimulation of mGluRs also affected the 

phosphorylation status of FMRP, thus modulating the translation of dendritic mRNA in 

several physiological and pathological scenarios [26,24]. In the present study, substantially 

increased expression of mGluR1 signaling was demonstrated in the hippocampal CA1 in the 

amyloid fibril-injected rats and APP/PS1 transgenic mice. Artificial activation of mGluR1 

signaling largely mimicked the amyloid-induced C1q upregulation, microglial phagocytosis 

of synapses, and glutamatergic and cognitive dysfunction. In contrast, knockout of mGluR1 

or inhibition of mGluR1 signaling substantially recovered these molecular, cellular and 

behavioral impairments in the rodent AD model. Taken together, our data demonstrated a 

critical role of mGluR1 signaling in C1q-dependent microglial phagocytosis of synapses, but 

we cannot exclude the potential involvement of other receptor subtypes (e.g., mGluR5) since 

mGluR1 modulators (e.g., DHPG and JNJ16259685) also act on mGluR5 receptors [81,82].
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Conclusion

The present study illustrates a novel mechanism–activation of mGluR1 signaling induced the 

C1q-mediated microglial phagocytosis of glutamatergic synapses, which contributes to the 

synaptic and cognitive deficiency in the rats injected with amyloid fibrils (Fig. 12).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hippocampal injection of Aβ1–40 fibrils impaired memory, decreased glutamatergic 
transmission, and induced microglia activation.
Significantly extended escape latency (a, n = 10 rats in each group, effect of group [F2,27 = 

20.3, P<0.0001], effect of time [F4,27 = 180.1, P<0.0001], interaction between group and 

time [P= 0.25]) and (b) less time spent in the target quadrant (T, target quadrant; R, right 

quadrant; O, opposite quadrant; L, left quadrant) (b, n = 10 rats in each group, F2,27 = 8.71, 

P = 0.001) were observed in the rats microinjected with Aβ1–40 fibrils, but not Aβ40–1 fibrils 

nor artificial CSF. (b) Representative path tracings in each quadrant during the probe trial on 

day 6 (T, target quadrant; R, right quadrant; O, opposite quadrant; L, left quadrant). 

Significantly attenuated input (stimulus intensity) - output (EPSC amplitude) response of 

evoked EPSCs was also observed in the hippocampal CA1 neurons of the rats injected with 

amyloid fibrils (c, n = 14 neurons in each group, F2,39 = 21.8, P<0.0001). The amplitude (d, 

n = 12 rats in each group, unpaired t-test, t = 5.93, DF = 22, two-tailed P<0.0001) and inter-

event interval (d, n = 12 rats in each group, unpaired t-test, t =3.33, DF = 22, two-tailed P = 

0.003) of mEPSC were altered in the rats injected with amyloid fibrils. Increased Iba1 

intensity of microglia processes were observed in the hippocampal CA1 of the rats injected 

with amyloid fibrils (e, n = 5 rats in each group, t = 4.7, DF = 8, two-tailed P = 0.0015, scale 

bar = 40 μm). Iba1 intensity was calculated as following: Intensity = area × average of 

immunosignal (filtered out of the noise signal). Increased immunosignal of CD68 (red) was 

observed in microglia (Iba1, cyan) in the rats injected with amyloid fibrils. The ratio 

between the volume of CD68-positive and Iba-positive immunosignals in 3D images was 

presented. (f, n = 5 rats in each group, t = 11.4, DF = 8, two-tailed P <0.001, scale bar = 10 

μm). Right micrographs were presented to show the same microglia in which only the 
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lysosomes (red) was visualized. Each dot represents the mean value of 4 brain sections of 

one animal. Data represent mean ± s.e.m. For box-and-whiskers plots, the box extends from 

the 25th to 75th percentiles, a line within the box marks the median. Whiskers (error bars) 

above and below the box represent the minimum and maximum values. *P<0.05, **P<0.01, 

***P<0.001.
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Figure 2. Increased microglial phagocytosis of glutamatergic synapses in rodent AD model.
Increased internalization of postsynaptic marker PSD95 was observed in the lysosomes 

(CD68) within the microglia (Iba1) in the rats injected with Aβ1–40 fibrils, but not those 

injected with Aβ40–1 fibrils (a, n = 5 rats in each group, F2,12 = 67.6, P<0.0001, scale bar = 

10 μm). A micrograph was presented at the right to show the same microglia in which only 

the lysosomes (red) and PSD95 (green) were visualized. Similar increases in co-localization 

of PSD95 with lysosome marker CD68 within the microglia were observed in the 

hippocampal CA1 of the Tg-APPsw/PSEN1DE9 (APP/PSI) mice (b, n = 5 mice in each 

group, Mann-Whitney U-statistic <0.0001, two-tailed P = 0.008, scale bar = 10 μm). Data 

represent mean ± s.e.m. Each dot represents the mean value of 4 brain sections of one 

animal. **P<0.01, ***P<0.001.
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Figure 3. 
Increased internalization of presynaptic marker synaptophysin was observed in the 

lysosomes (CD68) within the microglia (Iba1) in the rats injected with Aβ1–40 fibrils, but not 

those injected with Aβ40–1 fibrils (a, n = 5 rats in each group, F2,13 = 55.2, P <0.0001, scale 

bar = 10 μm). A micrograph was presented at the right to show the same microglia (Iba1-

positive, cyan) in which only the lysosomes (red) and synaptophysin (green) were 

visualized. Similar increases in co-localization of synaptophysin with lysosome marker 

CD68 within the microglia were observed in the hippocampal CA1 of the Tg-APPsw/

PSEN1DE9 (APP/PSI) mice (b, n = 5 mice in each group, unpaired t-test, t = 7.8, DF = 8, 

two-tailed P <0.0001, scale bar = 10 μm). Each dot represents the mean value of 4 brain 

sections of one animal. Data represent mean ± s.e.m. ***P<0.001.
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Figure 4. Increased C1q distribution in the glutamatergic synapse.
Significantly increased C1q expression was observed in the hippocampal synaptosomal 

preparation of the rats injected with amyloid fibrils, which was effectively attenuated by C1q 

siRNA (a, n = 7 rats in each group, F3,24 = 6.3, P = 0.0026). Significantly increased co-

localization of C1q with PSD95 was observed in the hippocampal CA1 of the rats injected 

with Aβ1–40 fibrils, but not those injected with Aβ40–1 fibrils (b, n = 5 rats in each group, 

F4,20 = 42.8, P <0.0001, scale bar = 10 μm). Each dot represents the mean value of 4 brain 

sections of one animal. Significantly increased expression of C1q was observed in 

hippocampal CA1 synaptosomal preparation in the Tg-APPsw/PSEN1DE9 (APP/PSI) 

compared to C57BL/6 mice (c, n = 8 mice in each group, unpaired t-test, t = 3.7, DF = 14, 

two-tailed P = 0.002). Data represent mean ± s.e.m. *P<0.05, **P<0.01, ***P<0.001.
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Figure 5. Suppression of C1q attenuated the microglial phagocytosis of glutamatergic synapse 
induced by amyloid fibrils.
C1q siRNA significantly decreased the internalization of PSD95 in lysosomes (CD68) 

within microglia in the rats injected with amyloid fibrils (a, n = 5 rats in each group, F3,16 = 

39.6, P<0.0001, scale bar = 10 μm). Each dot represents the mean value of 4 brain sections 

of one animal. C1q siRNA significantly recovered the amplitude (b, n = 12 rats in each 

group, F3,44 = 10.33, P<0.0001) and inter-events interval (b, n = 12 rats in each group, F3,44 

= 8.5, P = 0.0001) of mEPSCs in the hippocampal CA1 neurons in the rats injected with 

amyloid fibrils. C1q siRNA microinjection also shortened the escape latency (c, n = 10 rats 

in each group, effect of group [F3,36 = 11.4, P<0.0001], effect of time [F4,36 = 108.8, 

P<0.0001], interaction between group and time [P = 0.37]) and increased the time spent in 

the target quadrant in the amyloid-injected rats (d, n = 10 rats in each group, F3,36 = 13.9, 

P<0.0001). (d) Representative path tracings in each quadrant during the probe trial on day 6 

(T, target quadrant; R, right quadrant; O, opposite quadrant; L, left quadrant). Data represent 

mean ± s.e.m. For box-and-whiskers plots, the box extends from the 25th to 75th percentiles, 

a line within the box marks the median. Whiskers (error bars) above and below the box 

represent the minimum and maximum values. *P<0.05, **P<0.01, ***P<0.001.
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Figure 6. Inhibition of metabotropic glutamate receptor 1 (mGluR1) signaling attenuated the 
C1q upregulation induced by amyloid fibrils.
Significantly increased expression of mGluR1 was observed in the hippocampal CA1 in the 

rats injected with amyloid fibrils (a, n = 7 rats in each group, unpaired t-test, t = 4.3, DF = 

12, two-tailed P = 0.001) and Tg-APPsw/PSEN1DE9 (APP/PSI) mice (b, n = 9 mice in each 

group, unpaired t-test, t = 3.6, DF = 16, two-tailed P = 0.003). Significantly increased C1q 
mRNA was detected in the hippocampal synaptosomal preparation in the modeled rats, 

which was attenuated by JNJ16259685 (c, n = 6 rats in each group, F3,20 = 7.46, P = 0.002). 

Increased C1q mRNA was pulled by e-IF4E antibody in hippocampal CA1 lysates of the 

rats injected with amyloid fibrils (d, n = 6 rats per group, t = 3.3, DF = 10, two-tailed P = 

0.009). Amyloid fibrils decreased the phosphorylation of fragile X mental retardation 

protein (FMRP) in the hippocampal CA1, which was recovered by the mGluR1 inhibitor 

JNJ16259685 (e, n = 6,7,7,7 rats, F3,23 = 4.3, P = 0.015); (f) RNA-IP study revealed a 

significantly decreased amount of C1q mRNA pulled-down by p-FMRP antibody in the 

hippocampal CA1 in the modeled rats, which was recovered by JNJ16259685 (f, n = 6 rats 

in each group, F3,20 = 4.97, P = 0.009). Microinjection of JNJ16259685 significantly 

decreased C1q immunosignals co-localized with the PSD95 in the hippocampal CA1 in the 

amyloidinjected rats (g, n = 5 rats in each group, F3,16 = 26.5, P <0.0001, scale bar = 10 

μm). Each dot represents the mean value of 4 brain sections of one rat. Data represent mean 

± s.e.m. *P<0.05, **P<0.01, ***P<0.001.
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Figure 7. Inhibition of mGluR1 signaling attenuated the microglia phagocytosis of synapses 
induced by amyloid fibrils.
JNJ16259685 significantly decreased the internalization of PSD95 with lysosome marker 

CD68 in microglia (Iba1) in the rats injected with amyloid fibrils (a, n = 5 rats in each 

group, F3,16 = 73.0, P <0.0001, scale bar = 10 μm). Each dot represents the mean value of 4 

brain sections of one animal. Microinjection of JNJ16259685 significantly recovered the 

amplitude (b, n = 13 rats in each group, Kruskal-Wallis Statistic KW = 18.2, P = 0.0004) and 

inter-event interval of mEPSCs (b, n = 13 rats in each group, F3,48 = 16.8, P<0.0001) in the 

hippocampal CA1 neurons in the rats injected with amyloid fibrils. Microinjection of 

JNJ16259685 also shortened the escape latency (c, n = 10 rats in each group, effect of group 

[F3,36 = 13.3, P<0.0001], effect of time [F4,36 = 135.5, P<0.0001], interaction between group 

and time [P = 0.47]) and increased the time spent in the target quadrant (d, n = 10 rats in 

each group, F4,36 = 6.57, P = 0.0012) in the amyloid-injected rats. (d) Representative path 

tracings in each quadrant during the probe trial on day 6 (T, target quadrant; R, right 

quadrant; O, opposite quadrant; L, left quadrant). Data represent mean ± s.e.m. For box-and-

whiskers plots, the box extends from the 25th to 75th percentiles, a line within the box 

marks the median. Whiskers (error bars) above and below the box represent the minimum 

and maximum values. *P<0.05, **P<0.01, ***P<0.001.
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Fig 8. Knockout of mGluR1 (Grm1−/−) attenuated microglial phagocytosis of synapses.
Significant dephosphorylation of p-FMRP was observed in the hippocampal CA1 

synaptosome in APP/PS1 mice, which was recovered by the knockout of mGluR1 (a, n = 7 

mice in each group, F3,24 = 4.15, P = 0.017). Knockout of mGluR1 attenuated the C1q 

upregulation in APP/PS1 mice (b, n = 7 mice in each group, F3,24 = 8.39, P = 0.0005). 

Knockout of mGluR1 significantly decreased the internalization of PSD95 with lysosome 

marker CD68 in microglia (Iba1) in APP/PS1 mice (c, n = 5 mice in each group, F3,16 = 

68.1, P <0.0001, scale bar = 10 μm). Right micrographs were presented to show the same 

microglia in which only the lysosomes (red) and PSD95 (green) were visualized. Each dot 

represents the mean value of 4 brain sections of one animal. Data represent mean ± s.e.m. 

*P<0.05, **P<0.01, ***P<0.001.
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Fig 9. Knockout of mGluR1 (Grm1−/−) attenuated synaptic and cognitive impairments in 
APP/PS1 mice.
Knockout of mGluR1 significantly recovered the amplitude (a, n = 16 animals in each 

group, Kruskal-Wallis Statistic KW = 27.1, P<0.0001) and inter-event interval of mEPSCs 

(a, n = 16 animals in each group, Kruskal-Wallis Statistic KW = 27.1, P<0.0001) in the 

hippocampal CA1 neurons in APP/PS1 mice. Knockout of mGluR1 shortened the escape 

latency in the hidden platform (b, n = 10 mice in each group, effect of group [F3,36 = 14.1, 

P<0.0001], effect of time [F4,36 = 125.3, P<0.0001], interaction between group and time [P 

= 0.99]) and increased the time spent in the target quadrant during the probe trial (c, n = 10 

mice in each group, F4,36 = 3.79, P = 0.02) in APP/PS1 mice. No difference was noted 

among the groups during testing in the visible platform. Representative path tracings in each 

quadrant during the probe trial (T, target quadrant; R, right quadrant; O, opposite quadrant; 

L, left quadrant). Data represent mean ± s.e.m. For box-and-whiskers plots, the box extends 

from the 25th to 75th percentiles, a line within the box marks the median. Whiskers (error 

bars) above and below the box represent the minimum and maximum values. *P<0.05, 

**P<0.01, ***P<0.001.
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Figure 10. Activation of mGluR1 signaling by specific mGluR agonist dihydroxyphenylglycine 
(DHPG) upregulated hippocampal C1q expression.
Microinjection of DHPG into the hippocampal CA1 in naïve rats induced dephosphorylation 

of FMRP (a, n = 6 rats in each group, Mann-Whitney U-statistic = 35.00, two-tailed P = 

0.007), decreased the binding between phosphorylated FMRP (p-FMRP) and C1q mRNA (b, 

n = 6 rats in each group, Mann-Whitney U-statistic = 33.00, two-tailed P = 0.015), and 

increased C1q mRNA in the hippocampal CA1 synaptosome (c, n = 6 rats in each group, t = 

2.8, DF = 10, two-tailed P = 0.018). DHPG also increased the C1q immunosignal co-

localized with PSD95 in the hippocampal CA1 in the naïve rats (d, n = 5 rats in each group, t 

= 12.6, DF = 8, two-tailed P <0.0001, scale bar = 10 μm). Each dot represents the mean 

value of 4 brain sections of one rat. Data represent mean ± s.e.m. *P<0.05, **P<0.01, 

***P<0.001.
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Figure 11. Activation of mGluR1 signaling by DHPG induced the microglial phagocytosis of 
glutamatergic synapses.
DHPG increased the internalization of PSD95 with the lysosome marker CD68 in microglia 

in the hippocampal CA1of naïve rats (a, n = 5 rats in each group, unpaired-t test, t = 12.4, 

DF = 8, two-tailed P <0.0001, scale bar = 10 μm). Each dot represents the mean value of 4 

brain sections of one rat. DHPG also decreased the amplitude (b, n = 15 rats in each group, 

unpaired-t test, t = 2.8, DF = 28, two-tailed P = 0.0084) and increased inter-event interval (b, 

n = 15 rats in each group, unpaired-t test, t = 2.8, DF = 28, two-tailed P = 0.0084) of 

mEPSCs in hippocampal CA1 neurons, and increased escape latency (c, n = 10 rats in each 

group, effect of group [F1,18 = 8.2, P = 0.01], effect of time [F4,18 = 82.8, P<0.0001], 

interaction between group and time [P = 0.52]), and decreased the time in the target quadrant 

(d, n = 10 rats in each group, F1,18 = 14.4, P = 0.001). (d) Representative path tracings in 

each quadrant during the probe trial on day 6 (T, target quadrant; R, right quadrant; O, 

opposite quadrant; L, left quadrant). Data represent mean ± s.e.m. For box-and-whiskers 

plots, the box extends from the 25th to 75th percentiles, a line within the box marks the 
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median. Whiskers (error bars) above and below the box represent the minimum and 

maximum values. *P<0.05, **P<0.01, ***P<0.001.
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Figure 12. Diagram of the hypothesis.
Abnormal accumulation of amyloid fibrils induces substantial neuroinflammation (e.g., 

microglial activation) and the upregulation of mGluR1 signaling in the hippocampal CA1. 

Activation of mGluR1 signaling induces remarkable PP2A activity, which triggers the 

dephosphorylation of FMRP in the glutamatergic synapses. This adaptation of translational 

machinery, in turn, facilitates the transport and local translation of synaptic C1q mRNA in 

the glutamatergic synapses. The increased expression of C1q in glutamatergic synapses 

initiates the complement response leading to CR3 opsonization in the activated microglia, 

which eventually triggers the microglial phagocytosis of hippocampal glutamatergic 

synapses, thus contributing to the synaptic dysfunction and memory deficiency induced by 

amyloid fibrils.
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