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Abstract The CC chemokine ligand 2 (CCL2, also known 
as MCP-1) and its cognate receptor CCR2 have well-
characterized roles in chemotaxis. CCL2 has been previ-
ously shown to promote excitatory synaptic transmission 
and neuronal excitability. However, the detailed molecular 
mechanism underlying this process remains largely unclear. 
In cultured hippocampal neurons, CCL2 application rap-
idly upregulated surface expression of GluA1, in a CCR2-
dependent manner, assayed using SEP-GluA1 live imaging, 
surface GluA1 antibody staining, and electrophysiology. 
Using pharmacology and reporter assays, we further showed 
that CCL2 upregulated surface GluA1 expression primarily 
via Gαq- and CaMKII-dependent signaling. Consistently, 

using i.p. injection of lipopolysaccharide to induce neuroin-
flammation, we found upregulated phosphorylation of S831 
and S845 sites on AMPA receptor subunit GluA1 in the 
hippocampus, an effect blocked in Ccr2−/− mice. Together, 
these results provide a mechanism through which CCL2, and 
other secreted molecules that signal through G-protein cou-
pled receptors, can directly regulate synaptic transmission.

Keywords Synaptic transmission · CCL2 · MCP-1 · 
CCR2 · CaMKII · AMPA receptor · GluA1

Introduction

Cytokines are small secreted proteins with well-character-
ized functions in immune cell development and maturation, 
homeostasis, and disease pathogenesis [1–3]. In the cen-
tral nervous system (CNS), cytokines have been shown to 
be released by microglia [4, 5], astrocytes [6–8], neurons 
[9–11], and endothelial cells [12], in response to microor-
ganismal infections, injury, inflammation and in a number 
of neurological diseases [13–18].

In addition to their well-characterized immune-related func-
tions, cytokines have also been reported to regulate synaptic 
transmission and neuronal excitability [19–23]. For example, 
TNF-α has been shown to be important for maintaining the 
strength of excitatory synapses and for reducing the strength of 
inhibitory synapses [24–27]; Interferon-γ augments GABAe-
rgic transmission in layer V pyramidal neurons [28, 29] and 
increases excitability of CA3 pyramidal neurons [30]; IL-1β 
inhibits long-term potentiation (LTP), reduces synaptic 
strength in hippocampal neurons [31–33] and increases the 
frequency of spontaneous excitatory postsynaptic currents 
(sEPSCs) in corticostriatal neurons [34]. In previous work, we 
showed that CCL2 (also known as Monocyte chemoattractant 
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protein-1, MCP-1) elevates excitatory synaptic transmission in 
hippocampal CA1 and CA3 pyramidal neurons, L2/3 pyrami-
dal neurons of the primary somatosensory cortex, as well as 
dentate gyrus granule cells [35]. This result is consistent with 
other reported functions of CCL2 in enhancing neuronal excit-
ability in CA1 neurons [36], in increasing spontaneous EPSCs 
and potentiating AMPA- and NMDA-induced currents in lam-
ina II neurons of the spinal cord [37], and in elevating Nav1.8 
channel activity in primary sensory neurons [38].

The ability of CCL2 to promote excitatory synaptic 
transmission and neuronal excitability in multiple neuronal 
types suggested that a general mechanism may mediate this 
process. The strength of synaptic transmission is mostly 
dependent on the surface level of α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptors. Phos-
phorylation of the C-terminal serine residues S845 and/or 
S831 of the AMPA receptor subunit GluA1 has been shown 
to potentiate synaptic transmission and promote surface 
delivery of AMPA receptors [39–47]. The S831 and S845 
sites have been shown to be respectively regulated by pro-
tein kinases Calcium/calmodulin-dependent protein kinase 
II (CaMKII) and Protein kinase A (PKA), via changes in 
the intracellular concentrations of calcium and cyclic AMP 
(cAMP) [44–46, 48–52]. CCL2 signals mainly through bind-
ing to its cognate receptor C-C motif chemokine receptor 2 
(CCR2), a G protein-coupled receptor (GPCR) reported to 
be widely expressed in the brain, in regions including the 
hippocampus, cerebral cortex, and hypothalamus [2, 53, 54]. 
GPCR activation, depending on whether it couples to Gαq, 
Gαs, or Gαi, can modulate intracellular levels of calcium 
and/or cAMP. Could CCL2 binding to CCR2 affect AMPA 
receptor surface expression, and by extension, excitatory 
synaptic transmission, through changes in GluA1 phospho-
rylation and subsequent downstream signaling?

Here, we examined the contributions of CCL2 and CCR2 
in regulating the surface expression of GluA1 using both 
in vitro and in vivo assays. We found that exogenous appli-
cation of CCL2 in hippocampal culture neurons facilitated 
GluA1 surface expression, in a process dependent on CCR2, 
Gαq-signaling, and CaMKII activation, and with contribu-
tions from PKA signaling. We further showed that CCL2 
promoted phosphorylation of GluA1 at S831 and S845 sites, 
in a CCR2-dependent fashion. Together, these results out-
line a mechanism through which CCL2 promotes the surface 
expression of GluA1 rapidly and effectively.

Materials and Methods

Animals

All animal procedures complied with the animal care 
standards set forth by the US National Institutes of Health 

and were approved by the Institutional Animal Care and 
Use Committee of the Institute of Neuroscience, Center 
for Excellence in Brain Science and Intelligence Technol-
ogy, Chinese Academy of Sciences, and Peking University. 
Mice were kept on a C57BL/6 background and housed in 
cages containing corn bedding under a 12 h light-ON, 12 h 
light-OFF cycle, with food and water provided at libitum 
from the cage lid.

Ccr2 knockout mice (Ccr2 KO; B6.129S4-Ccr2tm1lfc/J; 
JAX strain 004999 | Ccr2 KO) [55] on C57BL/6 back-
ground were obtained from the JAX laboratory. The P14 
group consisted of P14-P15 mice, both male and female 
mice were used. The number of mice used in each experi-
ment is indicated in figure legends.

Primary dissociated hippocampal cultures were pre-
pared from P0 pups of Sprague-Dawley rats or mice on 
C57BL/6 background.

Drugs Treatment

For treatment with CCL2, recombinant rat CCL2 (CCL2 
(R&D, 3144-JE-050/CF) mouse CCL2 (R&D, 479-JE-
050/CF) or human CCL2 (R&D, 279-MC-050/CF) was 
added, according to the origin of the cell type used; con-
trol was an equal amount of BSA (vehicle, R&D, RB02, 
0.1% Bovine Serum Albumin in PBS, the dissolvent of 
CCL2). For lipopolysaccharides (LPS, Escherichia coli, 
serotype O111:B4, Sigma, Cat# L2630-25MG; 10 mg/kg) 
experiments, mice were intraperitoneally (i.p.) injected 
with a single dose of LPS, while littermate control ani-
mals received the same volume of saline (SA); mice were 
sacrificed 2 h post-injection.

DNA Constructs

All DNA constructs encode vertebrate proteins expressed 
under the CAG promoter. pPiggyBac-hCCR2-P2A-
mCherry was generated by subcloning hCCR2 from 
CCR2-Tango (a gift from Prof. Bryan L Roth, University 
of North Carolina, USA; Addgene: CCR2-Tango, RRID: 
Addgene_66239) into pPiggyBac-MRGPRX4-P2A-
mCherry [56], replacing MRGPRX4 with hCCR2. SEP-
GluA1, GluA2, and DsRed2 (gifts from Prof. Yong Zhang, 
Peking University) [57], and Nano-Luciferase [56] were 
as previously described. SEP-GluA1 consists of a pH-sen-
sitive form of GFP (Super Ecliptic pHluorin, SEP) fused 
to the N-terminal regions of GluA1; SEP fluorescence is 
quenched in vesicles (low pH) and thus its fluorescence 
reflects the level of surface GluA1 expression.
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Real‑Time Quantitative PCR (RT‑qPCR)

RT-qPCR was carried out as described previously [35]. 
Briefly, total RNA was extracted from tissue (whole hip-
pocampus) using TRIzol reagent (Invitrogen, 15596018). 
First-strand cDNA was generated using the M-MLV reverse 
transcriptase (Promega, M1701) according to the manufac-
turer’s protocols. RT-qPCR was performed using SYBR 
Green Master Mix (TaKaRa, RR420A) on LightCycler 480 
(Roche Applied Science). All reactions were carried out in 
duplicates, and the comparative CT method was used. Prim-
ers used for RT-qPCR were as follows: Ccl2-F: CCG GCT 
GGA GCA TCC ACG TGT, Ccl2-R: TGG GGT CAG CAC AGA 
CCT CTC TCT; Tnfα-F: GAC CCT CAC ACT CAG ATC ATC 
TTC T, Tnfα-R: CCT CCA CTT GGT GGT TTG CT; Il-1β-F: 
CTC CAT GAG CTT TGT ACA AGG, Il-1β-R: TGC TGA TGT 
ACC AGT TGG GG; Il-6-F: ACA CAT GTT CTC TGG GAA 
ATC, Il-6-R: AGT GCA TCA TCG TTG TTC ATA; Gria1-F: 
CGA GTT CTG CTA CAA ATC CCG, Gria1-R: TGT CCG TAT 
GGC TTC ATT GATG; Gria2-F: AAA GAA TAC CCT GGA 
GCA CAC, Gria2-R: CCA AAC AAT CTC CTG CAT TTCC; 
Gapdh-F: CTG CCC AGA ACA TCA TCC CT, Gapdh-R: TGA 
AGT CGC AGG AGA CAA CC.

Fluo‑8 Gαq‑fluorescence Assay

A stable HEK293T cell line expressing pPiggy-
Bac-hCCR2-P2A-mCherry was generated by transfecting 
the construct together with hyperactive PiggyBac trans-
posase [58] and adding puromycin (1 mg/ml), using standard 
protocol [56]. The stable pPiggyBac-hCCR2-P2A-mCherry 
HEK293T was then reseeded in 96-well plates at a density of 
~ 50,000 cells per well. The next day, cells were loaded with 
the Fluo-8, AM (4 μM, AAT Bioquest, 21083) for 1 h. The 
effects of recombinant human CCL2 and BSA (vehicle) were 
measured using the FLIPR TETRA system (PerkinElmer). 
Two independent cultures, each with 3 samples per condi-
tion were assayed.

Gαs‑luciferase Assay

HEK293T cells were seeded in 6-well plates; at a conflu-
ency of 80%, Nano-Luciferase [56] with/without pPiggy-
Bac-hCCR2-P2A-mCherry were transfected using PEI 
MAX (Polysciences, 24765-100). One day later, cells were 
digested and reseeded in 96-well plates at a density of ~ 
50,000 cells per well. Fresh culture medium containing 
forskolin (10 µmol/L), recombinant human CCL2, or BSA 
(vehicle) was added. Plates were incubated at 37 °C in 5% 
 CO2 for 24 h, then 10 µL of culture medium from each well 
was mixed with 40 µL fresh culture medium and 50 µL assay 
buffer (containing coelenterazine, 20 µmol/L); after a fur-
ther 5 min of incubation, luminescence was measured using 

EnVision plate reader (PerkinElmer). Three independent 
cultures, each with 3 samples per condition were assayed.

Hippocampal Neuronal Culture and Transfection

Hippocampal neuron-glia co-cultures were prepared as 
previously described [59–62]. Briefly, primary hippocam-
pal neuronal cultures were prepared from postnatal day 0 
(P0) pups of Sprague-Dawley rats or mice on C57BL/6 
background (males and females, randomly selected); hip-
pocampi were dissected out, and dentate gyri were removed. 
~ 120,000 cells were plated on Poly-D-lysine hydrobro-
mide (PDL, Sigma, P7280) -coated 12 mm glass coverslips 
(Assistant, 01105209, Sondheim, Germany) in 24-well 
plates, or 35 mm glass bottom μ-Dishes (Ibidi, 81158, Mar-
tinsried, Germany). Culture medium contained Neurobasal 
medium (GIBCO, 10888022), B-27 (Invitrogen, 17504-
044), 2 mmol/L Glutamax-I (Invitrogen, 35050061), and 
2.5% FBS (HyClone, Logan, UT, USA). Cells were cultured 
at 37 °C in 5%  CO2. On the third day in vitro (DIV 3), when 
the astrocytes had grown sufficiently to form a monolayer 
covering the entire coverslip, cells were treated with the 
mitotic inhibitor FUDR (5-fluoro-2′-deoxyuridine, Sigma, 
F0503). Calcium phosphate transfections were carried out 
at DIV 7 using standard protocols [63].

As previously characterized [62, 64, 65], pyramidal neu-
rons account for ~ 90% of total cultured neurons, with the 
rest being GABAergic interneurons. Pyramidal neurons and 
GABAergic neurons have distinctive morphologies, with the 
somata of the latter being more fusiform or polygonal in 
shape and having fewer primary dendrites [65]. Pyramidal 
neurons were selected for further analyses based on these 
criteria.

Immunocytochemistry, Pharmacology, and Data 
Analysis

The following antibodies were used: Anti-GluA1 (N-ter-
minus, clone RH95, Millipore, MAB2263, RRID: 
AB_11212678; 1:200), MAP2 (Millipore, AB5622, RRID: 
AB_91939; 1:1000), Donkey anti-Mouse Alexa Fluor 488 
(Thermo Fisher Scientific, R37114, RRID: AB_2556542; 
1:1000), Goat anti-Rabbit Alexa Fluor 568 (Thermo Fisher 
Scientific, A78955, RRID: AB_2925778; 1:1000). DIV 12 
culture hippocampal neurons were treated with conditional 
medium containing anti-N-GluA1 antibody and CCL2 
(100 ng/mL), or equal amount of BSA (vehicle), and incu-
bated for 20 min, at 37 °C and in 5%  CO2. For pretreat-
ment experiments, RS504393 (R&D, 2517, 10 µmol/L), 
U73122 (Sigma, U6756, 5 µmol/L), KN-93 (Tocris, 1278, 
20 µmol/L), PKI 14-22 (Tocris, 2546, 5 µmol/L) or DMSO 
(vehicle, Sigma, D2650; 0.1 % v/v) were added 30 min 
before BSA/CCL2 application. After drug treatment, 
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neurons were washed twice with warm PBS, and fixed using 
cold 4% PFA for 15 min at room temperature, permeabi-
lized, and processed for immunocytochemistry according 
to standard protocols. Images were acquired on a Nikon A1 
confocal microscope with a Plan Apo 60× oil-immersion 
objective (N.A. = 1.40) at 0.5 μm Z intervals. Maximum 

projection images were analyzed using Image-Pro Plus 6.0 
(Media Cybernetics, Rockville, MD, USA). The total surface 
area or intensity of GluA1 of each image frame was normal-
ized to that of MAP2.

All images were coded using random sequences (https:// 
www. random. org/ seque nces/) at the time of acquisition and 

https://www.random.org/sequences/
https://www.random.org/sequences/
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analyzed blindly to the experimental condition. For example, 
images, and brightness/contrast were adjusted within linear 
ranges using Fiji/ImageJ when necessary. Control and exper-
imental conditions were adjusted using the same parameters.

Live Imaging and Data Analysis

Live imaging experiments were carried out on a Nikon A1 
confocal microscope with a Plan Apo 60× oil-immersion 
objective (N.A. = 1.40), at 2× optical zoom and 0.5 μm Z 
intervals; images were acquired at 5-min intervals. DIV 
7 neurons were transfected with SEP-GluA1, GluA2, and 
DsRed2 (at a ratio of 9:9:2) to mimic endogenous GluA sub-
unit ratios [57]. Live imaging was performed at DIV 14–15. 
Neurons grown on 35-mm glass bottom dishes were placed 
in a Stage Top Incubator (Tokai Hit, Japan), and the environ-
ment was maintained at 37 °C and 5%  CO2. Recombinant rat 
CCL2 (100 ng/mL) or BSA (vehicle) was added to the cul-
ture medium after baseline images were acquired. Neurons 
were pretreated with RS504393 (R&D, 2517, 10 µmol/L) 
for 30 min before BSA/CCL2 application. Images were ana-
lyzed using Image-Pro Plus 6.0 (Media Cybernetics, Rock-
ville, MD, USA).

Analysis of surface SEP-GluA1 expression was lim-
ited to spines, using the following criteria: (1) located on 
secondary dendrites; (2) stable baseline; (3) presented in 
at least 4 images (6 total); less than 5 µm in length. The 
region of interest (ROI) was marked in the morphology 
channel (DsRed2), and the area and total intensity of the 
SEP-GluA1 channel were ratioed to that of the DsRed2 
channel. For quantification of before and after treatment, 
“before” included the − 5 min and 0 min time points, while 
“after” included the 5 min, 10 min, 15 min, and 20 min time 

points. 4–5 independent culture preparations were used per 
condition.

Calcium Imaging in Cultured Hippocampal Neurons

Cultured hippocampal neurons were infected with AAV2/9-
hSyn-jGCaMP7b-WPRE-pA (0.5 μL, 1.42 ×  1013 TU/
mL, S0591-9, Shanghai Taitool Bioscience) at DIV 4, and 
imaged at DIV 14. Imaging was carried out on a Nikon A1 
confocal microscope, with a Plan Apo 20x objective (N.A. 
= 0.75); A perfect focus system (PFS) was used, and images 
were acquired at 2 (baseline), 10 and 15 min, continuously 
for 90 s at 1.33 Hz at each data point  (~ 120 frames). BSA 
(vehicle) or recombinant rat CCL2 (100 ng/mL) was per-
fused from 3 min to 15 min in the extracellular solution 
contained (in mmol/L; NaCl 129, KCl 5, glucose 30, HEPES 
25,  CaCl2 2, and  MgCl2 1; pH 7.3; 310 mOsm).

Calcium transients were identified using PeakCaller 
[66]. Parameter settings were as follows: required rise = 
80% absolute; max. lookback = 10 pts; required fall = 80% 
absolute; max. lookahead = 10 pts; trend control = no trend. 
Average peak amplitudes and frequencies of calcium tran-
sients were normalized to baseline fluorescence. All image 
analyses were carried out with no post-acquisition modifi-
cations. Example images under control and experimental 
conditions were adjusted with the same parameters.

Electrophysiology in Cultured Hippocampal Neurons

Electrophysiology was performed as previously described 
[67]. Briefly, whole-cell mEPSC recordings of hippocampal 
neuronal cultures (DIV 8-10) were made with a MultiClamp 
700B amplifier (Molecular Devices, Sunnyvale, CA, USA). 
Neurons were held at − 70 mV in a voltage clamp. Signals 
were filtered at 2 kHz and sampled at 10 kHz using Digi-
data 1550B (Molecular Devices). TTX (0.5 μmol/L) and 
Gabazine (10 μmol/L) were added to artificial cerebrospi-
nal fluid (aCSF) to block  Na+ channels and  GABAA recep-
tors, respectively. The aCSF contained (in mmol/L): NaCl 
125, KCl 2.5,  NaH2PO4 1.3,  MgCl2 1.3,  CaCl2 2,  NaHCO3 
25, and Glucose 20. One neuron from each coverslip was 
recorded, first perfused in BSA (vehicle) for 4–5 min and 
then in CCL2 (100 ng/mL).

Data were analyzed in MiniAnalysis (Synaptosoft, Fort 
Lee, NJ) with an amplitude detection threshold of 5 pA. 
Data were analyzed blinded to treatment. During recording, 
a brief hyper-polarization (− 10 mV, 100 ms) was given to 
monitor series and input resistances every 10 s. Neurons 
with series resistance of more than 20 MΩ or changes of 
series resistance of greater than 20% were excluded from 
analysis.

Fig. 1  CCL2-induced elevation in surface SEP-GluA1 expression 
in rat hippocampal neurons requires CCR2 signaling. A, F Repre-
sentative time-lapse images showing expression of SEP-GluA1 and 
DsRed2 in spines upon BSA, CCL2, and/or RS504393/DMSO (vehi-
cle) application, conditions as indicated. B, D Changes in SEP-GluA1 
area (B) and intensity (D) upon CCL2 application (BSA, n = 129 
spines from 6 neurons; CCL2, n = 142 spines from 9 neurons; sig-
nificance as indicated on the graph). C, E The effects of CCL2 on 
spine SEP-GluA1 area (C, BSA, P = 0.42; CCL2, P < 0.001) and 
intensity (E, BSA, P = 0.10; CCL2, P < 0.001), respectively. G, I 
Pretreatment of RS504393/DMSO (vehicle) blocked the effects of 
CCL2 application on SEP-GluA1 area (G) and intensity (I) (BSA, n 
= 123 spines from 6 neurons; CCL2, n = 134 spines from 6 neurons; 
significance as indicated on the graph). H, J The effects of CCL2 on 
SEP-GluA1 area (H, BSA, P = 0.85; CCL2, P = 0.86) and inten-
sity (J, BSA, P = 0.34; CCL2, P = 0.55), in neurons pretreated with 
RS504393/DMSO. Wilcoxon matched-pairs signed rank t-test was 
used for (C, E, H, J); two-way ANOVA followed by Bonferroni’s 
post hoc test for (B, D, G, I). Each data point represents one spine. 
Scale bar, 5 μm. In this and all subsequent figures, data are presented 
as mean ± SEM. n.s., not significant; *P < 0.05, **P < 0.01, ***P < 
0.001.

◂
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Western Blots

Western blots were performed as previously described 
[35]. Mice were deeply anesthetized with 0.7% sodium 

pentobarbital at 0.14 g/kg body weight. The brains were 
removed quickly, and the hippocampi were dissected. Brain 
samples were homogenized with a motorized tissue grinder 
in HEPES buffer (0.32 mol/L sucrose and 4 mmol/L HEPES, 



1655E. Ji et al.: Regulation of GluA1 surface expression by CCL2

pH 7.4) containing freshly added protease inhibitor cocktail 
tablets (Roche, 04693132001) and phosphatase inhibitor 
cocktail tablets (Roche, 4906845001). The total homogen-
ates were centrifuged at 1000 g for 10 min to remove the 
nuclear fraction. The supernatant was collected and then 
centrifuged at 10,000 g for 20 min to yield the crude mem-
brane fraction (P2).

For purifying synaptosome membrane fractions, the P2 
fraction was resuspended with HEPES buffer (0.32 mol/L 
sucrose and 4 mmol/L HEPES, pH 7.4) and centrifuged at 
10,000 g for 15 min to yield the washed P2, followed by 
hypotonic treatment  (ddH2O treated with protease inhibi-
tor cocktail tablet) to rupture vesicles. 1 mol/L HEPES (pH 
7.4) was quickly added to maintain the osmotic pressure of 
the solution at 4 mmol/L HEPES; solutions were incubated 
on ice for 1 h for thorough lysis. The lysed solution was 
centrifuged at 25,000 g for 20 min to yield the pellet (P3, 
lysed synaptosomal membrane fraction). The P3 then was 
resuspended and added onto a discontinuous sucrose gradi-
ent (top to bottom, 0.85/1.0/1.2 mol/L sucrose in 4 mmol/L 
HEPES with protein inhibitor), followed by ultracentrifuga-
tion at 30,000 r/min for 2 h at 4 °C; the fraction between 1.0 
mol/L and 1.2 mol/L was collected as P4. 15 µg of samples 
(P2 or P4) were loaded per lane; PVDF membranes were 
blocked in 5% BSA blocking solution, and incubated with 
primary antibodies overnight at 4 °C; HRP-conjugated sec-
ondary antibodies incubation was 1 h at room temperature. 
For quantification of phosphorylation levels, the phosphoryl-
ation-site-specific antibodies were stripped from the mem-
branes using stripping buffer (Thermo Scientific, 46430) for 
30 min at room temperature, followed by blocking in 5% 
BSA blocking solution for 1 h, and then reprobed with anti-
total protein antibodies.

The following primary antibodies were used: GluA1 
(Millipore, AB1504, RRID:AB_2113602; 1:1000), GluA1 
S831 (Abcam, ab109464, RRID:AB_10862154; 1:1000), 
GluA1 S845 (Abcam, ab76321, RRID:AB_1523688; 
1:1000), GluA2 (Millipore, MAB397, RRID:AB_2113875; 
1 : 1 0 0 0 ) ,  G l u A 2  S 8 8 0  ( A b c a m ,  a b 5 2 1 8 0 , 
RRID:AB_880227; 1:1000), CaMKII (Invitrogen, MA1-
048, RRID:AB_325403; 1:1000), CaMKII T286 (Abcam, 
ab5683, RRID:AB_305050; 1:1000), PKA (Cell signaling, 
#4782, RRID:AB_2170170; 1:1000), PKA T197 (Cell sign-
aling, #4781, RRID:AB_2300165; 1:1000), and GAPDH 
(Kangchen Biotech, KC-5G4, RRID:AB_2493106; 1:5000). 
The following secondary antibodies were used: HRP conju-
gated goat anti-mouse IgG Antibody (ZSGB-Bio, ZB-2305; 
RRID: AB_2747415; 1:2500) and HRP conjugated goat 
anti-mouse IgG Antibody (ZSGB-Bio, ZB-2301, RRID: 
AB_2747412; 1:2500). Signals were visualized using an 
ECL Plus kit (PE0010, Solarbio, China). Blots were quan-
titated using Fiji/ImageJ (N.I.H, Bethesda, MD) and nor-
malized to the gray value of GAPDH or total protein (for 
phosphorylation-site-specific antibodies).

Tail Suspension Test (TST)

A tail suspension test was carried out as previously described 
[35]. P14 mice were suspended 30 cm above the floor, by 
tape placed about 1 cm from the end of the tail. Videos were 
recorded from the mouse’s ventral side. Immobility percent-
age within 6 min was analyzed blinded to the experimental 
condition using the “FST/TST” module in the SMART video 
tracking system (Panlab 3.0, Harvard Apparatus, Holliston, 
MA, USA).

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 
9 (GraphPad Software, La Jolla, CA, USA). Data were ana-
lyzed blinded to the experimental condition. Gaussian dis-
tribution of the data was assessed using the Shapiro-Wilk 
normality test, KS normality test, Anderson-Darling test, 
or D’Agostino & Pearson normality test. If data passed the 
Gaussian distribution test, parametric tests (paired two-tailed 
t-test or unpaired two-tailed t-test for two groups; or one-
way ANOVA with Tukey’s post hoc test for three or more 
groups) were used; otherwise, nonparametric tests (Mann-
Whitney for unpaired two groups, Wilcoxon matched-pairs 
signed rank test for paired two groups) were used. For sur-
face GluA1 staining, SEP-GluA1 live imaging, and calcium 
imaging, two-way ANOVA followed by the Bonferroni post 
hoc test was used. Cumulative distributions were tested 
using the Kolmogorov-Smirnov test. For western blotting 
experiments and tail suspension test, n represents the num-
ber of mice; for reporter assays, n represents independent 

Fig. 2  CCL2 regulates surface GluA1 levels in cultured rat hip-
pocampal neurons via CCR2 signaling. A Schematic showing the 
flow of surface GluA1 staining. B Representative images of surface 
GluA1 immunostaining following BSA (left, control) or CCL2 (right) 
treatment. C, E Quantification of surface GluA1 area (C) and inten-
sity (E) (BSA, n = 71; CCL2, n = 80; significance as indicated on 
the plot). D, F Cumulative probability distribution of area (D) and 
intensity (F) (BSA vs. CCL2, P < 0.001 for both). G Representative 
images of surface GluA1 immunostaining following CCL2/BSA and/
or RS504393/DMSO (vehicle) treatment, conditions as indicated. H, 
J Quantification of the area (H) and intensity (J) of surface GluA1, 
conditions as indicated. CCL2 increased surface GluA1 level, an 
effect blocked by the CCR2-antagonist RS504393 (RS) (DMSO + 
BSA, n = 85; DMSO + CCL2, n = 91; RS + BSA, n = 79; RS + 
CCL2, n = 76; significance as indicated on plot). I, K Cumulative 
probability distribution of surface GluA1 area (I) and intensity (K) 
(for both plots, DMSO + CCL2 vs. all others: P < 0.001, no signif-
icant differences among other 3 conditions). Each data point repre-
sents one neuron. Mann-Whitney test was used for (C, E); Kolmog-
orov-Smirnov test for (D, F, I, K); two-way ANOVA followed by 
Bonferroni’s post hoc test for (H, J). Scale bar, 25 μm.

◂
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Fig. 3  CCR2 is required for CCL2-dependent upregulation of excita-
tory synaptic transmission and GluA1 trafficking in cultured mouse 
hippocampal neurons. A, B Representative images of surface GluA1 
immunostaining following BSA/CCL2 treatment of cultured hip-
pocampal neurons from WT A or Ccr2 knockout mice (B). C, E 
Quantification of surface GluA1 area (C) and intensity (E) (WT: 
BSA, n = 75; CCL2, n = 89; Ccr2-/-: BSA, n = 58; CCL2, n = 55; 
significance as indicated on the plot). D, F Cumulative probability 
distribution of area (D) and intensity (F) (WT: Area, BSA vs. CCL2, 
P < 0.001; Intensity, BSA vs. CCL2, P < 0.001; Ccr2-/-: Area, BSA 
vs. CCL2, P = 0.11; Intensity, BSA vs. CCL2, P < 0.05). G–I Repre-
sentative traces (G) and summary data (H, I) of the effects of CCL2 
on mEPSC frequency and amplitude of cultured hippocampal neu-

rons from WT mice (Frequency: BSA, 2.10 ± 0.49 Hz; CCL2, 2.68 ± 
0.58 Hz, P < 0.05; Amplitude: BSA, 17.20 ± 1.21 pA; CCL2, 17.10 
± 1.012 pA, P = 0.81; n = 12 for both conditions). J–L Representa-
tive traces (J) and summary data (K, L) of the effects of CCL2 on 
mEPSC frequency and amplitude of cultured hippocampal neurons 
from Ccr2 knockout mice (Frequency: BSA, 1.54 ± 0.34 Hz; CCL2, 
1.56 ± 0.32 Hz, P = 0.89; Amplitude: BSA, 20.26 ± 1.99 pA; CCL2, 
19.59 ± 1.52 pA, P = 0.46; n = 11 for both conditions). Each data 
point represents one neuron. Mann-Whitney test was used for (C, E); 
Kolmogorov-Smirnov test for (D, F); Wilcoxon matched-pairs signed 
rank t-test was used for (H, L); paired two-tailed t-test for (I, K). 
Scale bar, 25 μm.
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Fig. 4  CCR2 signals through Gαq. A Top, schematic of calcium 
imaging using the Fluo-8 Gαq-fluorescence reporter assay; Bot-
tom, hCCL2 increased intracellular calcium level via Gαq in a dose-
dependent way. B Top, schematic of the Gαs-Luciferase assay; bot-
tom, hCCL2 did not significantly affect Gαs activity, while positive 
control forskolin did. C Representative images of surface GluA1 
immunostaining in rat hippocampal neurons following CCL2/BSA 
and/or U73122/DMSO (vehicle) treatment, conditions as indicated. 
D, F Quantification of surface GluA1 area (D) and intensity (F), 
conditions as indicated. CCL2 treatment increased area of surface 
GluA1, an effect blocked by U73122 (DMSO + BSA, n = 85; DMSO 

+ CCL2, n = 91; U73122 + BSA, n = 81; U73122 + CCL2, n = 
77; significance as indicated). E, G Cumulative probability distribu-
tion of area (E) and intensity (G) (for both plots, DMSO + CCL2 vs. 
all others: P < 0.001, no significant differences among other 3 con-
ditions), respectively. Data for DMSO + BSA and DMSO + CCL2 
in 4D and 4F are the same as that in Figures 2H and J, respectively. 
Each data point represents one independent sample (A, B) or one 
neuron (C–G). one-way ANOVA followed by Tukey’s post hoc test 
for (B); Kolmogorov-Smirnov test for (E, G); two-way ANOVA fol-
lowed by Bonferroni’s post hoc test for (D, F). Scale bar, 25 μm.
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wells; for immunocytochemistry and electrophysiology, and 
calcium imaging experiments, n represents the number of 
neurons; for SEP-GluA1 imaging, n represents the number 
of spines. At least three mice or independent cultured neu-
ronal preparations were used per experimental condition. 
Results are shown as mean ± SEM and statistical signifi-
cance was set at *P < 0.05, **P < 0.01, ***P < 0.001; n.s., 
not significant.

Results

Exogenous CCL2 Application Elevates SEP‑GluA1 
Level

The chemokine CCL2 has been previously reported to 
modulate neuronal excitability and synaptic transmission, 
likely through post-synaptic mechanisms [35–38, 68–70]. 
However, the molecular mechanism through which it is 
achieved remains unclear. Here, we used primary dissociated 

hippocampal neuronal cultures to examine the underlying 
mechanism, focusing on the regulation of surface AMPA 
receptor level. To start, we confirmed that perfusion of 
CCL2 (100 ng/mL; Ctrl is BSA) significantly elevated the 
frequency of mEPSCs (Fig. S1), consistent with its effects 
on CA1 pyramidal neurons in acute brain slices [35]. We 
next transfected cultured hippocampal neurons with SEP-
GluA1, consisting of a pH-sensitive form of GFP (Super 
Ecliptic pHluorin, SEP) fused to the N-terminal regions of 
GluA1, which allows direct visualization of surface GluA1 
in real-time [57, 71]; DsRed2 was used as a morphology 
marker (Fig. 1A). CCL2 application effectively increased 
the area (Fig. 1B) and intensity (Fig. 1D) of SEP-GluA1 
puncta, with significant changes observed 5 min follow-
ing CCL2 application. The averaged fluorescence changes 
before and after CCL2 application were also significantly 
different, both in terms of area (BSA, P = 0.42; CCL2, P 
< 0.001; Fig. 1C) and intensity (BSA, P = 0.10; CCL2, 
P < 0.001; Fig. 1E). Importantly, CCL2-induced increase 
in SEP-GluA1 expression was effectively blocked by the 

Fig. 5  CCL2 increases the frequency of calcium transients in cul-
tured rat hippocampal neurons. A, B Schematic of experimental pro-
cedure (A, upper), representative whole frame GCaMP signal quan-
tification (A, lower) from a single time point, and example images 
showing baseline (frame 30) and peak (frame 59) calcium signals (B). 
C, D Summary data of the effect of CCL2 on the frequency (C) and 

amplitude (D) of calcium transients (BSA, n = 83; CCL2, n = 110; 
Frequency: 2 min, P > 0.99; 10 min, P < 0.001; 15 min, P < 0.001; 
Amplitude: 2 min, P > 0.99; 10 min, P = 0.06; 15 min, P > 0.99). 
“n” represents the number of neurons. Two-way ANOVA followed by 
Bonferroni’s post hoc test for (C, D). Scale bar, 50 μm.
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competitive CCR2 antagonist RS504393 (Fig. 1F), both 
when measuring SEP-GluA1 puncta area (BSA, P = 0.85; 
CCL2, P = 0.86; Fig. 1G, H) and intensity (BSA, P = 0.34; 
CCL2, P = 0.55; Fig. 1I, J). Together, the above results dem-
onstrated that CCL2 rapidly induced surface expression of 
GluA1 in a CCR2-dependent manner.

CCL2 Application Promotes GluA1 Membrane 
Trafficking via CCR2 Signaling in Cultured 
Hippocampal Neurons

We further confirmed the above results using surface GluA1 
staining. DIV 12 hippocampal neuronal cultures were treated 
with CCL2 (100 ng/mL; Ctrl is BSA) and antibody against 
N-terminal region of GluA1 for 20 min at 37 °C to label sur-
face GluA1; cells were then fixed and processed for immu-
nocytochemistry (Fig. 2A). CCL2 application significantly 
increased both the total area (BSA, 1.00 ± 0.06; CCL2, 1.62 
± 0.10; P < 0.001; Fig. 2B–D) and total intensity (BSA, 1.00 
± 0.07; CCL2, 1.75 ± 0.15; P < 0.001; Fig. 2E, F) of surface 
GluA1. Pretreating neurons for 30 min with the competi-
tive CCR2 antagonist RS504393, prior to CCL2 application, 
abolished the upregulation of surface GluA1 area (DMSO 
+ CCL2 vs. all others, P < 0.001; no significant differences 
among other 3 conditions; Fig. 2G–I) and intensity (Fig. 2J, 
K) induced by CCL2.

To further confirm that CCR2 mediated this effect, we 
prepared cultured hippocampal neurons from Ccr2 knockout 
mice (Ccr2−/−) (Fig. 3). The effects of CCL2 application on 
increasing surface GluA1 area (BSA, 1.00 ± 0.06; CCL2, 
1.51 ± 0.08; P < 0.001; Fig. 3C, D) and intensity (BSA, 
1.00 ± 0.07; CCL2, 1.59 ± 0.10; P < 0.001; Fig. 3E, F) in 
wildtype mouse neuronal cultures, were completely blocked 
in cultures prepared from Ccr2−/− mice [area (BSA, 1.00 ± 
0.06; CCL2, 0.94 ± 0.08; P = 0.19; Fig. 3C, D); intensity 
(BSA, 1.00 ± 0.07; CCL2, 0.93 ± 0.09; P = 0.10; Fig. 3E, 
F)]. Consistently, the effects of CCL2 in significantly elevat-
ing mEPSC frequency (Fig. 3G–I) of wildtype cultured hip-
pocampal neurons were also blocked in cultured neurons 
from Ccr2−/− mice (Fig. 3J–L). Together, these results dem-
onstrated that CCL2 promotes surface GluA1 expression via 
CCR2 signaling.

GPCR‑signaling Downstream of CCR2

How does CCR2 signal downstream to regulate AMPA 
receptor level? CCR2 is a GPCR that can signal through 
various second messengers [72, 73]. Overlapping those 
known to affect AMPA receptor levels, we focused on the 
regulation of intracellular  Ca2+ levels through Gαq signal-
ing and the regulation of cAMP levels through Gαs [42, 
74, 75]. For calcium imaging, we constructed a stable cell 
line expressing hCCR2 in HEK293T cells, which does not 

endogenously express this receptor [76]; hCCL2 elevated 
intracellular  Ca2+ level in this cell line in a dose-dependent 
way (Fig. 4A). In the Gαs-Luciferase assay [77], hCCL2 
had no significant effects on intracellular cAMP level, while 
the positive control forskolin did (Fig. 4B). Together, these 
results suggested that CCR2 couples to Gαq, but not Gαs, in 
HEK293T cells, consistent with previous reports [53, 78].

What about neurons? Pre-incubation of cultured hip-
pocampal neurons for 30 min with U73122, an inhibitor 
of phospholipase C (PLC), which signals downstream of 
Gαq, effectively abolished the effects of CCL2 in promot-
ing GluA1 surface expression (Fig. 4C–G). Quantifica-
tion showed a significant reduction in surface GluA1 area 
(DMSO + CCL2 vs. all others, P < 0.001; no significant dif-
ferences among other 3 conditions; Fig. 4D, E) and intensity 
(Fig. 4F, G). Gαq activation elevates intracellular calcium. 
Consistently, in cultured neurons expressing GCaMP7b, 
CCL2 application significantly increased the frequency of 
calcium transients, without affecting the average amplitude 
(Fig. 5A–D). Together, these results suggest that CCR2 sig-
nals via Gαq and elevates intracellular calcium.

Protein Kinases Mediate CCL2‑induced GluA1 
Membrane Trafficking

Gαq activation elevates intracellular calcium levels and 
promotes activation of CaMKII through phosphorylation 
at Threonine 286 (T286) [79–81], while Gαs and cAMP 
are known to activate PKA activity [82, 83]. We exam-
ined the contributions of CaMKII and PKA in mediating 
the effects of CCL2, by pretreating cultured hippocampal 
neurons with the CaMKII inhibitor KN-93 (Fig. 6A–E) or 
the PKA inhibitor PKI 14-22, (Fig. 6F–J). KN-93 abol-
ished the effects of CCL2 in promoting membrane inser-
tion of GluA1, both in terms of area (DMSO + CCL2 vs. 
all others, P < 0.001; no significant differences among 
other 3 conditions, Fig.  6B) and intensity (Fig.  6D). 
PKI 14-22, on the other hand, only had partial effects 
on GluA1 area (DMSO + BSA vs. DMSO + CCL2, P < 
0.001; DMSO + BSA vs. PKI + CCL2, P < 0.01; DMSO 
+ CCL2 vs. PKI + CCL2, P = 0.30, Fig. 6G) and intensity 
(DMSO + BSA vs. DMSO + CCL2, P < 0.001; DMSO + 
BSA vs. PKI + CCL2, P < 0.05; DMSO + CCL2 vs. PKI 
+ CCL2, P < 0.05, Fig. 6I).

These results are inconsistent with no significant Gαs 
signaling following CCL2 treatment. We propose possible 
reasons for this discrepancy in the Discussion section.

CCL2‑CCR2 Signaling Regulates GluA1 
Phosphorylation

How do CaMKII and PKA regulate surface AMPA receptor 
levels? Previous studies showed that phosphorylation of the 
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C-terminal domain of GluA1 at serine 845 (S845) and S831 
sites, respectively the targets of CaMKII and PKA, is associ-
ated with potentiation of synaptic transmission [40–42, 45, 
52]. Does CCL2 mediate its effects on excitatory synap-
tic transmission through these sites? To address this ques-
tion, we used an in vivo manipulation which we previously 
showed to significantly increase CCL2 expression [35], 
namely intraperitoneal (i.p.) injection of lipopolysaccharides 

(LPS), an often used model for inducing neuroinflammation 
[84–86]. Consistent with our previous report [35], i.p. injec-
tion of LPS in postnatal day 14 (P14) mice induced high-
level expression of multiple cytokines in the hippocampus, 
including CCL2 (Fig. S2A–D), and also increased immobil-
ity in the tail suspension test (TST) (Fig. S2G) [35].

In hippocampal samples prepared from mice 2 h after 
LPS treatment, the membrane-associated level of GluA1 was 
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significantly elevated, (SA, 1.00 ± 0.05; LPS, 1.24 ± 0.04; 
P < 0.05; Fig. 7A, B), while that of GluA2, another highly 
expressed AMPA receptor subunit [87–89], was not altered 
significantly (SA, 1.00 ± 0.12; LPS, 1.18 ± 0.09; P = 0.34; 
Fig. 7C). No obvious changes in the mRNA level of these 
proteins were observed (Fig. S2E, F), suggesting that LPS-
dependent upregulation of GluA1 occurred at the protein, 
but not the mRNA, level.

In LPS-treated mice, phosphorylation levels of both S831 
(SA, 1.00 ± 0.05; LPS, 1.52 ± 0.19; P < 0.05; Fig. 7D) 
and S845 (SA, 1.00 ± 0.01; LPS, 1.19 ± 0.06; P < 0.05; 
Fig. 7E), ratioed to total GluA1 in membrane-associated 
fractions, were significantly elevated, as compared to lit-
termates injected with saline. Consistent with no significant 
changes in GluA2 level, phosphorylation of its S880 site 
[90] was not affected (SA, 1.00 ± 0.04; LPS, 1.01 ± 0.05; 
P = 0.89; Fig. 7F).

Consistent with CCL2 regulating S831 phosphorylation 
(Fig. 7D) of GluA1 via CaMKII signaling, LPS treatment 
significantly increased T286 phosphorylation of CaMKII 
(SA, 1.00 ± 0.06; LPS, 1.58 ± 0.11; P < 0.05; Fig. 7H), 
without affecting total CaMKII protein level (SA, 1.00 ± 
0.07; LPS, 1.19 ± 0.09; P = 0.20; Fig. 7G). Neither the pro-
tein level of PKA (SA, 1.00 ± 0.03; LPS, 0.99 ± 0.11; P = 
0.89; Fig. 7I) nor its phosphorylation level at the Threonine 
197 (T197) site [91, 92] (SA, 1.00 ± 0.07; LPS, 0.98 ± 0.12; 
P > 0.99; Fig. 7J), was affected by LPS treatment.

To further determine whether changes in the phospho-
rylation level of S831 and S845 really occurred at synapses, 
we purified synaptosomes using standard protocols (Fig. 7K) 
and confirmed that LPS-treatment significantly upregulated 
phosphorylation level of synaptic GluA1 at both S831 (SA, 
1.00 ± 0.01; LPS, 1.34 ± 0.08; P < 0.05; Fig. 7L) and S845 

(SA, 1.00 ± 0.04; LPS, 1.44 ± 0.06; P < 0.05; Fig. 7M) 
sites.

The effects of LPS-induced upregulation of membrane-
associated GluA1 (SA, 1.00 ± 0.04; LPS, 1.00 ± 0.06; P > 
0.99; Fig. 7N), as well as levels of S831 (SA, 1.00 ± 0.03; 
LPS, 0.98 ± 0.02; P = 0.89; Fig. 7O) and S845 (SA, 1.00 ± 
0.02; LPS, 1.00 ± 0.01; P = 0.89; Fig. 7P), were effectively 
blocked in Ccr2 knockout mice, demonstrating that CCL2-
CCR2 signaling is the main signaling pathway mediating 
LPS-induced upregulation of membrane-associated GluA1 
level.

Discussion

Mechanism Mediating CCL2‑dependent Regulation 
of Surface GluA1 Trafficking

Using a combination of immunocytochemistry, live imag-
ing, and whole-cell patch clamp recordings, we showed that 
CCL2 primarily signals through CCR2, Gαq, calcium, and 
CaMKII to regulate the surface expression of GluA1, in 
cultured hippocampal neurons. Consistently, i.p. injection 
of LPS increased phosphorylation levels of CaMKII at the 
T286 site and of GluA1 at the S831 site. Based on the above 
results, we propose this to be the main pathway through 
which CCL2 regulates surface AMPA receptor expression 
and excitatory synaptic transmission (Fig. 8).

Does the alternative Gαs pathway also contribute? Here, 
there were some inconsistencies, LPS-induced upregulation 
of GluA1 S845 phosphorylation was blocked in Ccr2 knock-
out mice, but LPS injection in vivo or CCL2 application in 
vitro did not alter Gαs activity, PKA level or T197 phospho-
rylation of PKA, while application of the PKA inhibitor PKI 
14-22 only partially blocked CCL2-induced upregulation of 
surface GluA1 level. These discrepancies could be due to 
one of several reasons. A recent study suggested that Gαq-
coupled GPCR activation may increase PKA activity via cal-
cium or protein kinase C (PKC)-dependent pathways [93]. 
If the effects on PKA were transient, we may have captured 
increased GluA1 S845 phosphorylation without observing 
a significant increase in PKA activity or phosphorylation 
level. Given that GluA1 phosphorylation at S845 constitutes 
a relatively small fraction of total GluA1 [41, 94], little PKA 
activity would be needed to induce significant changes in 
phosphorylation at this site. Consistently, the PKA inhibi-
tor at least partially inhibited CCL2-induced surface GluA1 
expression. We also cannot exclude the contribution of 
Gαi, which opposes Gαs and may mask its activity, as we 
observed Gαi activity increase following CCL2 application 
in HEK cells (data not shown).

Putting all results together, we propose the main pathway 
activated by CCL2 in hippocampal neurons to be mediated 

Fig. 6  CCL2 elevates GluA1 surface expression via CaMKII signal-
ing. A, F Representative images of surface GluA1 immunostaining 
upon application of CCL2/BSA, together with KN-93 (KN)/DMSO 
(vehicle) or PKI14-22 (PKI)/DMSO (vehicle), conditions as indi-
cated. B, D, G, I Quantification of surface GluA1 area (B, G) and 
intensity (D, I), conditions as indicated. CCL2 treatment increased 
area of surface GluA1, an effect totally blocked by KN-93 and par-
tially blocked by PKI14-22 (DMSO + BSA, n = 80; DMSO + CCL2, 
n = 88; KN + BSA, n = 73; KN + CCL2, n = 66; PKI + BSA, n= 
51; PKI + CCL2, n = 56; significance as indicated on graph). C, E 
Cumulative probability distribution of area (C) and intensity (E) (for 
both plots, DMSO + CCL2 vs. all others: P < 0.001, no significant 
differences among other 3 conditions). H Cumulative probability 
distribution of area in (G) (DMSO + BSA vs. DMSO + CCL2: P < 
0.001; DMSO + BSA vs. PKI + CCL2: P < 0.01; DMSO + CCL2 
vs. PKI + CCL2: P = 0.05). J Cumulative probability distribution 
of intensity in (I) (DMSO + BSA vs. DMSO + CCL2: P < 0.001; 
DMSO + BSA vs. PKI + CCL2: P < 0.05; DMSO + CCL2 vs. PKI 
+ CCL2: P < 0.05). Data for DMSO + BSA and DMSO + CCL2 
conditions in 6G and 6I are the same as that in 6B and 6D, respec-
tively. Each data point represents one neuron. Kolmogorov-Smirnov 
test for (C, E, H, J); two-way ANOVA followed by Bonferroni’s post 
hoc test for (B, D, G, I). Scale bar, 25 μm.

◂



1662 Neurosci. Bull. November, 2024, 40(11):1649–1666



1663E. Ji et al.: Regulation of GluA1 surface expression by CCL2

through CCR2, Gαq,  Ca2+, CaMKII, and GluA1 signaling. 
Given that we observed increased surface expression of 
GluA1, S845 phosphorylation-dependent surface AMPA 
receptor trafficking likely contributes. Possible mecha-
nisms include PKA-dependent phosphorylation of S845, 
cooperativity between the S845 and S831 sites [95], and/

or interactions with auxiliary proteins in the postsynaptic 
density (PSD) [52].

Implications for Regulation of Synaptic Plasticity 
by Chemokines

Is the above-identified pathway specific for the hippocampus 
or is it more general? In a previous study, we showed that the 
application of CCL2 onto acute hippocampal slices increased 
excitatory synaptic transmission in CA1 and CA3 hippocampal 
pyramidal neurons, as well as L2/3 pyramidal neurons of the 
primary somatosensory cortex, and granule cells of the dentate 
gyrus [35]. Similar effects were observed in spinal cord lamina 
II neurons [37], and LPS-activated neurons in the ventral-medial 
preoptic area (VMPO) [69]. Thus, the signaling mechanism that 
we have identified is likely common to multiple neuron types.

What about chemokine signaling more generally? 
Chemokine receptors belong to the GPCR family. In addi-
tion to CCL2, CCL5, CX3CL1, and CXCL12 have also 
been reported to regulate synaptic transmission and plas-
ticity [19–22]. These are only a small fraction of known 
chemokines. The complementary in vivo and in vitro meth-
ods used in this study provide a systematic approach to 

Fig. 7  LPS-treatment elevates expression of membrane-associated 
GluA1 and its phosphorylation, an effect blocked in Ccr2 knockout 
mice. A Schematic of the experimental procedure. B, C Representa-
tive immunoblots and quantitation of GluA1 and GluA2 levels from 
membrane fractions of hippocampi of Ctrl (SA) and LPS-treated WT 
mice. D, E Representative immunoblots and quantitation of S831 
and S845 phosphorylation of GluA1, respectively. F Representative 
immunoblots and quantitation of GluA2 S880 phosphorylation. G–J 
Representative immunoblots and quantitation of CaMKIIα and PKA 
protein levels and their phosphorylation states from hippocampal 
membrane fractions of Ctrl (SA) and LPS-treated WT mice, condi-
tions as indicated. K Workflow of synaptosome (P4) purification 
from the P2 fraction. L, M Representative immunoblots and quan-
titation of S831 and S845 phosphorylation of synaptosomal GluA1, 
respectively. N–P Representative immunoblots and quantitation of 
total and phosphorylated GluA1 from Ctrl and LPS-treated Ccr2−/− 
mice. For phosphorylation measurements, immunoblots were stripped 
and reprobed with antibodies against total protein. Each data point 
represents one mouse. Mann-Whitney test.

◂

Fig. 8  A proposed model for CCR2-mediated GluA1 surface traf-
ficking in hippocampal neurons under the inflammatory state. Under 
the basal state, due to low levels of CCL2, CCR2, and its downstream 
signaling do not contribute significantly to the regulation of surface 
GluA1 level (upper left). During neuroinflammation, the CCL2 level 

is significantly elevated, activating CCR2, and promoting GluA1 
membrane expression mainly via Gαq,  Ca2+, and CaMKII signaling, 
with contribution from PKA signaling (upper right). When CCR2 is 
blocked (lower left) or deficient (lower right), this pathway is not acti-
vated, resulting in failure to deliver GluA1 to the surface.
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investigating the effects of chemokines on regulating syn-
aptic transmission. Given the emerging roles of chemokines 
and cytokines as important communicators between the 
nervous and immune systems, and as regulators of neural 
function [19–22, 96], a systematic analysis of their mecha-
nisms of action is critical to a better understanding of their 
physiological functions.

Acknowledgements We thank Prof. Bryan L Roth and Prof. Yong 
Zhang for constructs; Shajin Huang, Yuan Lu, and Bei Lv for excel-
lent technical assistance. We thank Zihao Zhang for writing the live 
imaging data processing macro, Dr. Tianjun Zhao, Guochuan Li, 
Yueqi Yang, and Haotian Wang for suggestions on reporter assay-
related experiments, Guangying Li for advice on electrophysiologi-
cal recordings, and the Yi Rao laboratory for equipment sharing. We 
thank the Optical Imaging Facility, Molecular and Cellular Biology 
Core Facility, and Animal Facility of the Institute of Neuroscience, 
as well as the Animal Facility of Peking University for technical sup-
port. We thank colleagues at ION and PKU, and members of the Yu 
laboratory for suggestions and comments. This work was supported 
by grants from the National Natural Science Foundation of China 
(32030049 and 82101619), the Ministry of Science and Technology 
of China (2021ZD0202500), the Key-Area Research and Develop-
ment Program of Guangdong Province (2019B030335001), and the 
Qidong-SLS Innovation Fund (to X.Y.). The funders had no role in 
study design, data collection, analysis, decision to publish, or prepara-
tion of the manuscript.

Data Availability The datasets used and/or analyzed in the current 
study are available from the lead contact on reasonable request.

Conflict of Interest The authors have no competing interests to de-
clare that are relevant to the content of this article.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Zlotnik A, Yoshie O. Chemokines: A new classification system 
and their role in immunity. Immunity 2000, 12: 121–127.

 2. Murphy PM, Baggiolini M, Charo IF, Hébert CA, Horuk R, 
Matsushima K. International union of pharmacology. XXII. 

Nomenclature for chemokine receptors. Pharmacol Rev 2000, 
52: 145–176.

 3. Griffith JW, Sokol CL, Luster AD. Chemokines and chemokine 
receptors: Positioning cells for host defense and immunity. Annu 
Rev Immunol 2014, 32: 659–702.

 4. Li Q, Barres BA. Microglia and macrophages in brain homeostasis 
and disease. Nat Rev Immunol 2018, 18: 225–242.

 5. Prinz M, Masuda T, Wheeler MA, Quintana FJ. Microglia and 
central nervous system-associated macrophages-from origin to 
disease modulation. Annu Rev Immunol 2021, 39: 251–277.

 6. Colombo E, Farina C. Astrocytes: Key regulators of neuroinflam-
mation. Trends Immunol 2016, 37: 608–620.

 7. Giovannoni F, Quintana FJ. The role of astrocytes in CNS inflam-
mation. Trends Immunol 2020, 41: 805–819.

 8. Lu HJ, Gao YJ. Astrocytes in chronic pain: Cellular and molecu-
lar mechanisms. Neurosci Bull 2023, 39: 425–439.

 9. de Haas AH, van Weering HRJ, de Jong EK, Boddeke HWGM, 
Biber KPH. Neuronal chemokines: Versatile messengers in cen-
tral nervous system cell interaction. Mol Neurobiol 2007, 36: 
137–151.

 10. Biber K, Neumann H, Inoue K, Boddeke HWGM. Neuronal 
‘On’ and ‘Off’ signals control microglia. Trends Neurosci 2007, 
30: 596–602.

 11. Rostène W, Kitabgi P, Parsadaniantz SM. Chemokines: A new 
class of neuromodulator? Nat Rev Neurosci 2007, 8: 895–903.

 12. Takata F, Nakagawa S, Matsumoto J, Dohgu S. Blood-brain 
barrier dysfunction amplifies the development of neuroinflam-
mation: Understanding of cellular events in brain microvascular 
endothelial cells for prevention and treatment of BBB dysfunc-
tion. Front Cell Neurosci 2021, 15: 661838.

 13. Klein RS, Garber C, Howard N. Infectious immunity in the 
central nervous system and brain function. Nat Immunol 2017, 
18: 132–141.

 14. Heneka MT, Carson MJ, El Khoury J, Landreth GE, Brosseron 
F, Feinstein DL, et al. Neuroinflammation in Alzheimer’s dis-
ease. Lancet Neurol 2015, 14: 388–405.

 15. Kristensson K. Microbes’ roadmap to neurons. Nat Rev Neuro-
sci 2011, 12: 345–357.

 16. Ziebell JM, Morganti-Kossmann MC. Involvement of pro- and 
anti-inflammatory cytokines and chemokines in the pathophys-
iology of traumatic brain injury. Neurotherapeutics 2010, 7: 
22–30.

 17. Lucin KM, Wyss-Coray T. Immune activation in brain aging and 
neurodegeneration: Too much or too little? Neuron 2009, 64: 
110–122.

 18. Blasko I, Stampfer-Kountchev M, Robatscher P, Veerhuis R, 
Eikelenboom P, Grubeck-Loebenstein B. How chronic inflam-
mation can affect the brain and support the development of Alz-
heimer’s disease in old age: The role of microglia and astrocytes. 
Aging Cell 2004, 3: 169–176.

 19. Zipp F, Bittner S, Schafer DP. Cytokines as emerging regulators 
of central nervous system synapses. Immunity 2023, 56: 914–925.

 20. Sowa JE, Tokarski K. Cellular, synaptic, and network effects of 
chemokines in the central nervous system and their implications 
to behavior. Pharmacol Rep 2021, 73: 1595–1625.

 21. Bajetto A, Bonavia R, Barbero S, Florio T, Schettini G. 
Chemokines and their receptors in the central nervous system. 
Front Neuroendocrinol 2001, 22: 147–184.

 22. Salvador AF, de Lima KA, Kipnis J. Neuromodulation by the 
immune system: A focus on cytokines. Nat Rev Immunol 2021, 
21: 526–541.

 23. Chen Y, Xiao L, Qiu J. Neuronomodulation of excitable neurons. 
Neurosci Bull 2024, 40: 103–112.

 24. Beattie EC, Stellwagen D, Morishita W, Bresnahan JC, Ha BK, 
Von Zastrow M, et al. Control of synaptic strength by glial TNFal-
pha. Science 2002, 295: 2282–2285.

http://creativecommons.org/licenses/by/4.0/


1665E. Ji et al.: Regulation of GluA1 surface expression by CCL2

 25. Stellwagen D, Beattie EC, Seo JY, Malenka RC. Differential regu-
lation of AMPA receptor and GABA receptor trafficking by tumor 
necrosis factor-alpha. J Neurosci 2005, 25: 3219–3228.

 26. Ogoshi F, Yin HZ, Kuppumbatti Y, Song B, Amindari S, Weiss 
JH. Tumor necrosis-factor-alpha (TNF-alpha) induces rapid 
insertion of  Ca2+-permeable alpha-amino-3-hydroxyl-5-methyl-
4-isoxazole-propionate (AMPA)/kainate (Ca-A/K) channels in a 
subset of hippocampal pyramidal neurons. Exp Neurol 2005, 193: 
384–393.

 27. Tancredi V, D’Arcangelo G, Grassi F, Tarroni P, Palmieri G, San-
toni A, et al. Tumor necrosis factor alters synaptic transmission 
in rat hippocampal slices. Neurosci Lett 1992, 146: 176–178.

 28. Döhne N, Falck A, Janach GMS, Byvaltcev E, Strauss U. 
Interferon-γ augments GABA release in the developing neocortex 
via nitric oxide synthase/soluble guanylate cyclase and constrains 
network activity. Front Cell Neurosci 2022, 16: 913299.

 29. Janach GMS, Reetz O, Döhne N, Stadler K, Grosser S, Byvaltcev 
E, et al. Interferon-γ acutely augments inhibition of neocortical 
layer 5 pyramidal neurons. J Neuroinflammation 2020, 17: 69.

 30. Müller M, Fontana A, Zbinden G, Gähwiler BH. Effects of inter-
ferons and hydrogen peroxide on CA3 pyramidal cells in rat hip-
pocampal slice cultures. Brain Res 1993, 619: 157–162.

 31. Bellinger FP, Madamba S, Siggins GR. Interleukin 1 beta inhibits 
synaptic strength and long-term potentiation in the rat CA1 hip-
pocampus. Brain Res 1993, 628: 227–234.

 32. Katsuki H, Nakai S, Hirai Y, Akaji K, Kiso Y, Satoh M. Interleu-
kin-1 beta inhibits long-term potentiation in the CA3 region of 
mouse hippocampal slices. Eur J Pharmacol 1990, 181: 323–326.

 33. Cunningham AJ, Murray CA, O’Neill LAJ, Lynch MA, O’Connor 
JJ. Interleukin-1β (IL-1β) and tumour necrosis factor (TNF) 
inhibit long-term potentiation in the rat dentate gyrus in vitro. 
Neurosci Lett 1996, 203: 17–20.

 34. Rossi S, Furlan R, De Chiara V, Motta C, Studer V, Mori F, et 
al. Interleukin-1β causes synaptic hyperexcitability in multiple 
sclerosis. Ann Neurol 2012, 71: 76–83.

 35. Duan L, Zhang XD, Miao WY, Sun YJ, Xiong G, Wu Q, et al. 
PDGFRβ cells rapidly relay inflammatory signal from the circula-
tory system to neurons via chemokine CCL2. Neuron 2018, 100: 
183-200.e8.

 36. Zhou Y, Tang H, Liu J, Dong J, Xiong H. Chemokine CCL2 
modulation of neuronal excitability and synaptic transmission in 
rat hippocampal slices. J Neurochem 2011, 116: 406–414.

 37. Gao YJ, Zhang L, Samad OA, Suter MR, Yasuhiko K, Xu ZZ, et 
al. JNK-induced MCP-1 production in spinal cord astrocytes con-
tributes to central sensitization and neuropathic pain. J Neurosci 
2009, 29: 4096–4108.

 38. Belkouch M, Dansereau MA, Réaux-Le Goazigo A, Van Steen-
winckel J, Beaudet N, Chraibi A, et al. The chemokine CCL2 
increases Nav1.8 sodium channel activity in primary sensory neu-
rons through a Gβγ-dependent mechanism. J Neurosci 2011, 31: 
18381–18390.

 39. Lee HK, Barbarosie M, Kameyama K, Bear MF, Huganir RL. 
Regulation of distinct AMPA receptor phosphorylation sites dur-
ing bidirectional synaptic plasticity. Nature 2000, 405: 955–959.

 40. Chater TE, Goda Y. The role of AMPA receptors in postsynaptic 
mechanisms of synaptic plasticity. Front Cell Neurosci 2014, 8: 
401.

 41. Esteban JA, Shi SH, Wilson C, Nuriya M, Huganir RL, Malinow 
R. PKA phosphorylation of AMPA receptor subunits controls 
synaptic trafficking underlying plasticity. Nat Neurosci 2003, 6: 
136–143.

 42. Diering GH, Huganir RL. The AMPA receptor code of synaptic 
plasticity. Neuron 2018, 100: 314–329.

 43. Purkey AM, Dell’Acqua ML. Phosphorylation-dependent regu-
lation of  Ca2+-permeable AMPA receptors during hippocampal 
synaptic plasticity. Front Synaptic Neurosci 2020, 12: 8.

 44. Barria A, Derkach V, Soderling T. Identification of the  Ca2+/calm-
odulin-dependent protein kinase II regulatory phosphorylation site 
in the alpha-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate-
type glutamate receptor. J Biol Chem 1997, 272: 32727–32730.

 45. Derkach V, Barria A, Soderling TR.  Ca2+/calmodulin-kinase 
II enhances channel conductance of alpha-amino-3-hydroxy-
5-methyl-4-isoxazolepropionate type glutamate receptors. Proc 
Natl Acad Sci U S A 1999, 96: 3269–3274.

 46. Kristensen AS, Jenkins MA, Banke TG, Schousboe A, Makino 
Y, Johnson RC, et al. Mechanism of  Ca2+/calmodulin-dependent 
kinase II regulation of AMPA receptor gating. Nat Neurosci 
2011, 14: 727–735.

 47. McGlade-McCulloh E, Yamamoto H, Tan SE, Brickey DA, 
Soderling TR. Phosphorylation and regulation of glutamate 
receptors by calcium/calmodulin-dependent protein kinase II. 
Nature 1993, 362: 640–642.

 48. Mammen AL, Kameyama K, Roche KW, Huganir RL. Phos-
phorylation of the alpha-amino-3-hydroxy-5-methylisoxazole4-
propionic acid receptor GluR1 subunit by calcium/calmodulin-
dependent kinase II. J Biol Chem 1997, 272: 32528–32533.

 49. Roche KW, O’Brien RJ, Mammen AL, Bernhardt J, Huganir 
RL. Characterization of multiple phosphorylation sites on the 
AMPA receptor GluR1 subunit. Neuron 1996, 16: 1179–1188.

 50. Blackstone C, Murphy TH, Moss SJ, Baraban JM, Huganir RL. 
Cyclic AMP and synaptic activity-dependent phosphorylation 
of AMPA-preferring glutamate receptors. J Neurosci 1994, 14: 
7585–7593.

 51. Man HY, Sekine-Aizawa Y, Huganir RL. Regulation of{alpha}-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 
trafficking through PKA phosphorylation of the Glu receptor 1 
subunit. Proc Natl Acad Sci U S A 2007, 104: 3579–3584.

 52. Hayashi Y, Shi SH, Esteban JA, Piccini A, Poncer JC, Malinow 
R. Driving AMPA receptors into synapses by LTP and CaMKII: 
Requirement for GluR1 and PDZ domain interaction. Science 
2000, 287: 2262–2267.

 53. Arai H, Charo IF. Differential regulation of G-protein-medi-
ated signaling by chemokine receptors. J Biol Chem 1996, 271: 
21814–21819.

 54. Banisadr G, Gosselin RD, Mechighel P, Rostène W, Kitabgi P, 
Parsadaniantz SM. Constitutive neuronal expression of CCR2 
chemokine receptor and its colocalization with neurotransmit-
ters in normal rat brain: Functional effect of MCP-1/CCL2 on 
calcium mobilization in primary cultured neurons. J Comp Neu-
rol 2005, 492: 178–192.

 55. Boring L, Gosling J, Chensue SW, Kunkel SL, Farese RV Jr, 
Broxmeyer HE, et al. Impaired monocyte migration and reduced 
type 1 (Th1) cytokine responses in C-C chemokine receptor 2 
knockout mice. J Clin Invest 1997, 100: 2552–2561.

 56. Yu H, Zhao T, Liu S, Wu Q, Johnson O, Wu Z, et al. MRGPRX4 
is a bile acid receptor for human cholestatic itch. Elife 2019, 8: 
e48431.

 57. Zhang Y, Cudmore RH, Lin DT, Linden DJ, Huganir RL. Visu-
alization of NMDA receptor-dependent AMPA receptor synap-
tic plasticity in vivo. Nat Neurosci 2015, 18: 402–407.

 58. Yusa K, Zhou L, Li MA, Bradley A, Craig NL. A hyperactive 
piggyBac transposase for mammalian applications. Proc Natl 
Acad Sci U S A 2011, 108: 1531–1536.

 59. Tan ZJ, Peng Y, Song HL, Zheng JJ, Yu X. N-cadherin-depend-
ent neuron-neuron interaction is required for the maintenance 
of activity-induced dendrite growth. Proc Natl Acad Sci U S A 
2010, 107: 9873–9878.



1666 Neurosci. Bull. November, 2024, 40(11):1649–1666

 60. Bian WJ, Miao WY, He SJ, Qiu Z, Yu X. Coordinated spine 
pruning and maturation mediated by inter-spine competition 
for cadherin/catenin complexes. Cell 2015, 162: 808–822.

 61. Yu X, Malenka RC. Beta-catenin is critical for dendritic mor-
phogenesis. Nat Neurosci 2003, 6: 1169–1177.

 62. Banker G, Goslin K (1998) Culturing nerve cells. The MIT 
Press.

 63. Xia Z, Dudek H, Miranti CK, Greenberg ME. Calcium influx via 
the NMDA receptor induces immediate early gene transcription 
by a MAP kinase/ERK-dependent mechanism. J Neurosci 1996, 
16: 5425–5436.

 64. Woodson W, Nitecka L, Ben-Ari Y. Organization of the 
GABAergic system in the rat hippocampal formation: A quan-
titative immunocytochemical study. J Comp Neurol 1989, 280: 
254–271.

 65. Benson DL, Watkins FH, Steward O, Banker G. Characteri-
zation of GABAergic neurons in hippocampal cell cultures. J 
Neurocytol 1994, 23: 279–295.

 66. Artimovich E, Jackson RK, Kilander MBC, Lin YC, Nestor 
MW. PeakCaller: An automated graphical interface for the 
quantification of intracellular calcium obtained by high-content 
screening. BMC Neurosci 2017, 18: 72.

 67. Peng YR, Zeng SY, Song HL, Li MY, Yamada MK, Yu X. Post-
synaptic spiking homeostatically induces cell-autonomous regu-
lation of inhibitory inputs via retrograde signaling. J Neurosci 
2010, 30: 16220–16231.

 68. Gosselin RD, Varela C, Banisadr G, Mechighel P, Rostene W, 
Kitabgi P, et al. Constitutive expression of CCR2 chemokine 
receptor and inhibition by MCP-1/CCL2 of GABA-induced cur-
rents in spinal cord neurones. J Neurochem 2005, 95: 1023–1034.

 69. Osterhout JA, Kapoor V, Eichhorn SW, Vaughn E, Moore JD, 
Liu D, et al. A preoptic neuronal population controls fever and 
appetite during sickness. Nature 2022, 606: 937–944.

 70. Wu XB, Zhu Q, Gao YJ. CCL2/CCR2 contributes to the altered 
excitatory-inhibitory synaptic balance in the nucleus accumbens 
shell following peripheral nerve injury-induced neuropathic pain. 
Neurosci Bull 2021, 37: 921–933.

 71. Kopec CD, Li B, Wei W, Boehm J, Malinow R. Glutamate recep-
tor exocytosis and spine enlargement during chemically induced 
long-term potentiation. J Neurosci 2006, 26: 2000–2009.

 72. Réaux-Le Goazigo A, Van Steenwinckel J, Rostène W, Mélik Par-
sadaniantz S. Current status of chemokines in the adult CNS. Prog 
Neurobiol 2013, 104: 67–92.

 73. Zlotnik A, Yoshie O. The chemokine superfamily revisited. Immu-
nity 2012, 36: 705–716.

 74. Bredt DS, Nicoll RA. AMPA receptor trafficking at excitatory 
synapses. Neuron 2003, 40: 361–379.

 75. Malinow R, Malenka RC. AMPA receptor trafficking and synaptic 
plasticity. Annu Rev Neurosci 2002, 25: 103–126.

 76. Atwood BK, Lopez J, Wager-Miller J, Mackie K, Straiker A. 
Expression of G protein-coupled receptors and related proteins 
in HEK293, AtT20, BV2, and N18 cell lines as revealed by micro-
array analysis. BMC Genomics 2011, 12: 14.

 77. Hall MP, Unch J, Binkowski BF, Valley MP, Butler BL, Wood 
MG, et al. Engineered luciferase reporter from a deep sea shrimp 
utilizing a novel imidazopyrazinone substrate. ACS Chem Biol 
2012, 7: 1848–1857.

 78. Myers SJ, Wong LM, Charo IF. Signal transduction and ligand 
specificity of the human monocyte chemoattractant protein-1 
receptor in transfected embryonic kidney cells. J Biol Chem 1995, 
270: 5786–5792.

 79. Skelding KA, Rostas JAP. Regulation of CaMKII in vivo: The 
importance of targeting and the intracellular microenvironment. 
Neurochem Res 2009, 34: 1792–1804.

 80. Clapham DE. Calcium signaling. Cell 2007, 131: 1047–1058.
 81. Bayer KU, Schulman H. CaM kinase: Still inspiring at 40. Neuron 

2019, 103: 380–394.
 82. Cauthron RD, Carter KB, Liauw S, Steinberg RA. Physiological 

phosphorylation of protein kinase A at Thr-197 is by a protein 
kinase A kinase. Mol Cell Biol 1998, 18: 1416–1423.

 83. Cheng X, Ma Y, Moore M, Hemmings BA, Taylor SS. Phospho-
rylation and activation of cAMP-dependent protein kinase by 
phosphoinositide-dependent protein kinase. Proc Natl Acad Sci 
U S A 1998, 95: 9849–9854.

 84. Qin L, Wu X, Block ML, Liu Y, Breese GR, Hong JS, et al. Sys-
temic LPS causes chronic neuroinflammation and progressive 
neurodegeneration. Glia 2007, 55: 453–462.

 85. Jeong HK, Jou I, Joe EH. Systemic LPS administration induces 
brain inflammation but not dopaminergic neuronal death in the 
substantia nigra. Exp Mol Med 2010, 42: 823–832.

 86. Catorce MN, Gevorkian G. LPS-induced murine neuroinflamma-
tion model: Main features and suitability for pre-clinical assess-
ment of nutraceuticals. Curr Neuropharmacol 2016, 14: 155–164.

 87. Arai Y, Mizuguchi M, Takashima S. Developmental changes of 
glutamate receptors in the rat cerebral cortex and hippocampus. 
Anat Embryol 1997, 195: 65–70.

 88. Durand GM, Zukin RS. Developmental regulation of mRNAs 
encoding rat brain kainate/AMPA receptors: A northern analysis 
study. J Neurochem 1993, 61: 2239–2246.

 89. Wenthold RJ, Petralia RS, Niedzielski AS. Evidence for multiple 
AMPA receptor complexes in hippocampal CA1/CA2 neurons. J 
Neurosci 1996, 16: 1982–1989.

 90. Lin DT, Huganir RL. PICK1 and phosphorylation of the glutamate 
receptor 2 (GluR2) AMPA receptor subunit regulates GluR2 recy-
cling after NMDA receptor-induced internalization. J Neurosci 
2007, 27: 13903–13908.

 91. Moore MJ, Kanter JR, Jones KC, Taylor SS. Phosphorylation of 
the catalytic subunit of protein kinase A. Autophosphorylation 
versus phosphorylation by phosphoinositide-dependent kinase-1. 
J Biol Chem 2002, 277: 47878–47884.

 92. Hyeon C, Jennings PA, Adams JA, Onuchic JN. Ligand-induced 
global transitions in the catalytic domain of protein kinase A. Proc 
Natl Acad Sci USA 2009, 106: 3023–3028.

 93. Chen Y, Granger AJ, Tran T, Saulnier JL, Kirkwood A, Sabatini 
BL. Endogenous Gαq-coupled neuromodulator receptors activate 
protein kinase A. Neuron 2017, 96: 1070-1083.e5.

 94. Hosokawa T, Mitsushima D, Kaneko R, Hayashi Y. Stoichiom-
etry and phosphoisotypes of hippocampal AMPA-type glutamate 
receptor phosphorylation. Neuron 2015, 85: 60–67.

 95. Diering GH, Heo S, Hussain NK, Liu B, Huganir RL. Extensive 
phosphorylation of AMPA receptors in neurons. Proc Natl Acad 
Sci U S A 2016, 113: E4920–E4927.

 96. Deverman BE, Patterson PH. Cytokines and CNS development. 
Neuron 2009, 64: 61–78.


	The Chemokine CCL2 Promotes Excitatory Synaptic Transmission in Hippocampal Neurons via GluA1 Subunit Trafficking
	Abstract 
	Introduction
	Materials and Methods
	Animals
	Drugs Treatment
	DNA Constructs
	Real-Time Quantitative PCR (RT-qPCR)
	Fluo-8 Gαq-fluorescence Assay
	Gαs-luciferase Assay
	Hippocampal Neuronal Culture and Transfection
	Immunocytochemistry, Pharmacology, and Data Analysis
	Live Imaging and Data Analysis
	Calcium Imaging in Cultured Hippocampal Neurons
	Electrophysiology in Cultured Hippocampal Neurons
	Western Blots
	Tail Suspension Test (TST)
	Statistical Analysis

	Results
	Exogenous CCL2 Application Elevates SEP-GluA1 Level
	CCL2 Application Promotes GluA1 Membrane Trafficking via CCR2 Signaling in Cultured Hippocampal Neurons
	GPCR-signaling Downstream of CCR2
	Protein Kinases Mediate CCL2-induced GluA1 Membrane Trafficking
	CCL2-CCR2 Signaling Regulates GluA1 Phosphorylation

	Discussion
	Mechanism Mediating CCL2-dependent Regulation of Surface GluA1 Trafficking
	Implications for Regulation of Synaptic Plasticity by Chemokines

	Acknowledgements 
	References




