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Abstract
The complement C1q plays a critical role in microglial phagocytosis of glutamatergic synapses and in the pathogenesis of
neuroinflammation in Alzheimer’s disease (AD). We recently reported that upregulation of metabotropic glutamate receptor
signaling is associated with increased synaptic C1q production and subsequent microglial phagocytosis of synapses in the rodent
models of AD. Here, we explored the role of astrocytic glutamate transporter in the synaptic C1q production and microglial
phagocytosis of hippocampal glutamatergic synapses in a rat model of AD. Activation of astrocyte and reduction glutamate
transporter 1 (GLT1) were noted after bilateral microinjection of amyloid-beta (Aβ1–40) fibrils into the hippocampal CA1 area of
rats. Ceftriaxone is a β-lactam antibiotic that upregulates GLT1 expression. Bilateral microinjection of ceftriaxone recovered
GLT1 expression, decreased synaptic C1q production, suppressed microglial phagocytosis of glutamatergic synapses in the
hippocampal CA1, and attenuated synaptic and cognitive deficits in rats microinjected with Aβ1–40. In contrast, artificial
suppression of GLT1 activity by DL-threo-beta-benzyloxyaspartate (DL-TBOA) in naïve rats induced synaptic C1q expression
and microglial phagocytosis of glutamatergic synapses in the hippocampal CA1 area, resulting in synaptic and cognitive
dysfunction. These findings demonstrated that impairment of astrocytic glutamate transporter plays a role in the pathogenesis
of AD.
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Introduction

The complement 1q (C1q) is an initiator of the classical path-
way of complement activation. C1q is upregulated in neurons
and glial cells in different neurodegenerative diseases such as
Alzheimer’s disease (AD), Parkinson’s disease, Huntington’s
disease, and frontotemporal dementia [1–10]. For instance,
significantly increased C1q expression was observed in many
plaques and neurons in human AD brain [2]. C1q is a ligand
for C1qRp, a transmembrane receptor on microglia [11]. C1q-
mediated microglial activation plays a pivotal role in synaptic

pruning and remodeling that are characteristic of neurodegen-
erative disorders such as AD [3, 6, 12–14].

Metabotropic glutamate receptor 1 (mGluRl) is a member
of a large family of G protein–coupled glutamate receptors
and is involved in the regulation of synaptic plasticity and
spatial and associative learning [15–19]. We have shown that
amyloid fibrils increased the activity of mGluRl that resulted
in activation of mGluR-protein phosphatase 2A (PP2A) sig-
naling, dephosphorylation of fragile X mental retardation pro-
tein (FMRP), and increased local translation of synaptic C1q
mRNA [14]. This resulted in C1q upregulation and microglial
phagocytosis of glutamatergic synapse [14]. Impairment of
synaptic plasticity was noted in mice lacking mGluR1 [16],
and overactivation of mGluRl plays an important role in the
pathogenesis of synaptic and cognitive deficits in the rodent
models of AD [20, 21]. In contrast, suppression of mGluR1
signaling or knockout of mGluR1 receptor attenuated the
microglial phagocytosis of hippocampal synapses, and recov-
ered the central synaptic and cognitive function in the rodent
models of AD [14]. The present study was aimed to further
explore the potential mechanism of extracellular glutamate
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accumulation and its involvement in the induction of C1q-
mediated microglial phagocytosis of the hippocampal gluta-
matergic synapses.

Several types of glutamate transporters regulate glutamate
homeostasis at the synaptic and extrasynaptic sites through
active uptake of glutamate in the central nervous system [22,
23]. Among the five subtypes of glutamate transporters in the
brain, GLAST (glutamate aspartate transporter/excitatory
amino acid transporter-1; EAAT1) and glutamate transporter
1 (GLT1/EAAT2) are primarily located on astrocytes, and
EAAT3 is mostly present on neurons [24]. Astrocytes are
equipped to remove glutamate from the synaptic cleft, to
maintain homeostasis, and convert it to glutamine through
the action of glutamine synthetase [25, 26]. Glutamine is then
released and taken up by neurons to replenish neurotransmitter
pools in both glutamatergic and GABAergic neurons [27].
Astrocytic GLT1 is responsible for ~ 95% of all glutamate
uptake [28], and GLAST accounts for ∼ 5% of the total gluta-
mate transport in the adult brain [28, 29]. The expression of
astrocytic GLAST and GLT1 in the hippocampus and other
brain regions of AD patients appear to be markedly impaired,
even in early clinical stages of the disease [30, 31]. In addition,
partial loss of GLT1 (GLT1+/−) accelerated the development of
cognitive deficits in a transgenic AD mouse model (APPswe/
PS1ΔE9mice) [32]. Considering the critical role of glutamate
transporter GLT1 in regulating extracellular glutamate con-
tent, we studied the impact of astrocytic GLT1 in C1q-
mediated microglial phagocytosis of hippocampal glutamater-
gic synapses and synaptic and cognitive impairment in a ro-
dent model of AD.

Based on recent work from several groups, including ours
[3, 10, 14], we hypothesized that amyloid fibrils induce down-
regulation of astrocytic glutamate transporter GLT1, which
results in upregulation of synaptic C1q and microglial phago-
cytosis of glutamatergic synapses in the hippocampal CA1
area, leading to impaired glutamatergic transmission and cog-
nitive deficit.

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 months of age, Charles
River) rats were used, and all experiments were performed
during the light cycle. The animals were randomly assigned
to different groups with specific treatment, and another par-
ty 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 the
previous publications [33, 34].

Microinjection in the Hippocampal CA1 Area

Rats were anesthetized with sodium pentobarbital (45 mg/kg
i.p.) and restrained in a stereotaxic apparatus [35]. Aβ1–40

fibrils were formed as described previously [36]. Aβ1–40 fi-
brils (10 μg/3 μl) or 3 μl of artificial cerebrospinal fluid
(aCSF) was injected stereotaxically and bilaterally into each
hippocampus (anteroposterior, − 3.5 mm; mediolateral, ±
2.0 mm; dorsoventral, − 3.0 mm) [37] using a 10-μl
Hamilton syringe with a 27-G stainless steel needle at a rate
of 0.5 μl/min. This experimental model has been previously
used for studying AD [14, 34, 36, 38, 39].

For in vivo treatment by microinjection, a 26-gauge
double-guide cannula was inserted into the brain, aimed
at the hippocampal CA1 area (the same coordinate as
above) [34]. The guide cannula was then cemented in
place to the skull and securely capped. The rat was
allowed to recover for at least 5 days before subsequent
treatment. Specific glutamate transporter inhibitor DL-
TBOA (DL-TBOA; 10 nmol/side × 7 days), ceftriaxone
(0.1 mg/side × 7 days), or aCSF was 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 tests
were performed 14 days after amyloid fibril microinjec-
tion, when substantial neuroinflammation and synaptic
dysfunction is expected to be established in the hippocam-
pal CA1 [34, 40, 41]. Cellular and molecular analyses
were performed 1 day after the behavioral test. The injec-
tion sites for the hippocampal CA1 were histologically
verified afterward by injecting the same dose of ink [14,
40].

Morris Water Maze Test

The Morris water maze test was employed to determine the
memory function of rats [36, 40, 42, 43]. The water maze
model was performed in a circular tank (diameter 1.8 m) filled
with opaque water. A platform (15 cm in diameter) was sub-
merged below the water’s surface in the center of the target
quadrant. The swimming path of the animal was recorded by a
video camera and analyzed by EthoVision XT software
(Noldus Information Technology). Each rat underwent 4 trials
per day for 5 days. They underwent four trials a day for 7 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,
they were gently guided to it. Animals were allowed to remain
on the platform for 20 s. The latency for each trial was record-
ed for analysis. During the probe trial, the platform was re-
moved from the tank and rats were allowed to swim in the
maze for 60 s.
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Protein Extraction and Immunoblotting

The protocol for protein extraction and immunoblotting was
generally based on the previous reports [35, 44]. The hippo-
campal CA1 tissues or synaptosomal preparations were col-
lected 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 cock-
tail. The proteins were extracted and subjected to 7.5–15%
SDS–PAGE followed by immunoblotting. The blots were in-
cubated overnight at 4 °C with the primary antibodies as fol-
lows: monoclonal anti-C1q antibody (1:1000; Abcam,
ab71940), polyclonal anti-GLT1 antibody (1:1000; Cell
Signaling Technology, #3838), 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
an t i - r a b b i t I gG an t i b ody ( 1 : 1 0 , 0 00 ; J a c k s on
ImmunoResearch Laboratories Inc., West Grove, PA). The
immunoreactivity was detected using enhanced chemilumi-
nescence (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.

Immunostaining and 3D Confocal Imaging

Immunostaining on the serial sections containing hippocam-
pal CA1 area in all groups (30 μm, 15–20/rat, n = 5 rats per
group) was performed as previously described [35, 40].
Mouse monoclonal antibodies against the microglial marker
Iba1 (1:500, Abcam, ab5076), glutamatergic synapse marker
PSD95 (1:200, Abcam, ab104898), lysosomal marker CD68
(1:200, Abcam, ab955), monoclonal anti-C1q antibody
(1:1000; Abcam, ab71940), and glial fibrillary acidic protein
(GFAP, an astrocyte marker) (1:200, Abcam, ab71940) were
used. The sections were then incubated with FITC-, Cy3-
conjugated secondary ant ibody (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 confocal
microscopy, and fluorescent images were acquired using a
Leica TCS-SP8-AOBS inverted confocal microscope (Leica
Microsystems, GmbH, Wetzlar, Germany). Sections were ex-
amined and analyzed in a blinded fashion. Image rendering
and analyses were performed using Image-Pro Plus (Media
Cybernet ics , Inc. , Rockvi l le , MD) and Veloci ty
(PerkinElmer, Waltham, MA). The presentation and analysis

of internalization of PSD95 in microglial (Iba1) lysosomes
(CD68) were adopted from the method described by Schafer
et al. [45] with minor modification. Briefly, the internalization
of PSD95 in microglial lysosomes was defined by rotating the
3D micrographs to confirm the colocalization of synaptic
markers with CD68 immunoreactivity withinmicroglia in hip-
pocampal CA1. The representative 3D images were presented
with resolution 1024 × 1024 dpi, z-step size 0.3μm.Usually, a
200 × 200 × 20 μm neuropil (containing about 9–12 microg-
lia) in each section and 4 sections in each animal were ran-
domly sampled and analyzed in different groups. The volume
of PSD95 within lysosome (CD68-positive) and the total vol-
ume 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 measure-
ment 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 [35, 46, 47]. The brain was quickly
removed and cut on a Vibratome in cold physiological saline
to obtain coronal slices (300 μm thick) containing the hippo-
campus. Whole-cell voltage-clamp recordings from the CA1
area were taken using anAxopatch 200B amplifier (Molecular
Devices) with 2–4-MΩ glass electrodes containing the inter-
nal 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 experi-
ments. 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 ac-
quired and analyzed using Axograph X software. The ampli-
tude 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 electrophysi-
ological experiments were performed at room temperature.

Compounds

Aβ peptide consisting of residues 1–40 of the human wild-
type sequence (Aβ1–40) was purchased from Bachem
(Torrance, CA). Bicuculline and other chemicals were
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Fig. 1 Reduction of GLT1 in
astrocytes in the hippocampal
CA1 in rats injected with amyloid
fibrils. Increased
immunoreactivity of astrocytic
marker GFAP was noted in the
hippocampal CA1 in the rats
injected with Aβ1–40 (a, n = 5 rats
in each group, two-tailed t = 4.34,
DF = 8, P = 0.0003, scale bar =
100 μ). Decreased GLT1 immu-
noreactivity that was colocalized
with GFAP was noted in the hip-
pocampal CA1 in the rats injected
with Aβ1–40 (b, n = 5 rats in each
group, Mann–Whitney U statistic
< 0.0001, two-tailed P = 0.008,
scale bar = 10 μ). **, P < 0.01.
Data represent mean ± SEM

Fig. 2 Microinjection of ceftriaxone suppressed the synaptic C1q
expression in the hippocampal CA1 area in rats injected with amyloid
fibrils. Microinjection of ceftriaxone significantly recovered the
expression of glutamate transporter GLT1 in the hippocampal CA1 in
rats injected with amyloid fibrils (a, n = 7 rats in each group, F3,24 =
7.05, P = 0.0015). b Representative immunostaining images showed the
increased the C1q expression, colocalized with the synaptic marker

PSD95, in the hippocampal CA1 in rats injected with amyloid fibrils
(b, n = 5 rats in each group, F3,16 = 14.95, P < 0.0001), which was
significantly attenuated by microinjection with ceftriaxone.
Representative immunoblots showing that ceftriaxone significantly
attenuated C1q upregulation in the hippocampal CA1 in the modeled
rats (c, n = 7 rats in each group, F3,24 = 7.03, P = 0.0015). Scale bar =
10 μ **, P < 0.01. Data represent mean ± SD
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purchased from Sigma–Aldrich (St. Louis, MO) or Tocris
(Ellisville, MO).

Statistical Analyses

Normality was tested using the Shapiro–Wilk test. For elec-
trophysiological and behavioral analyses, the data were com-
pared with two-way ANOVA. The data from the histological
and Western blot studies were analyzed using one-way
ANOVA test or Student’s t test. For non-normally distributed
data, we used theMann–WhitneyU test or the Kruskal–Wallis
test. Post hoc analyses were performed using the Student–
Newman–Keuls test or the 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

Amyloid Fibrils Induced Astrocyte Activation
and Reduction of Glutamate Transporter GLT1

Astrocytes play a pivotal role in synaptic transmission by
modulating GluR activity through GluT1-mediated control
of synaptic and extra-synaptic glutamate clearance [48].
Following Aβ1–40 administration, we found the increased
levels of GFAP immunoreactivity in the hippocampal CA1
area, indicating enhanced astrocyte activation (Fig. 1a). We

Fig. 3 Microinjection of
ceftriaxone suppressed the
microglial phagocytosis of
glutamatergic synapses in the
hippocampal CA1 in rats injected
with amyloid fibrils. Significantly
increased internalization of
synaptic marker PSD95 within
lysosomal marker CD68
immunosignal in microglia (Iba1-
positive, green) was observed in
hippocampal CA1 in the modeled
rats, which was attenuated by
ceftriaxone (n = 5 rats in each
group, F3,16 = 67.2, P < 0.0001).
Right micrographs were present-
ed to show the same microglia in
which only the lysosomes (CD68,
red) and PSD95 (blue) were vi-
sualized. ***, P < 0.001. Scale
bar = 10 μ. Data represent mean ±
SEM
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also found a decreased glutamate transporter GLT1 expres-
sion, which was colocalized with GFAP immunoreactivity
(Fig. 1b). We also observed a substantial reduction of GLT1
expression in the immunoblotting studies (Fig. 2a).

Upregulation of GLT1 by Ceftriaxone Suppressed
Synaptic C1q Upregulation Induced by Amyloid Fibrils

Loss of GLT1 protein and reduced glutamate uptake are cor-
related with cognitive decline in AD patients [31, 49, 50].
Beta-lactam antibiotics stimulate GLT1 expression and func-
tion [51]. These include ceftriaxone, cefazolin, amoxicillin,
ampicillin, and cefoperazone, of which ceftriaxone has been
most studied. Considering the involvement of astrocytic glu-
tamate transporter in the regulation of extrasynaptic glutamate
hemostasis, we next tested the effect of artificial upregulation
of GLT1 by ceftriaxone on the hippocampal C1q production
and microglial phagocytosis of glutamatergic synapses.
Ceftriaxone (0.1 mg × 7 days) was microinjected into the
hippocampal CA1 in the modeled or control rats. Several

studies have indicated that ceftriaxone can upregulate GLT1
expression (through GLT1 promoter activation [51]) in stroke
[52], amyotrophic lateral sclerosis [51], and Parkinson’s dis-
ease [53]. As shown in Fig. 2a, microinjection of ceftriaxone
restored the expression of glutamate transporter GLT1 in the
hippocampal CA1 in rats injected with amyloid fibrils but did
not affect the hippocampal GLT1 expression in the control
rats. We also noted an upregulation of C1q expression, which
was colocalized with the synaptic marker PSD95 in the
modeled rats (Fig. 2b). Furthermore, administration of ceftri-
axone attenuated Aβ1–40-induced C1q overproduction
(Fig. 2b, c).

Upregulation of GLT1 by Ceftriaxone Attenuated
Microglial Phagocytosis of Glutamatergic Synapses
and Cognitive Impairment Induced by Amyloid Fibrils

Consistent with our previous report [14], we noted an in-
creased internalization of synaptic marker PSD95 in
microglial (CD68-positive) lysosomes, indicating

Fig. 4 Microinjection of ceftriaxone recovered the hippocampal
glutamatergic transmission and cognitive function in rats injected with
amyloid fibrils. a Significantly decreased amplitude (a, n = 26 neurons in
each group, Kruskal–Wallis statistic = 46.358, P < 0.0001) and extended
inter-events interval of mEPSCs were observed in hippocampal CA1
neurons in rats injected with amyloid fibrils, which was attenuated by
ceftriaxone. Significantly attenuated input (stimulus intensity)–output
(EPSC amplitude) response of evoked EPSCs was also observed in the
hippocampal CA1 neurons of rats injected with amyloid fibrils, which
was recovered by ceftriaxone (b, n = 10 neurons in each group, effect of
group (F3,36 = 7.48, P = 0.0005), effect of strength (F2,36 = 138.5,
P < 0.0001), and interaction between group and strength (F6,36 = 2.17,

P = 0.06)). Increased escape latency (c, n = 10 rats in each group, effect
of group (F3,36 = 8.05, P = 0.0003), effect of time (F4,36 = 202.9, P <
0.0001), interaction between group and time (F12,36 = 0.88, P = 0.56)),
and decreased time spent in the target quadrant (d, n = 10 rats in each
group, F3,36 = 8.99, P = 0.0001) during the probe trial were noted in rats
injected with amyloid fibrils, which was attenuated by ceftriaxone (T,
target quadrant; R, right quadrant; O, opposite quadrant; L, left quadrant).
*, P < 0.05; **, P < 0.01; ***, P < 0.001. Data represent mean ± SEM.
For box-and-whiskers plots, the box extends from the 25th to 75th per-
centiles; a line within the box marks the median. Whiskers (error bars)
above and below the box represent the minimum and maximum values
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phagocytosis of glutamatergic synapses in the hippocampal
CA1 areas injected with amyloid fibrils, which was attenuated
by the microinjection of ceftriaxone (Fig. 3). We noted a sig-
nificant decrease in the amplitude and increase of inter-events
interval of excitatory glutamatergic transmission in the hippo-
campal CA1 neurons in Aβ1–40-microinjected rats, which was
recovered after ceftriaxone administration (Fig. 4a).
Ceftriaxone also restored the basal glutamatergic strength in
the hippocampal CA1 neurons in rats injected with amyloid
fibrils (Fig. 4b). In the Morris water maze test, increased es-
cape latency (Fig. 4c) and decreased time spent in the target
quadrant (Fig. 4d) during the probe experiment were noted in
rats injected with amyloid fibrils, which was alleviated by
ceftriaxone (Fig. 4c, d). Taken together, these results demon-
strated that recovery of GLT1 function by ceftriaxone

attenuated the C1q-mediated microglial phagocytosis of glu-
tamatergic synapses and mitigated the synaptic and cognitive
dysfunction in a rodent model of AD.

Suppression of GLT1 Function by DL-TBOA Induced
Synaptic C1 Upregulation andMicroglial Phagocytosis
of Glutamatergic Synapse

Next, we test the effect of inhibiting GLT1 function by micro-
injection of DL-TBOA (10 nmol × 7 days) on the hippocam-
pal C1q expression and microglial phagocytosis of gluta-
matergic synapse in naïve rats. Microinjection of DL-TBOA
increased the expression of C1q in the hippocampal CA1
(Fig. 5a, b), which was largely colocalized with the synaptic
marker PSD95 (Fig. 5b). We also found increased

Fig. 5 Suppression of astrocytic
GLT1 by DL-TBOA induced the
C1q expression and microglial
phagocytosis of glutamatergic
synapses. Increased C1q expres-
sion, colocalized with the synap-
tic marker PSD95, in the hippo-
campal CA1 induced by DL-
TBOA (a, n = 5 rats in each
group, t = 11.95, DF = 8, two-
tailed P < 0.0001). DL-TBOA in-
duced C1q expression in the hip-
pocampal CA1 (b, n = 7 rats in
each group, t = 2.76, DF = 12,
two-tailed P = 0.017). Increased
internalization of synaptic marker
PSD95 within lysosomal marker
Iba1 immunosignal in microglia
(CD68-positive, green) was ob-
served in the hippocampal CA1 in
rats injected with DL-TBOA (c,
n = 5 rats in each group, t = 10.33,
DF = 8, two-tailed P < 0.0001).
Right micrographs were present-
ed to show the same microglia in
which only the lysosomes (CD68,
red) and PSD95 (blue) were vi-
sualized. ***, P < 0.01. Data rep-
resent mean ± SEM

2296 Mol Neurobiol (2020) 57:2290–2300



internalization of synaptic marker PSD95 within the lyso-
somes (CD68-positive) in microglia (Iba1 immunoreactivity)
in naïve rats treated with DL-TBOA (Fig. 5c). In addition,
microinjection of DL-TBOA significantly abolished the effect
of ceftriaxone-induced suppression of C1q production in hip-
pocampal CA1 in rats injected with amyloid fibrils
(Supplementary Figure). These results indicated that suppres-
sion of GLT1 function by DL-TBOA induced synaptic C1q
upregulation and microglial phagocytosis of glutamatergic
synapses in the hippocampal CA1 in naïve rats.

Suppression of GLT1 Function by DL-TBOA Impaired
Synaptic and Cognitive Function

We then examined the effect of suppressing GLT1 function by
DL-TBOA on the synaptic and cognitive function in naïve
rats. As shown in Fig. 6a, repeated microinjection of DL-
TBOA decreased the amplitude and increased the inter-

events interval of mEPSCs in hippocampal CA1 neurons. It
also decreased the strength of basal glutamatergic strength in
these neurons (Fig. 6b). Microinjection of DL-TBOA in-
creased escape latency in the Morris water maze test (Fig.
6c) and decreased the time spent in target quadrant in probe
trail in the naïve rats (Fig. 6d). Together, these results demon-
strated that suppression of GLT1 function by DL-TBOA im-
paired the synaptic and cognitive function in naïve rats.

Discussion

C1q is normally synthesized inmicroglia and/or neurons in CNS,
but upregulated expression of C1q is seen in normal aging and in
neurodegenerative disorders [3, 10, 54]. Complement proteins
(C1q-C3) are involved in the microglial synaptic remodeling
and phagocytosis that occur normally during development [45].
Increased complement-mediated synaptic loss is seen in different

Fig. 6 Microinjection of DL-TBOA impaired the hippocampal gluta-
matergic transmission and cognitive function in rats. Significantly de-
creased amplitude (a, n = 23 neurons, unpaired t test, t = 2.85, DF = 44,
two-tailedP = 0.0067) and extended inter-events interval (n = 23 neurons,
unpaired t test, t = 2.99, DF = 44, two-tailed P = 0.0046) of mEPSCs were
observed in hippocampal CA1 neurons in rats injected with DL-TBOA.
Significantly decreased strength of evoked EPSCs in the hippocampal
CA1 neurons induced by DL-TBOA (b, n = 11 neurons in each group,
effect of group (F1,20 = 15.35, P = 0.0009), effect of EPSCs strength
(F2,20 = 58.84, P < 0.0001), interaction between group and EPSCs
strength (F2,20 = 3.21, P = 0.051)). Increased escape latency (c, n = 10

rats in each group, effect of group (F1,18 = 20.91, P = 0.0002), effect of
time (F4,18 = 60.7, P < 0.0001), interaction between group and time
(F4,18 = 0.84, P = 0.50)), and decreased time spent in the target quadrant
(d, n = 10 rats in each group, F1,18 = 14.99, P = 0.0011) during the probe
trial were noted in rats injected with DL-TBOA (T, target quadrant; R,
right quadrant; O, opposite quadrant; L, left quadrant). Data represent
mean ± SEM. 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
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neurological disorders including AD [1, 3, 10, 12, 14, 55, 56].
Astrocyte transforming growth factor β (TGF-β) can induce the
C1q expression in synapses [57].

We recently reported that activation of mGluR signaling in-
duces synaptic C1q upregulation and microglial phagocytosis of
the hippocampal glutamatergic synapses that resulted in synaptic
and cognitive deficiency in the rodent models of AD [14]. Here,
we extended our hypothesis by providing evidence that inhibi-
tion of astrocytic glutamate transporter GluT1 increased synaptic
C1q production and microglial phagocytosis of the hippocampal
synapses in the rodent model of AD. Glutamate transporters,
through a secondary active transport machinery with Na+/H+/
K+ exchange, uptake the extrasynaptic glutamate and maintain
the glutamate concentration gradients of 106 across the plasma
membrane in the brain under physiological conditions [58].
Dynamic functional adaptation of glutamate transporters contrib-
utes to the development of neural circuit and synaptic plasticity in
the central neurons [59]. Disruption of astrocytic glutamate trans-
porters is associated with the development of synaptic and cog-
nitive deficits in several neurodegenerative diseases. For exam-
ple, global or astrocyte-specific knockout of GLT1 induced the
fatal hyperactivity and severe epileptic seizures in 2 to 3 weeks
after birth [60, 61]. Suppression of astrocytic GLT1 induced
increased activity of presynaptic metabotropic glutamate recep-
tors [62]. We noted in the present study that repeated application
of glutamate transporter inhibitor DL-TBOA attenuated the basal
glutamatergic strength and decreased the amplitude and frequen-
cy of mEPSCs in the hippocampal CA1 neurons in naïve rats.

Astrocytic GluT1 prevents accumulation of extracellular glu-
tamate and subsequent overstimulation ofGluRs, thus preventing
possible neurotoxicity and neuronal death [63]. Astrocytic GLT1
expression is decreased in early stages of neuroinflammation [61,
64]. The expression of astrocytic GLAST and GLT1 in the hip-
pocampus and other brain regions of AD patients was markedly
impaired, even in early clinical stages of disease [30, 31], and the
loss of EAATs immunoreactivity was particularly obvious near
the amyloid plaques [30]. Partial loss of GLT1 accelerated the
early occurring cognitive deficits in APP/PS1 mice [32].
Similarly, in the present study, the reduction of GLT1 expression
in the hippocampal CA1 in rats injected with amyloid fibrils
resulted in impairments in glutamatergic synapse and cognition
functions. Suppression of glutamate transporter activity by DL-
TBOA inhibited LTP and facilitated long-term depression in the
hippocampal CA1 neurons [65]. It is recognized that downregu-
lation of astrocytic glutamate transporters impairs the homeosta-
sis of extracellular glutamate, which leads to excitotoxicity in
neurodegenerative diseases [66]. We noted that artificial restora-
tion of GLT1 expression by ceftriaxone attenuated the synaptic
C1q production and C1q-mediated microglial phagocytosis of
synapses, and ameliorated the synaptic and cognitive dysfunction
in a rodent model of AD. Conversely, artificial suppression of
glutamate transporter activity promotedC1q-mediatedmicroglial
phagocytosis of synapses and induced hippocampal synaptic and

cognitive dysfunction in naïve rats. We have shown that activa-
tion of metabotropic GluRs induced complement C1q upregula-
tion and microglial phagocytosis of glutamatergic synapses in
rodentmodels ofAD [14]. In this study,we attempted to examine
the role of GLT1 in modulating synaptic and cognitive function
in rodentmodel of AD.Nevertheless, additional studies are need-
ed to dissect the molecular mechanism underlying the GLT1-
involved synaptic pruning in various models of AD.

In conclusion, we report that astrocyte glutamate transport-
er GLT1 dysfunction contributes to AD pathoetiology. GLT1
modulates synaptic C1q-mediated microglial phagocytosis of
synapses, and synaptic and cognitive functions in the setting
of AD. Experimental disruption of GLT1 function was neuro-
toxic, as reflected by increased C1q expression–induced
microglial phagocytosis of glutamatergic synapses, and severe
synaptic and cognitive impairments.
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