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Parasynaptic NMDA Receptor Signaling Couples Neuronal
Glutamate Transporter Function to AMPA Receptor Synaptic
Distribution and Stability
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At synapses, two major processes occur concomitantly after the release of glutamate: activation of AMPA receptors (AMPARs) to conduct
synaptic transmission and activation of excitatory amino acid transporters (EAATs) for transmitter removal. Although crosstalk between
the receptors and EAATs is conceivable, whether and how the transporter activity affects AMPAR synaptic localization remain unknown.
Using cultured hippocampal and cortical rat neurons, we show that inhibition of glutamate transporters leads to rapid reduction in
AMPAR synaptic accumulation and total AMPAR abundance. EAAT inactivity also results in elevated internalization and reduced surface
expression of AMPARs. The reduction in AMPAR amount is accompanied by receptor ubiquitination and can be blocked by suppression
of proteasome activity, indicating the involvement of proteasome-mediated receptor degradation. Consistent with glutamate spillover,
effect of EAAT inhibition on AMPAR distribution and stability is dependent on the activation of parasynaptically localized NR2B-
containing NMDA receptors (NMDARs). Moreover, we show that neuronal glutamate transporters, especially those localized at the
postsynaptic sites, are responsible for the observed effect during EAAT suppression. These results indicate a role for neuron-specific
glutamate transporters in AMPAR synaptic localization and stability.

Introduction
The glutamatergic system mediates most of the excitatory synap-
tic activity in the brain and thus plays a critical role in synaptic
transmission and higher brain function. After release from the
presynaptic terminal, the clearance of glutamate is achieved
through the coordinated activities of glutamate transporters, i.e.,
excitatory amino acid transporters (EAATs). To date, three
EAATs (EAAT1–EAAT3) have been identified in the hippocam-
pus and cerebral cortex (Pines et al., 1992; Storck et al., 1992;
Arriza et al., 1994; Rothstein et al., 1994). The glial transporters
GLAST/EAAT1 and GLT/EAAT2 are primarily localized to the
plasma membrane of astrocytic processes that wrap the synapse
(Rothstein et al., 1994; Chaudhry et al., 1995). In contrast,
EAAC1/EAAT3 is expressed in the presynaptic and postsynaptic
regions of neurons (Rothstein et al., 1994; He et al., 2000, 2001).

Although glial transporters conduct the majority of glutamate
reuptake (Rothstein et al., 1996; Peghini et al., 1997; Tanaka et al.,
1997), a number of studies suggest that neuronal glutamate
transport may play an important role in the dynamics of trans-
mitter clearance (Diamond, 2001; Scimemi et al., 2009). Indeed,

in the hippocampal CA1 region, more than half of the synapses
do not have an astrocytic process in close proximity, suggesting
that neuronal glutamate transport may play a larger role than
originally thought in confining released glutamate (Ventura and
Harris, 1999). Consistently, EAAT3 knockdown reveals reduced
glutamate uptake, neurodegeneration, and epilepsy (Rothstein et
al., 1996).

It has been well established that AMPA receptor (AMPAR)
trafficking and redistribution serve as fundamental mechanisms
for synaptic plasticity and higher brain functions, including
learning and memory, but how EAAT function affects glutamate
receptors remains unclear. Conceivably, the three key compo-
nents of the glutamatergic system—the agonist glutamate and its
two binding partners (receptors and transporters)—may be
functionally coordinated. AMPARs are highly dynamic, traffick-
ing constantly between the plasma membrane and intracellular
compartments in a glutamate-dependent manner. The levels of
cell-surface AMPARs are regulated by the rate of receptor inser-
tion and internalization, whereas the total amount of AMPARs is
determined by a balance between synthesis and degradation.
Given that EAAT function is closely coupled with synaptic activ-
ity, and AMPAR dynamics and turnover are sensitive to neural
activation, EAAT activity may play a role in the regulation of
AMPARs.

Here we report that the synaptic localization and protein sta-
bility of AMPARs are regulated by glutamate transporter activity.
Suppression of EAAT results in AMPAR endocytosis, leading to a
reduction in AMPAR synaptic and surface localization. After in-
ternalization that is likely initiated by AMPAR ubiquitination,
AMPARs are sorted to the proteasome for degradation. We find
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that the EAAT effect on AMPAR trafficking and degradation re-
quires activation of the parasynaptically distributed NR2B-
containing NMDARs, indicating a role of glutamate spillover
during transporter inhibition. Furthermore, inhibition of glial
EAAT shows no effect on AMPAR levels, whereas selective
knockdown of neuronal glutamate transporter EAAT3, specifi-
cally those localized at the postsynaptic domain, induces a reduc-
tion in AMPAR expression. These results indicate the existence of
functional crosstalk between glutamate transporters and recep-
tors at synaptic sites.

Materials and Methods
Antibodies and reagents. Antibodies and reagents were obtained from the
following commercial sources: anti-GluA1nt (N-terminal), anti-GluA1ct
(C-terminal), anti-GluA2nt (N-terminal), and anti-GluN1 were from
Millipore; anti-tubulin, anti-pan-p38 MAPK, ifenprodil, �-methyl-4-
carboxyphenylglycine (MCPG), z-leu-leu-leu-al (MG132), 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX), dihydrokainic acid (DHK),
ammonium chloride, chloroquine, lactacystin, dimethylsulfoxide (DMSO),
and 5-fluoro-2�-deoxyuridine (FDU) were from Sigma-Aldrich; DL-threo-
�-benzyloxyaspartic acid (TBOA), (�)-threo-3-methylglutamic acid
(T3MG), APV, and MK801 were from Tocris Bioscience; and anti-phospho-
p38 and 4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)
imidazole (SB203580, SB) were from Cell Signaling Technology. Anti-
ubiquitin (P4D1) was obtained from Santa Cruz Biotechnology, anti-
PSD-95 from Abcam, anti-EAAT3 from Alpha Diagnostics, and ubiquitin
aldehyde PR-11 (PR11) from Biomol.

Neuron cultures. Primary cortical and hippocampal cultures were pre-
pared from E18 rat embryos of either sex. Embryonic brain tissues were
digested with papain (1.0 mg/ml and 5 mM EDTA in HBSS, 37°C for 20
min), washed in trituration buffer (0.1% DNase, 1% ovomucoid/1%
bovine serum albumin in HBSS), and transferred to dishes in plating
medium [MEM containing 10% fetal calf serum, 5% horse serum (HS),
31 mg of cystine, and 1% penicillin/streptomycin and L-glutamine mix-
ture (1% P/S/G); Invitrogen)]. Cortical cells (3 � 10 6) were plated on
poly-L-lysine (0.1 mg/ml; Sigma) coated 60 mm dishes (Cellstar), and
hippocampal cells were plated on five individual nitric-acid-stripped and
poly-L-lysine-coated coverslips (0.5– 0.7 � 10 6 cells/coverslip). The cul-
tures were maintained in feeding medium (Neurobasal medium supple-
mented with 1% HS, 2% B-27, and 1% P/S/G; Invitrogen). FDU at 10 �M

was added on DIV 7 to the medium to curtail glia growth in the culture.
Neuronal cultures were fed twice per week by adding 2 ml of feeding
medium until use at �2 weeks old.

Immunostaining. Coverslips of hippocampal neurons were transferred
to 12-well dishes (Cellstar) containing culture medium. During treat-
ment, the cells were supplemented with 100 �M TBOA at 37°C for 60 min
or as indicated, washed in cold artificial cerebral spinal fluid (ACSF) and
fixed in 4% paraformaldehyde/4% sucrose solution for 10 min at room
temperature. The coverslips were washed in ACSF and permeabilized in
a PBS buffer containing 0.3% Triton X-100. After permeabilization, the
cells were washed with ACSF, blocked in 10% goat serum for 60 min, and
incubated with antibodies including the following: GluA1nt (rabbit,
1:500), GluR2nt (mouse, 1:500), NR1Ct (mouse, 1:300), and EAAC1
(rabbit, 1:500) for 2 h each at room temperature in a 5% goat serum
solution. For GluA1 surface staining, live cells were washed two times
with cold ACSF and transferred to cultured medium containing
GluA1Nt (rabbit, 1:200) for 7 min at 37°C, washed thoroughly with cold
ACSF and fixed. Cells were washed and incubated in secondary antibody
(Alexa Fluor 555 red anti-rabbit, 1:700 and/or Alexa Fluor 488 green
anti-mouse, 1:700, Hoechst, 1:1000) for 1 h at room temperature,
washed, and mounted using Prolong Gold Antifade medium (Invitro-
gen) for visualization.

Internalization assay. Cells were preincubated with GluA1nt antibody
for 7 min at 37°C, washed thoroughly with ACSF, and treated with TBOA
for 30 min. The remaining antibody on the cell surface was stripped using
(0.5 M NaCl, 0.2 M acetic acid) on ice for 10 min and washed thoroughly
with ACSF. Cells were then fixed and permeabilized, followed by incu-
bation with fluorescent secondary antibodies.

Image collection on immunolabeled neurons. Using a Carl Zeiss inverted
fluorescent microscope, images were collected with a 63� oil-immersion
objective (numerical aperture 1.4). The exposure time was adjusted man-
ually to ensure the signal intensity within the full dynamic range by using
the glow lookup table provided by the Carl Zeiss imaging software. Once
an exposure time was established, it was used throughout image collec-
tion of all samples.

NIH Image-J software was used for image quantification and analysis.
Briefly, GluA1 puncta were selected by applying an intensity threshold to
include puncta of 3–30 pixels in size. Both the average intensity and the
area of each selected puncta were measured, from which the total puncta
intensity (puncta average intensity � puncta area) was derived. For
puncta density, the number of puncta and the corresponding dendrite
length were measured respectively to obtain the value of puncta number
per unit length.

Transfection of neuronal cultures. Using Lipofectamine 2000 (Invitro-
gen), DIV 11 hippocampal neurons were transfected with 10 nM siG-
ENOME rat SLC1A1 siRNA duplex (D-089289-07; Thermo Fisher
Scientific) to knockdown EAAT3 or 10 nM siGENOME nontargeting
siRNA #1 (D-001210-01; Thermo Fisher Scientific) as a control. Cells
were cotransfected with GFP or synapsin–YFP to identify transfected
neurons and axon terminals. In another set of experiments, hippocampal
neurons were transfected with either GFP-tagged wild-type GluA1 or
GFP-tagged 4KRGluA1 (GluA1 mutant with all C-terminal lysines
changed to arginines).

Western blot analysis of protein abundance. Two-week-old cultured
cortical neurons were used for biochemical analysis. Each 60 mm culture
dish was incubated with 100 �M TBOA in culture medium for 1 h,
washed in cold ACSF, and scraped into modified RIPA buffer (50 mM

Tris-HCl, 1% NP-40, 1% deoxycholate, 0.1% SDS, and 1:500 protease
inhibitor cocktail containing: 4-(2-aminoethyl) benzenesulfonyl fluo-
ride (AEBSF), aprotinin, bedysyin, E-64, leupeptin, and pepstatin A;
Sigma). Lysates were pulse sonicated 10 times each and centrifuged at
13,000 rpm for 10 min at 4°C, and the supernatants were collected and
boiled with 6� SDS-PAGE loading buffer. Samples were submitted to
SDS-PAGE separation and immunoprobed with the following antibod-
ies: GluA1ct (rabbit, 1:1000), GluA1nt (rabbit, 1:1000), GluA2nt (mouse,
1:1000), pan-p38 (rabbit, 1:500), phospho-p38 (rabbit, 1:1000), PSD-95
(mouse, 1:500), EAAC1 (rabbit, 1:500), and tubulin (mouse, 1:1000).
Films were exposed using a chemiluminescent detection system (GE
Healthcare), scanned, and quantified using NIH Image-J.

Isolation of cell-surface AMPARs. Cortical culture neurons were first
treated with TBOA, washed in cold ACSF, and incubated in ACSF con-
taining sulfo-NHS biotin conjugate (1 mg/ml; Pierce) for 10 min rocking
at room temperature, as described previously (Man et al., 2007). Cells
were scraped into ice-cold modified RIPA buffer and sonicated. After
centrifugation, a small amount of supernatant cell lysates was boiled in
6� SDS-PAGE sample buffer. To isolate biotinylated surface proteins, 25
�g (50 �l) streptavidin beads (Pierce) were added to the remaining su-
pernatant, incubated for 1 h rotating at 4°C. The beads were washed
several times and boiled in 2� SDS-PAGE sample buffer before Western
blot analysis.

Surface AMPAR degradation assays. Cultured hippocampal neurons
were washed two times in cold ACSF and incubated in GluA1nt antibody
for 5 min at 37°C. The coverslips were then washed six times in cold ACSF
and returned to 37°C for a time course of incubation with 100 �M TBOA.
Cells were fixed, permeabilized, and incubated with secondary antibody
(Alexa Fluor, 1:700) for 1 h at room temperature to assess the turnover
rate of surface receptors.

Ubiquitination assay. Cultured cortical neurons were preincubated
with the NR2B-specific inhibitor ifenprodil (5 �M) and the proteasome
inhibitor PR11 (0.5 �M) for 15 min at 37°C, followed by addition of
TBOA for 20 min at 37°C. Cells were lysed in cold high-stringency RIPA
buffer (50 mM Tris-HCl, 1% NP-40, 1% deoxycholate, 1% SDS, and
1:500 protease inhibitor cocktail containing: AEBSF, aprotinin,
bedysyin, E-64, leupeptin, and pepstatin A; Sigma) containing ubiquitin
aldehyde (1:1000), pulse sonicated 10 times, and centrifuged at 13,000
rpm for 10 min at 4°C. Approximately 10% of the supernatant was col-
lected and boiled with 6� SDS-PAGE loading buffer to determine total
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protein amount. To isolate AMPARs, GluA1Ct antibody (1 �g) and 20
�g of protein-A agarose beads (40 �l) were incubated with the superna-
tant and rotated for 1 h at 4 °C. The beads were washed several times and
boiled in 2� SDS-PAGE sample buffer before Western blot analysis.

Statistical analysis. All values were expressed as mean � SEM and
analyzed using a Student’s t test for comparison between two groups or
ANOVA with Tukey’s post hoc test analysis for multiple groups. Statisti-
cal significance is defined as p � 0.05.

Results
Suppression of glutamate transporter function reduces GluA1
synaptic expression
During excitatory neurotransmission, glutamate is released from
the presynaptic terminal, diffuses across the synaptic cleft, and
binds to postsynaptic receptors and transporters. Glial and neu-
ronal glutamate transporters perform the critical task of neu-
rotransmitter reuptake after transmission, thereby preserving the
efficacy of the signal, preventing overexcitation of the cells, and
providing a means for transmitter recycling. Glutamate receptors
and transporters are normally distributed in close proximity to
the synapse, and both are able to sense and are activated by glu-
tamate simultaneously. Therefore, crosstalk may exist between
these two functional targets of glutamate. To examine the role of
glutamate transporter activity on AMPAR synaptic localiza-
tion, we examined the synaptic localization and expression of
AMPARs after application of the nontransportable glutamate trans-
porter inhibitor TBOA in cultured hippocampal and cortical neu-
rons to suppress the activity of all the glutamate transporters
(Shimamoto et al., 1998; Jabaudon et al., 1999). Because excess
glutamate may lead to excitotoxicity in neurons, we first exam-
ined whether TBOA treatment induced cell death under our con-
ditions. Hippocampal cultures were treated with either glutamate
(100 �M) or TBOA (100 �M) for 60 min and then shifted to
normal medium for 5 h to allow for the potential development of
cell death. Propidium iodide labeling showed that, although
treatment with glutamate itself induced significant amount of cell
death over the course of our assay (cell death, 3% � 0.12% in
control, n � 850 cells; 24 � 1% in glutamate treated, n � 675
cells), no enhanced cell death was observed after TBOA treatment
in our cells (4 � 0.6% cell death, n � 671 cells). Using immuno-
cytochemical analysis, we found that, in as early as 10 min TBOA
treatment (100 �M), there was a decrease in both intensity (55 �
3% of control) and number (82 � 4% of control) of GluA1
puncta along the dendritic shaft, which leveled off at 60 min for
puncta intensity (50 � 6% of control), as well as puncta density
(32 � 3% of control) (Fig. 1A,B), whereas no changes were ob-
served in a control using the vehicle for TBOA (DMSO, 1:1000).
To determine whether the decrease in GluA1 synaptic accumula-
tion was through activation of glutamate receptors (Mennerick
and Zorumski, 1994; Tong and Jahr, 1994; Diamond and Jahr,
1995), we applied a receptor antagonist cocktail (AC) to block the
three major glutamate receptors, including AMPA/kainate recep-
tors (50 �M CNQX), NMDARs (100 �M APV), and metabotropic
glutamate receptors (mGluRs) (500 �M MCPG), given 15 min
before and during the 60 min TBOA treatment (Fig. 1C,D). In-
deed, by blocking the glutamate receptors with AC, we observed a
blockade of the TBOA-induced reduction in GluA1 levels, dem-
onstrating that the TBOA effect was mediated by glutamate re-
ceptor activation. To further distinguish the contribution of a
specific glutamate receptor, we applied TBOA treatment in the pres-
ence of each individual antagonist. Inhibition of either AMPARs or
NMDARs was sufficient to block the TBOA effect, whereas block-
ade of mGluRs had no effect (puncta intensity, 66 � 4% of con-
trol; puncta number, 82 � 6% of control) (Fig. 1E,F). In

addition to GluA1, similar effects of TBOA were observed on
AMPAR GluA2 subunits (Fig. 1G,H), as well as NR1 subunits of
NMDARs (data not shown). Decreases in GluA2 and NR1 levels
by TBOA were blocked by preincubation with AC.

Glutamate transporter inactivity leads to AMPAR
internalization and degradation
We observed that glutamate reuptake inhibition caused reduc-
tion in synaptic AMPAR accumulation. Because the change could
have occurred either in the intraspinal domain or at the cell sur-
face, or both, we wanted to know whether TBOA treatment al-
tered the amount of AMPARs localized at the plasma membrane.
Hippocampal neurons were incubated with TBOA over a time
course, and the remaining surface AMPARs were labeled with a
GluA1 N-terminal antibody (GluA1nt). Indeed, both the inten-
sity (50 � 4% of control) and number of puncta (47 � 6% of
control) vastly decreased, with a plateau reached at �30 min of
treatment (Fig. 2A,B). AMPARs are known to be dynamic that
undergo constant trafficking vertically between cell surface and
intracellular compartments (Malinow and Malenka, 2002; Bredt
and Nicoll, 2003; Malenka, 2003; Sheng and Hyoung Lee, 2003;
Collingridge et al., 2004; McCormack et al., 2006; Beattie et al.,
2010), as well as laterally along the plasma membrane (Borgdorff
and Choquet, 2002; Tardin et al., 2003; Ashby et al., 2004; Groc et
al., 2004; Adesnik et al., 2005; Ehlers et al., 2007; Heine et al.,
2008). In our immunostainings, only the synaptic puncta were
selectively analyzed; thus, the decrease in surface puncta intensity
might result from lateral diffusion of AMPARs away from the
synaptic sites. If that were the case, the total amount of surface
receptors should not change. To examine that notion, we per-
formed surface biotinylation assays in cultured cortical neurons
to isolate the overall surface AMPARs. We found that both sur-
face and total GluA1 gradually decreased over the time course of
TBOA treatment, and, by 2 h of treatment, both the surface (15 �
8% of control) and the total (49 � 17% of control) had decreased
significantly (Fig. 2C,D), indicating a net loss of GluA1 from the
cell surface. The decrease in surface GluA1 after glutamate trans-
porter inhibition could be explained by enhanced internalization
of surface receptors or decreased insertion of internal receptors.
We thus performed a surface internalization assay to determine
the contribution of internalization. First, live hippocampal neu-
rons were incubated with a GluA1nt antibody to label surface
GluA1, followed by TBOA treatment for 30 min. The internalized
receptors were labeled with fluorescent secondary antibody. After
TBOA treatment, we observed a marked increase in endocytosed
GluA1 immunosignals in the soma (133 � 5% of control) and
dendrites (puncta intensity, 115 � 2% of control; puncta num-
ber, 144 � 6% of control) (Fig. 2E,F). However, when cells were
pretreated with APV (100 �M), the TBOA-induced increase in
AMPAR internalization was blocked (Fig. 2E,F). These results
suggest that glutamate transport inhibition results in an en-
hanced AMPAR internalization in an NMDAR-dependent
manner.

EAAT activity regulates AMPAR ubiquitination and
proteasome-mediated degradation
Interestingly, we found that glutamate transport inhibition re-
sulted in not only a change in AMPAR distribution but also a
reduction in total receptor amount (Fig. 2C,D), indicating the
possibility of protein degradation. Previous studies have demon-
strated that a proportion of internalized AMPARs are sorted for
degradation by different molecular machinery, including the en-
dosomal/lysosomal degradation pathway and the proteasomal
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pathway (Bingol and Schuman, 2005; Yi and Ehlers, 2007;
Schwarz et al., 2010; Lin et al., 2011). To determine whether or
not the changes in AMPAR levels were attributable to the lyso-
somal degradation pathway, we pretreated cells with NH4Cl (50
�M) and chloroquine (200 �M) for 15 min, followed by TBOA
treatment for 60 min. In the presence of these lysosomal inhibi-
tors, TBOA-induced reduction in GluA1 levels remained (Fig.
3A, B), indicating a negligible role of lysosomes in AMPAR
removal. Next, to examine the involvement of proteasome-
dependent pathway, we pretreated cells for 15 min with the
proteasome-specific inhibitor lactacystin (10 �M) or MG132 (10
�M). We observed that application of either lactacystin (92 � 5%
of control) or MG132 (103 � 7% of control) completely blocked
the TBOA-induced GluA1 reduction (Fig. 3A,B). Given that
both AMPAR internalization and degradation were observed
during EAAT inhibition, we wondered whether the surface re-
ceptors were targeted for degradation after internalization. To
test this idea, we examined AMPAR turnover though time-
chasing assays. Surface receptors in hippocampal neurons were
first live-labeled with a GluA1 N-terminal antibody and then
treated with TBOA over a time course, and all of the prelabeled
remaining receptors were visualized by fluorescent secondary an-

tibodies under permeant conditions. Under basal conditions
without TBOA, a gradual reduction in prelabeled surface GluA1
was observed, indicating the rate of basal turnover. In contrast, in
the presence of glutamate transport inhibition, the GluA1 immu-
nosignals showed more dramatic reduction in both receptor
puncta intensity (180 min, 50 � 2% of control) and puncta num-
ber (180 min, 40 � 7% of control) (Fig. 3C,D), indicating that
glutamate transport inhibition resulted in enhanced AMPAR
turnover.

To be sorted to the proteasome for digestion, the target pro-
teins are often labeled by ubiquitin, which is enzymatically con-
jugated to the lysine residue of the substrate molecule. Recent
studies including work from our laboratory indicate that AM-
PARs subject to ubiquitination at the intracellular C-terminal of
GluA1 subunits (Burbea et al., 2002; Zhang et al., 2009; Schwarz
et al., 2010; Lin et al., 2011; Lussier et al., 2011). This process is
mediated by the E3 ligase Nedd4 and leads to a reduction in
AMPAR surface expression attributable to facilitated receptor
internalization, as well as protein degradation (Schwarz et al.,
2010; Lin et al., 2011). Thus, it was possible that the observed
changes in AMPAR distribution and degradation during EAAT
suppression resulted from receptor ubiquitination. To this end,

Figure 1. Suppression of EAAT activity leads to a reduction in GluA1 synaptic expression. A, Hippocampal neurons were incubated with TBOA (100 �M; TB) or DMSO vehicle control (Con) as control
for varied periods of time and immunostained with antibodies against the GluA1 subunit under permeant conditions. Representative sections of dendrites show distribution and intensity of GluA1
puncta. B, Quantification of both intensity and density of GluA1 puncta along the dendritic shaft for both control and TBOA-treated samples (n � 11 cells). C, D, G, H, Cells were treated with an AC
to block AMPARs (CNQX, 50 �M), NMDARs (APV, 100 �M), and mGluRs (MCPG, 500 �M) 15 min before and during TBOA treatment (60 min) (n � 12 cells). Typical dendrites were selected from
neurons immunostained with GluA1 (C) or GluA2 (G). The relative intensity is indicated by color coding. E, F, Cells were treated with TBOA in the presence of individual glutamate receptor antagonists
(n � 13 cells). *p � 0.05, two-population, Student’s t test. Error bars represent SEM. Scale bars: A, C, G, 5 �m.
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Figure 2. Suppression of EAAT activity causes AMPAR internalization and degradation. A, B, Hippocampal neurons were treated over a time course with TBOA or vehicle control (DMSO; Con) and
then incubated with antibodies against the GluA1Nt to label surface AMPARs (n � 12 cells). C, D, In cultured cortical neurons, AMPARs of plasma membrane were isolated by surface biotinylation
after TBOA treatment. The protein level of tubulin was probed as an additional control (n � 3). IB, Immunoblotting. E, AMPAR internalization assay. Surface AMPARs were live labeled and then
treated with TBOA, alone or together with the NMDAR antagonist APV, for 30 min. Control cells were kept in medium for the same time period. Internalized receptors were selectively labeled by a
fluorescence secondary antibody (red). A section of dendrite is enlarged for clarity. F, Measurement of internalized GluA1 (n � 14 cells). *p � 0.05, two-population, Student’s t test. Error bars
represent SEM. Scale bars: A, 5 �m; E, 30 �m.

Figure 3. EAAT inhibition leads to proteasome-dependent AMPAR degradation. A, B, Cortical neurons were treated with TBOA for 60 min in the presence of NH4Cl (50 �M) or chloroquine (Chloro,
200 �M) to block the activity of the lysosome or lactacystin (Lacta, 10 �M) or MG132 (10 �M) to inhibit proteasomal activity (n � 3– 4 experiments). C, D, Time-chasing assay of surface AMPARs.
After incubation with anti-GluA1Nt antibodies to label the surface AMPARs, cultured neurons were treated with TBOA or DMSO as a control for varied periods of time (n � 14). E, AMPAR
ubiquitination assay. Cortical neurons were pretreated with the proteasome inhibitor PR11 (0.5 �M) and the NR2B inhibitor ifenprodil (Ifen; 5 �M) for 15 min, followed by TBOA treatment for 30 min.
GluA1 was isolated, followed by immunoblotting (IB) for ubiquitin signals. Immunoblot was reprobed to show the efficiency of immunoprecipitation (IP), and tubulin was probed to show equal
loading (n � 4 experiments). F, TBOA effect on lysine mutant GluA1. Hippocampal neurons were transfected with either a GFP-tagged wild-type GluA1 construct (GFP–wtGluA1) or a GFP-tagged
lysine mutant GluA1 construct (GFP– 4KRGluA1) in which all four C-terminal lysine residues were mutated to arginines. G, GluA1 puncta intensity and density were quantified for control (untreated)
and TBOA-treated samples for both wtGluA1 and 4KRGluA1 transfected neurons, and values were normalized to the respective control conditions (untreated). *p � 0.05, two-population, Student’s
t test. Error bars represent SEM. Scale bars: C, 5 �m; F, 30 �m.
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we pretreated cells with the proteasome inhibitor PR11 for 30
min to block the degradation of ubiquitinated target proteins,
followed by treatment with TBOA for 30 min. GluA1 was then
immunoprecipitated and probed for ubiquitination. We found
that, under basal conditions, the AMPAR ubiquitination signals
were minimal, which was not changed by TBOA treatment, indi-
cating low ubiquitination activity or efficient removal of ubi-
quitinated receptors (Lin et al., 2011). In contrast, during
proteasomal activity suppression, TBOA induced a marked in-
crease in the extent of receptor ubiquitination (Fig. 3E), indicat-
ing that, after transport inhibition, GluA1 subunits were targeted
by the ubiquitin proteasome system (UPS). To further confirm
the involvement of receptor ubiquitination in TBOA effect, we
analyzed the TBOA effect on GluA1 mutant that contains no
intracellular lysine residues (GFP– 4KRGluA1). Neurons ex-
pressing GFP-tagged wild-type GluA1 (GFP–wtGluA1) or lysine
mutant GFP– 4KRGluA1 were treated with TBOA for 60 min.
Although TBOA induced a marked decrease in GluA1 levels, no
changes were observed at GFP– 4KRGluA1 (Fig. 3F,G). These
data suggest that, after glutamate transport inhibition, AMPARs
are subjected to ubiquitination before their internalization and
degradation.

EAAT suppression leads to activation of NR2B-containing
NMDARs
NMDAR activity plays a major role in the regulation of AMPAR
trafficking and subcellular distribution (Malinow and Malenka,
2002; Song and Huganir, 2002; Malenka, 2003; Derkach et al.,
2007). Consistently, the EAAT inhibition-induced changes in
AMPAR dynamics and stability were found to be NMDAR de-
pendent (Figs. 1C–H, 2E,F). There are two major subtypes of
NMDARs, namely, NR2A-containing and NR2B-containing
NMDARs that differ in channel properties, developmental ex-
pression patterns, and synaptic localization (Liu et al., 2004; Groc

et al., 2007; Lau and Zukin, 2007; Yashiro and Philpot, 2008;
Sanz-Clemente et al., 2010). The NR2A subtype is expressed pri-
marily at the central region of a synapse, whereas the NR2B sub-
type is localized mainly to the edges of synaptic clefts or
parasynaptic areas (Lozovaya et al., 2004; Prybylowski et al.,
2005). Under conditions of vast amounts of transmitter release
and/or reduced transmitter removal, glutamate may leak out of
the synaptic cleft and reach the NR2B–NMDARs. We reasoned
that, during glutamate transport inhibition, accumulation of glu-
tamate in the synaptic cleft leads to glutamate spillover to the
parasynaptic membrane and consequent interaction with NR2B–
NMDARs. We therefore examined the phosphorylation of p38
MAPK, a known downstream effector of NR2B–NMDARs (Zhu
et al., 2002; Izumi et al., 2008). We found that 60 min incubation
of cortical neurons with TBOA markedly increased the level of
p38 phosphorylation (Fig. 4A), which was completely blocked by
ifenprodil, a specific inhibitor agonist NR2B–NMDARs. To con-
firm that EAAT inhibition indeed resulted in the activation of
parasynaptically localized NR2B–NMDARs, we incubated neu-
rons with MK801 (20 �M) before TBOA treatment. MK801 is an
NMDAR open channel blocker that, when applied under basal
conditions, will irreversibly block active NR2A–NMDARs at the
inner domain of a synapse. After MK801 incubation and re-
moval, application of TBOA still induced p38 phosphoryla-
tion (Fig. 4 A), suggesting that, after glutamate transport
inhibition, glutamate accumulation resulted in parasynaptic
NR2B–NMDAR activation.

Next, we investigated the involvement of parasynaptic
NMDARs and p38 signaling in AMPAR surface expression and
stability. Neurons were preincubated with ifenprodil to block
NR2B or SB (10 �M) to block p38 activation (Rouse et al., 1994;
Harada and Sugimoto, 1999) and then treated with TBOA (Fig.
4B,C). Surface biotinylation showed that NR2B inhibition
blocked both the TBOA-induced surface reduction and degrada-

Figure 4. EAAT suppression leads to activation of NR2B-containing NMDARs. A, Cortical neurons were supplemented with NMDAR antagonist MK801 (20 �M) for 15 min, followed by 60 min TBOA
(TB) treatment. NR2B-specific inhibitor ifenprodil (Ifen, 5 �M) was applied 15 min before and during TBOA treatment. Western blots were probed with antibodies against phosphorylated p38
(P-p38) or general p38 (Pan-p38) (n �3– 4 experiments). B, C, Cortical neurons were pretreated for 15 min with ifenprodil (B) or the p38-selective inhibitor SB (10 �M) (C), followed by 60 min TBOA
treatment. Remaining surface proteins (Surf) were labeled by biotinylation, and both surface and total protein levels were examined (n � 3– 4 experiments). D, E, Internalization assay in cortical
neurons treated with TBOA alone or together with ifenprodil (n � 12 cells). *p � 0.05, two-population, Student’s t test. Error bars represent SEM. Scale bar, 30 �m. Con, Control; IB,
immunoblotting.
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tion of GluA1. However, p38 inhibition
failed to block the TBOA effect, indicating
that the involvement of NR2B–NMDARs
was independent of p38 signaling. Next,
we investigated whether the activation of
NR2B–NMDARs was responsible for the
enhanced AMPAR internalization as ob-
served in our previous data (Fig. 2E,F).
As shown in our previous data, TBOA
treatment alone induced a vast increase in
receptor internalization (soma and
puncta intensity, 140 � 7 and 115 � 2% of
control, respectively) (Fig. 4D,E). In con-
trast, in the presence of ifenprodil, TBOA
treatment no longer induced enhanced
AMPAR internalization (soma and puncta
intensity, 110 � 9 and 97 � 2% of control,
respectively). This indicates that NR2B–
NMDARs may be involved in triggering
GluA1 internalization after glutamate accu-
mulation. In addition, consistent with its
role in EAAT-dependent AMPAR internal-
ization, NR2B signaling was also required
for AMPAR ubiquitination. We pretreated
cells with ifenprodil for 15 min and then
treated with both ifenprodil and TBOA for
30 min. Inhibition of NR2B completely
blocked the enhanced GluA1 ubiquitina-
tion after incubation with TBOA plus the
proteasome inhibitor PR11 (Fig. 3E).

Effects of EAAT suppression are
mediated mainly by neuronal glutamate
transporter EAAT3
The bulk of glutamate reuptake is believed
to be conducted by glial transporters. Be-
cause TBOA is a nonselective inhibitor,
we then used glial-specific inhibitors to
determine the role of glial transport in
AMPAR stability. Surprisingly, we found
that incubation of cortical neurons with
DHK and T3MG, EAAT1 and EAAT2 in-
hibitors, respectively, failed to induce any changes in AMPAR
amount compared with the significant receptor reduction in
TBOA-treated cells (Fig. 5A), suggesting that neuronal transport-
ers play a role in AMPAR stability. In hippocampal and cortical
neurons, the only neuronal glutamate transporter is EAAT3,
which has been shown to be synaptically distributed (Rothstein et
al., 1994; He et al., 2000, 2001). Indeed, we found by immuno-
staining that EAAT3 puncta colocalized with the synaptic marker
PSD-95 (data not shown). In our culture preparation, neurons
and glia grow in the dish with only “patches” of overlap between
the two cell types. In addition, because glia growth has been rou-
tinely suppressed by inhibitors in the medium, a large proportion
of neurons do not grow in close proximity to glia at all. We thus
reasoned that the effects of EAAT inhibition on AMPAR distri-
bution and turnover may be primarily attributable to blockade
of neuronal transporters. To examine this notion, we immuno-
stained our cultured hippocampal neurons for both glial fibril-
lary acidic protein, a glia-specific protein, and PSD-95, a known
postsynaptic marker, and found that a large numbers of PSD-95
puncta did not colocalize with astrocytic processes (data not
shown). Given that we observe a nearly uniform decrease in

GluA1 levels along the dendritic shaft after glutamate transport
inhibition, this suggests that TBOA-induced changes in GluA1
abundance are independent of the close proximity of glial trans-
porters to the synapse. To further evaluate the role of glial trans-
porters, we eliminated 80% of the glia compared with control by
supplement the cells with FDU (10 �M) to inhibit glial cell pro-
liferation (data not shown). The reduction in glia cell number
resulted in a low level of basal AMPAR expression, probably at-
tributable to a lack of glial-released factors that are known to
promote AMPAR expression (Ullian et al., 2004; Pfrieger, 2009;
Eroglu and Barres, 2010). When we treated low-glia cultures with
TBOA, we observed a decrease in both GluA1 puncta intensity
(64 � 2% of control) and puncta number (87 � 3% of control)
comparable with the TBOA effects in regular neuronal culture
(puncta intensity, 65 � 1% of control; puncta number, 85 � 5%
of control) (Fig. 5B,C). Thus, despite the removal of the majority
of the astrocytes in the culture, EAAT inhibition-dependent
GluA1 reduction remains the same, suggesting that the TBOA
effect is primarily mediated by neuronal transporters.

Because of their synaptic localization, neuronal transport-
ers may regulate synaptic glutamate but have no significant

Figure 5. The TBOA effects are mediated mainly by the neuronal glutamate transporter EAAT3. A, Suppression of glial gluta-
mate transporters has no effect on AMPAR stability. Cultured cortical neurons were treated over a time course with TBOA (nonse-
lective transporter inhibitor, 100 �M), DHK (EAAT1-specific, 100 �M), and T3MG (EAAT2-specific, 100 �M), respectively. Western
blots were probed for GluA1nt, GluA2nt, and tubulin antibodies to assess changes in total protein levels (n � 3– 4 experiments).
B, C, Regular and minimal-glia cultures were treated with TBOA and immunostained for GluA1. Similar reduction in the amount of
GluA1 was induced in both cultures (n � 17 cells). Puncta intensity and density values were normalized to the respective control
conditions (untreated). D, E, Neurons were placed in different medium volumes and incubated with TBOA of the same concentra-
tion (100 �M) (n � 20 cells). *p � 0.05, two-population, Student’s t test (C) or ANOVA with Tukey’s post hoc test (E). Error bars
represent SEM. Scale bars: B, D, 5 �m. Con, Control; IB, immunoblotting.
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role in ambient extracellular glutamate concentration. In con-
trast, the wide spread and more dominant glial transporters
can regulate both synaptic and ambient extracellular gluta-
mate in the medium. If the TBOA effect is mediated by glial
EAATs, glutamate accumulation in the medium should be
sufficient to induce these changes. To distinguish these possibil-
ities, cultures were incubated in various amounts of medium and
treated with the same concentration of TBOA. If the TBOA effect
was caused by an increase in ambient glutamate in the culture
medium, we expected that the TBOA effect would be diluted by
high volume of medium. In contrast, if glutamate transport inhi-
bition resulted only in the local accumulation of glutamate in the
synaptic cleft, changing the amount of medium should have no
effect on TBOA-induced AMPAR reduction. When cells were
treated with 100 �M TBOA in 0.5, 1, and 2 ml of medium, respec-
tively, we found that the amount of GluA1 reduction remained
essentially the same (Fig. 5D,E), suggesting that glutamate trans-
port inhibition results in a local accumulation of glutamate at the
synaptic sites, consistent with a role of neuronal glutamate
transporters.

To further assess the contribution of neuronal glutamate
transport in our culture system, we examined the effects of

EAAT3 knockdown through overexpression of an EAAT3-
specific siRNA. In cultured cortical neurons, transfection of
siRNA lead to a significant reduction in EAAT3 abundance, ac-
companied by a reduction in GluA1 levels but not PSD-95 or
tubulin protein amount, indicating the specific removal of
AMPARs (Fig. 6A). To examine the effect of EAAT3 knockdown
on synaptic AMPARs, we performed immunostaining in neurons
transfected with siRNA together with GFP. Compared with the
scrambled control siRNA, EAAT3 siRNA indeed suppressed the
expression of the neuronal transporter (21 � 3% of control).
Importantly, in neurons expressing the EAAT3 siRNA, synaptic
accumulation of the GluA1 subunit was significantly reduced
(84 � 4% of control) (Fig. 6B). This result indicates that neuro-
nal transporter activity plays an important role in the distribution
and stability of synaptic AMPARs.

Differential effects of presynaptically and postsynaptically
localized EAAT3
Neuronal glutamate transporters are localized at both presynap-
tic and postsynaptic membrane, but the relative contribution and
abundance of either population of transporters remains unclear
(Rothstein et al., 1994; He et al., 2000, 2001). To distinguish the

Figure 6. Differential roles of presynaptic and postsynaptic EAAT3. A, Western blot showing effect of siRNA-mediated EAATs knockdown on AMPARs abundance (n � 3– 4 experiments). B,
Neurons were transfected with EAAT3 siRNA (siT3) or scrambled control siRNA (siScr), together with GFP. Expression of EAAT3 and GluA1 was examined after immunostaining (n � 20 cells). C,
Diagram showing experimental paradigm for selective knockdown of presynaptic or postsynaptic EAATs. A neuron was transfected by EAAT3 siRNA and synapsin–YFP (green), whose axon terminals
formed synapses with a nontransfected neuron. In boxed region a, only postsynaptic EAAT3 (at the spines of the transfected neuron) was knocked down, whereas in boxed region b, only the
presynaptic EAAT3 was suppressed by siRNA. D, E, Coverslips were transfected with synapsin–YFP (Syn-YFP) and EAAT3 siRNA or scrambled control siRNA. GluA1 abundance at the synapses that
lacked presynaptic EAAT3 (indicated by green terminals) was compared with surrounding synapses (n � 12 cells). Arrows indicate synapsin–YFP synapses. *p � 0.05, two-population, Student’s
t test. Error bars represent SEM. Scale bars: B, 30 �m; D, 2 �m.
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relative contribution of the differentially distributed EAAT3,
EAAT3 siRNA was transfected with presynaptic marker protein
synapsin–YFP. Because of a low transfection rate and the large
number of inputs an individual neuron receives, at synapses on
the transfected neuron, usually only postsynaptic EAAT3 is re-
moved by siRNA. In contrast, at a synapse formed between an
axon terminal from a transfected neuron (identified by synapsin–
YFP puncta) and a nontransfected neuron, only the presynaptic
EAAT3 is knocked down (Fig. 6C) (Hou et al., 2008). Using 12-
d-old hippocampal neurons, we cotransfected the EAAT3-
specific siRNA along with synapsin–YFP and immunostained
GluA1 2 d after transfection. GluA1 puncta that colocalized with
synapsin–GFP were compared with that of the neighboring syn-
apses along the same dendritic shaft that received presynaptic
input from nontransfected neurons (Fig. 6D,E). Interestingly,
GluA1 intensity at the YFP synapses (103 � 4% of control)
showed no difference from the neighboring control sites (100 �
4% of control) (Fig. 6 D, E). As mentioned above (Fig. 6 B),
AMPARs were reduced at synapses on the transfected neuron
itself, in which only the postsynaptic EAAT3 was removed. To-
gether, these data indicate that EAAT3 at the postsynaptic, but
not the presynaptic, domain plays a key role in the control of
AMPAR accumulation.

Discussion
Our study indicates that glutamate transporter activity regulates
AMPAR synaptic accumulation and stability. After glutamate
transport inhibition, glutamate presumably diffuses to the edges
of synaptic cleft, in which it binds to parasynaptically localized
NMDARs. Stimulation of NR2B–NMDARs leads to AMPAR
ubiquitination, internalization, and proteasome-mediated deg-
radation. Furthermore, we show that the effect of EAAT suppres-
sion on AMPAR reduction is mediated mainly by the neuronal
transporter EAAT3. Inhibition of glial transporters has no effect
on AMPARs, and the reduction in AMPARs after EAAT inhibi-
tion remains in the absence of glia in the culture, suggesting a
minimal role of glial glutamate transporters. Moreover, the knock-
down of EAAT3 by siRNA caused similar effects on AMPAR expres-
sion to that of EAAT inhibition. In addition, we show that the
population of EAAT3 at the postsynaptic, rather than the presynap-
tic, site is responsible for AMPAR regulation. These findings indicate
that the neuronal glutamate transporters, which are traditionally
considered to be negligible in glutamate removal, may have an im-
portant role in synaptic regulation, via influencing AMPAR traffick-
ing and stability.

Regulation of AMPAR abundance and trafficking at the post-
synaptic membrane represents an important means in the regu-
lation of synaptic strength and experience-dependent plasticity
(Dingledine et al., 1999; Barry and Ziff, 2002; Malinow and
Malenka, 2002; Sheng and Kim, 2002; Song and Huganir, 2002;
Bredt and Nicoll, 2003; Collingridge et al., 2004; Mayer and Arm-
strong, 2004). Receptor trafficking is a complex process, often
involving the interplay of more than one biological mechanism to
achieve a net gain or loss of AMPARs at synaptic sites, including
receptor insertion, internalization, and lateral diffusion at plasma
membrane. In our study, we find that EAAT inhibition triggers a
rapid internalization of AMPARs through NR2B-dependent ac-
tivity. Thus, although alterations in other trafficking modalities
cannot be completely ruled out, receptor internalization seems to
be the major underlying mechanism for reduced receptor surface
expression.

The reduction in AMPAR abundance after glutamate trans-
port inhibition could result from reduced protein synthesis

and/or elevated protein degradation. Given that receptor reduc-
tion can be detected within 30 min of EAAT suppression, changes
in protein synthesis may not have a significant role. AMPARs
have been shown to be degraded through both lysosome- and
proteasome-dependent pathways (Ehlers, 2000; Patrick et al.,
2003; Bingol and Schuman, 2005; Zhang et al., 2009; Schwarz et
al., 2010; Lin et al., 2011). Our results indicate a requirement of
the UPS in AMPAR removal during glutamate transporter inhi-
bition. We find that proteasomal but not lysosomal inhibitors
block TBOA-induced GluA1 degradation. Furthermore, in
agreement with previous studies that demonstrated the con-
jugation of multiple ubiquitin moieties onto AMPAR subunits
(Rezvani et al., 2007; Schwarz et al., 2010; Lin et al., 2011; Lussier
et al., 2011), we find that the GluA1 shifts into a smear to as large
as 250 kDa, which is substantially enhanced by TBOA treatment,
consistent with polyubiquitination of the GluA1 receptors. Fur-
thermore, we observed a decrease in AMPAR levels in wild-type,
but not the lysine mutant, GluA1, suggesting that the TBOA ef-
fects are mediated through C-terminal ubiquitination of GluA1.
In the future, it will be of interest to understand the cascade that
links NR2B signaling to UPS function. In addition, we show that,
when surface GluA1-containing receptors are prelabeled with an
N-terminal antibody, transporter inhibition leads to reduction in
prelabeled receptor levels, suggesting that surface-localized re-
ceptors may be selectively targeted for degradation after their
internalization.

The observed mechanisms may be involved in the regulation
of synaptic function and plasticity. Reduction in synaptic
AMPAR accumulation is expected to weaken synaptic efficacy,
leading to synaptic depression. Indeed, AMPAR internalization
and its dependency on NR2B–NMDAR activity reflects certain
similarities to the induction of long-term depression (LTD).
Consistently, it has been shown that glutamate reuptake inhibi-
tion facilitates the expression of LTD when paired with low-
frequency stimulation (Massey et al., 2004). EAAT-dependent
downregulation on AMPAR expression may be implicated in
pathological conditions. For instance, the elevated calcium tran-
sients that contribute to excitotoxicity arise from NMDARs as
well as AMPARs (Cull-Candy et al., 2006; Beattie et al., 2010;
Vieira et al., 2010), most notably through GluA2-lacking
AMPARs (Man, 2011). It is possible that, during conditions when
EAAT dysfunction leads to glutamate accumulation, a reduction
in AMPAR and NMDAR abundance may serve as a protective
mechanism to avoid receptor overexcitation (Yuen et al., 2007).
Alternatively, neurons may sense glutamate synaptic spillover as a
signal of abnormal overexcitation, which may trigger a homeostatic
downregulation of AMPAR amount to reset the synaptic activity to
basal levels (O’Brien et al., 1998; Turrigiano et al., 1998; Shepherd
and Huganir, 2007).

We find that the neuronal transporter EAAT3 plays a key role
in AMPAR distribution and turnover. Although glial transport-
ers are believed to be responsible for most of glutamate removal,
the importance of neuronal transporters has only been recog-
nized recently (Scimemi et al., 2009; Li et al., 2010; Li and Zuo,
2011; Ross et al., 2011). In certain brain regions such as hip-
pocampus and cerebral cortex, a large number of synapses are not
surrounded by glial processes, suggesting a role of neuronal
transporters in glutamate uptake and synaptic function (Ventura
and Harris, 1999). In our preparation, in which neurons and
dendrites are often located in areas free from glia or when glia are
eliminated from the culture, EAAT inhibition still causes
AMPAR reduction at synaptic sites, an effect that is mimicked by
EAAT3 knockdown. This strongly indicates the requirement of
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neuronal glutamate transporter function for AMPAR synaptic
stability. Indeed, neuronal transporters are implicated in multi-
ple forms of neuropathological conditions and disorders. Knock-
down of EAAT3 expression in adult mice results in progressive
motor impairment in approximately half of the subject popula-
tion and epileptic seizures in nearly all EAAT3 knockdown mice
(Rothstein et al., 1996). These findings were supported by addi-
tional studies indicating that knockdown of EAAT3 resulted in
both epilepsy and limbic hyperexcitability (Sepkuty et al., 2002;
Mathews and Diamond, 2003). Furthermore, studies have dem-
onstrated the accumulation of detergent-insoluble EAAT3 in the
hippocampus of patients with Alzheimer’s disease (Duerson et
al., 2009), a neurodegenerative disorder that has a marked de-
crease in AMPAR levels during its early onset and progression
(Chang et al., 2006; Hsieh et al., 2006). In addition, altered ex-
pression levels of the EAAT3 mRNA transcript and protein levels
are observed in postmortem brain tissue from individuals with
schizophrenia (McCullumsmith and Meador-Woodruff, 2002;
Huerta et al., 2006; Lang et al., 2007), after seizure activity (Ross et
al., 2011) and epilepsy (Mathern et al., 1999; Simantov et al.,
1999; Crino et al., 2002; Proper et al., 2002; Rakhade and Loeb,
2008). Consistently, a net loss of synaptic AMPARs has been
observed to accompany both epilepsy (Menuz and Nicoll, 2008)
and schizophrenia (Meador-Woodruff and Healy, 2000; Ham-
mond et al., 2010; Corti et al., 2011). It will be interesting to
explore any relationship between changes in glutamate trans-
porters and the downregulation of AMPARs in the development
of these pathologies.
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