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Differential Regulation of Two Isoforms of the Glial
Glutamate Transporter EAAT2 by DLG1 and CaMKII
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The gene for EAAT2, the major astrocytic glutamate transporter, generates two carrier isoforms (EAAT2a and EAAT2b) that vary at their
C termini as a consequence of alternative RNA splicing. The EAAT2b cytoplasmic C terminus contains a postsynaptic density-95/Discs
large/zona occludens-1 (PDZ) ligand, which is absent in EAAT2a. To understand how the distinct C termini might affect transporter
trafficking and surface localization, we generated Madin-Darby canine kidney (MDCK) cells that stably express EGFP-EAAT2a or EGFP-
EAAT2b and found robust basolateral membrane expression of the EAAT2b isoform. In contrast, EAAT2a displayed a predominant
distribution within intracellular vesicle compartments, constitutively cycling to and from the membrane. Addition of the PDZ ligand to
EAAT2aas well as its deletion from EAAT2b confirmed the importance of the motif for cell-surface localization. Using EAAT2 constructs
with an extracellular biotin acceptor tag to directly assess surface proteins, we observed significant PDZ ligand-dependent EAAT2b
surface expression in cultured astrocytes, consistent with observations in cell lines. Discs large homolog 1 (DLG1; SAP97), a PDZ protein
prominentin both astrocytes and MDCK cells, colocalized and coimmunoprecipitated with EAAT2b. shRNA knockdown of DLG1 expres-
sion decreased surface EAAT2b in both MDCK cells and cultured astrocytes, suggesting that the DLG scaffolding protein stabilizes
EAAT2b at the surface. DLG1 can be phosphorylated by Ca**/calmodulin-dependent protein kinase (CaMKII), resulting in disruption of
its PDZ-mediated interaction. In murine astrocytes and acute brain slices, activation of CaMKII decreases EAAT2b surface expression but
does not alter the distribution of EAAT2a. These data indicate that the surface expression and function of EAAT2b can be rapidly

modulated through the disruption of its interaction with DLG1 by CaMKII activation.
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Introduction
Regulation of extracellular glutamate is critical in the CNS. Too
much glutamate is toxic to cells, and too little impairs develop-
ment and activity (for review, see Rothman and Olney, 1986;
Olney et al., 2002; Maragakis and Rothstein, 2004). Extracellular
glutamate concentrations are regulated by five excitatory amino
acid transporters (EAATS; for review, see Danbolt, 2001). Each
exhibits distinct kinetics, transporter-associated currents, and
substrate affinities, and also cellular expression and localization
profiles. The most abundant of these carriers, EAAT2, is found
predominantly in astrocytes and provides the principal means for
removal of glutamate from the extracellular space.

In 1997, a mouse variant of EAAT2 was described in which the
last 22 amino acids of the protein are replaced by a unique se-
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quence of 11 amino acids as a product of differential splicing
(Utsunomiya-Tate et al., 1997). Both rodent EAAT2 isoforms
exhibit similar pharmacological profiles and transport kinetics
(Utsunomiya-Tate et al., 1997; Chen et al., 2002; Sullivan et al.,
2004). The original isoform, herein referred to as EAAT?a, is
expressed by astrocytes throughout the brain as well as a small
subset of neurons, whereas the second isoform, EAAT2b, is found
in astrocytes and other glial cells (Chen et al., 2002; Reye et al.,
2002; Schmitt et al., 2002; Sullivan et al., 2004; Holmseth et al.,
2009).

The unique cytoplasmic C terminus of EAAT2b, but not
EAAT?2a, contains a sequence predicted to interact with a postsyn-
aptic density-95/Discs large/zona occludens-1 (PDZ) domain-
containing protein. PDZ recognition sequences bind to
architectural proteins and play roles in cellular targeting and scaf-
folding, as well as stabilization. Discs large homolog 1 (DLG1) is
a PDZ protein that is found in a variety of neuronal and glial cell
types as well as in the Madin-Darby canine kidney (MDCK) cell
line, where it has been shown to contribute to polarity, mem-
brane organization, and stability. We hypothesized that this pro-
tein plays a role in EAAT2b localization through PDZ binding.
DLGI interactions can be modified by activation of the Ca**/
calmodulin-dependent protein kinase (CaMKII), posing a mech-
anism by which EAAT2b could by modulated (Gardoni et al.,
2003).
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Using confocal microscopy and biochemical approaches in
cell lines, cultured astrocytes, and brain slices, we show here that
the EAAT2a isoform cycles between plasma membrane and en-
dosomal compartments, with the major proportion of the pro-
tein found in early endosomes. In contrast, the EAAT2b isoform
remains anchored at the cell surface through a direct interaction
between its PDZ ligand and the PDZ protein DLG1. We devel-
oped a biotin-avidin-based cell-surface tagging assay to optically
measure the cell-surface localization of glutamate transporters in
primary cultures of astrocytes, and confirmed that DLG1 stabi-
lizes the surface expression of EAAT2b, but not EAAT2a. In en-
dogenous tissue, we found that activation of CaMKII by
stimulation of AMPA/KA receptors disrupted the DLGI1-
EAAT?2b interaction and reduced the ratio of surface to intracel-
lular EAAT2Db. These data provide a novel means for dynamic
regulation of different EAAT2 isoforms through interacting pro-
teins, which could have significant effects on glutamatergic sig-
naling in the CNS.

Materials and Methods

Cloning of EAAT2b. The rodent GLT-1b splice variant is the product of an
intron read-through. The homologous sequence in the human genome
revealed the genetic substrate for EAAT2b at the intron between exons 10
and 11. We used these data to clone EAAT2b from an adult human brain
the RNA library. cDNAs were synthesized from commercial human
brain RNA using a cDNA Cycle Kit (AM7962; Invitrogen). EAAT2b-
specific sense and antisense primers (ATGGCATCTACGGAAGGT
and CTATATACAAGTCTCGAT, respectively) were used to amplify
EAAT2b with 25 cycles and a 58°C annealing temperature. The sequence
of this clone was determined to be the predicted EAAT2b product, and
the PCR product was subcloned into pEGFP and pcDNA3.1 vectors.
These clones transported *H-glutamate consistent with previous reports
for the rodent isoforms with similar uptake kinetics (Utsunomiya-
Tate et al., 1997; Peacey et al., 2009). Addition of the EGFP tag to the
N terminus of EAAT2a or EAAT2b did not significantly alter trans-
porter function (V.. K,,, or dihydrokainate sensitivity). Using
MDCK cells transfected with tagged or untagged transporters, we also
established that addition of the EGFP tag did not alter membrane
localization of the carriers as determined with immunochemistry us-
ing N-terminal-directed antibodies that recognize both isoforms.

Cell culture. MDCK cells from American Type Culture Collection
(ATCC) were maintained as described by the cell bank. Lipofectamine
2000 (catalog #11668-027; Invitrogen) was used for transient transfec-
tions according to the manufacturer’s directions. Stable cells were gen-
erated by subcloning EGFP-EAAT2 isoforms into a plasmid with an
internal ribosomal entry site enabling expression of a blasticidin resis-
tance gene as well as the EGFP-EAAT?2 isoform. Stable cells were selected
and maintained in DMEM-based media containing 10 ug/ml blasticidin.
Clonal lines were also isolated, and analyses of the clonal lines were
identical to those of heterogeneous cell lines. Subsequent transfection of
the stable MDCK cells was performed with Magnofection (catalog
#PN30100; Oz Biosciences) according to the manufacturer’s directions.
Transient knockdown of DLG1 was achieved in MDCK cells and primary
astrocytes with transfection of hSAP97 HuSH constructs (catalog
#TF313458; Origene).

Primary murine culture. All animal protocols were approved by the
University of Pittsburgh Institutional Animal Care and Use Committee
and the NIH Animal Care and Use Committee. The cortices of embry-
onic day 15 murine embryos were dissected from Swiss—Webster mice,
following anesthesia and cervical dislocation of the timed pregnant
dam. The tissue was finely triturated and plated at a density of one
hemisphere per 6-25 mm coverslip coated with poly-p-lysine (100
pg/ml). Cultures were fed every 3—-4 d with MEM containing 5%
horse serum and 5% fetal bovine serum. Primary cells were trans-
fected with NeuroMag (catalog #NM50200; Oz Biosciences) accord-
ing to the manufacturer’s directions.
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Biotinylation assays. MDCK cells were grown on Corning Transwell
permeable supports (catalog #07-200-166; Fisher Scientific) and incu-
bated with sulfosuccinimidyl 2-(biotinamido) methyl-1,3-dithiopropi-
onate (sulfo-NHS-SS-biotin; catalog #21331, Pierce) applied to only the
apical or basolateral surface for 40 min at 4°C, washed, and harvested.
Cell lysates were incubated with Neutravidin agarose beads (catalog
#53151; Pierce), washed, eluted in Western blot buffer, and run on a
Tris-glycine gel as described below in Western blots.

Western blots. Samples were incubated with lithium dodecyl sulfate
sample buffer (catalog #NP008; Invitrogen) containing 200 mm DTT for
10 min before loading onto a 4—12% Tris-glycine gel (catalog #£C60385;
Invitrogen). Gels were transferred to PVDF filters, blocked with 5% milk
in PBS with 1% Tween 20, incubated with primary antibody overnight,
washed, and incubated with an appropriate secondary antibody conju-
gated to HRP for 1 h at room temperature (Jackson ImmunoResearch).
Western Lightening PluCL (catalog #NEL 105001; PerkinElmer) was
used to visualize the protein bands. Images were acquired on a
ChemiDoc-It imaging system and quantified with ImageJ] where appli-
cable. We measured the band intensities across a range of protein con-
centrations and exposure times to establish the optimal protein
concentration and to ensure that chemiluminescent exposures were
within the linear range for densitometric quantification.

Immunoprecipitation. Transiently transfected cells, stable cells, and
brain slices were harvested in lysis buffer (1% Triton X-100, 150 mm
NaCl, 5 mm EDTA, 50 mm Tris) and incubated with anti-GFP-
conjugated agarose (catalog #D153-8; MBL) or 1-2 ug of primary anti-
body overnight at 4°C followed by a 2 h protein G antibody capture.
Beads were subsequently washed and protein eluted in Western blot
buffer for subsequent analysis.

Immmunocytochemistry. Cells were fixed in 4% paraformaldehyde at
4°C for 30 min, permeablized with 0.25% Triton X-100 for 10 min, and
blocked with 5% normal goat serum (NGS) for 30 min before incubation
with primary antibodies diluted in 5% NGS overnight at 4°C. Primary
antibodies were washed off with PBS and secondary antibodies applied in
5% NGS for 1 h. Secondary antibodies were washed off, and the cover-
slips were mounted in ProLong Gold antifade reagent (catalog #P36930;
Invitrogen) for subsequent confocal examination. Antibodies used in
these assays were goat anti-EAAT?2 (catalog #sc-7760; Santa Cruz Biotech-
nology), rabbit anti-actin (catalog #sc-7210; Santa Cruz Biotechnology), rabbit
anti-GFP (catalog #598; MBL), rabbit anti-DLGI (catalog #ab3437; Abcam),
mouse anti-DLGI (RPI 197.4; Stressgen), mouse anti-EEA1 (catalog #610457;
BD Transduction Laboratories), mouse anti-GM130 (catalog #610822; BD
Tansduction Laboratories), mouse anti-Golgin-97 (CDF4; Invitrogen), mouse
anti-LAMP1 (Lyl1C6; Enzo Life Sciences), goat anti-PICK1 (catalog #sc-
9539; Santa Cruz Biotechnology), mouse anti-PSD95 (catalog #MA1-
045; Thermo Scientific), rabbit anti-Rab5 (catalog #ab18211; Abcam),
mouse anti-pSer (16B4; Santa Cruz Biotechnology), and rabbit anti-
transferrin receptor (catalog #sc-9099; Santa Cruz Biotechnology).

The rabbit anti-EAAT? antibody that we used was directed against last
85 amino acids of the C terminus of EAAT2a as described previously
(Jacoby et al., 2000). We found that this antibody also recognized
EAAT?2D as assessed by Western blot of protein lysates from HEK293 cells
expressing only EAAT2a or only EAAT2b. To generate an antibody spe-
cific to EAAT2a, we used a GST fusion protein of the entire C terminus of
EAAT?2D to remove any cross-reactive antibodies leaving behind EAAT2a
epitope-specific antibodies. Specificity of the EAAT2a antibody was con-
firmed by Western blot.

Epifluorescent and confocal microscopy. Epifluorescent microscopy was
performed on a Zeiss Axioscope and captured by an Orca digital camera.
Confocal images were obtained on a Bio-Rad confocal or Olympus Flu-
oview 1000 microscope. Images were processed with Openlab or Image]
software.

Quantification of surface expression in MDCK cells by confocal micros-
copy. Confocal images were taken of a medial plane of a section of MDCK
cells immunolabled for the membrane marker E-cadherin. In Image], a
plot profile line was drawn across the image to obtain the density profile.
Clear peaks of high intensity membrane labeling were determined to be
12 = 5 um. Stable cell lines expressing either EGFP-EAAT2a or EGFP-
EAAT2b were measured in a similar fashion with the first 12 wm and the



5262 - J. Neurosci., April 1,2015 - 35(13):5260-5070

EAAT2
7T

N

A EAAT2a

c
E2a E2b

Apical or basolateral: A B A B

uio‘
Bl

Figure 1.  Localization of EAAT2a and EAAT2b in MDCK cells. A, Confocal images of single
horizontal sections through the middle of MDCK cells stably expressing EGFP-EAAT2a or
EAAT2b. Scale bars: 50 em. B, Density measurements were taken across the cells and used to
quantify cell-surface expression of the isoforms (see Materials and Methods). *p << 0.005 by
paired t test (n = 4). Error bars indicate SEM. C, EAAT2 isoforms from polarized MDCK cells that
were biotinylated from the apical (A) or basolateral (B) membrane surface show membrane
expression of the two carriers. EAAT2a expression is found in both the apical and basolateral
membranes as described previously (Cheng et al., 2002); however, EAAT2b is found only in the
basolateral membrane. Furthermore, the overall surface expression of EAAT2b is greater than
that of EAAT2a.

Biotinylated EAAT2

TOTAL EAAT2

last 12 wm of the cell designated as membrane localization and the rest as
cytosolic. Cell-surface expression was determined by I, /1., Where

mem'
I,.om 18 the sum intensity of the first 12 and the last 12 wm, and I, is the
cumulative intensity across the entire cell. At least three cells from three
separate experiments were measured in this way for each manipulation.

Acceptor peptide-labeled EAAT2 constructs. An acceptor peptide (AP)
was inserted into the second extracellular loop of EAAT2a and EAAT2b.
This construct was expressed in the dual-expression vector pBUD CE4.1,
where the second site contained an ER-retained BirA chimera, similar to
previous studies we conducted on EAAT3 (Underhill et al., 2014). This
glutamate transporter was functional even when conjugated to a labeled
streptavidin. Cells transiently transfected with this AP-construct were
chilled to 4°C in PBS, washed for 20 min, blocked with 5% milk in PBS,
incubated with a fluorophore-conjugated streptavidin protein at 1:100
for 20 min (Alexa 568 or Cy5), washed, and fixed in 4% paraformalde-
hyde for 30 min.

An Olympus Fluoview 1000 was used in photon counting mode with
an increased pinhole to capture the entirety of the cells. Regions of inter-
est (ROIs) of the cells under investigation were measured for intensity at
488 (GFP) or 568 or 647 (Alexa-streptavidin conjugates labeling the
epitopes accessible from the outside of the cell). Background subtraction
was obtained by drawing ROIs around nontransfected cells. The percentage
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Figure2. Localization of EAAT2ain MDCK cells. A, Confocal line scans through the middle of
MDCK cells stably expressing EGFP-EAAT2a treated with vehicle (left) or dynasore (80 wm,
right). B, Quantitation of the effects of blocking trafficking on surface expression of the carrier.
*p << 0.0001 by one-way ANOVA (n = 6). Error bars indicate SEM. C, Confocal microscopy of
immunolabeling for EEAT and RAB5 (red) colocalize with EGFP-EAAT2a (green) in stably trans-
fected MDCK cells. Scale bars: 50 pm.

of surface membrane expression was determined by the formulas IGT =
IG — Bk*V™8(IG,,.,) and surface expression = (IG "s4g/550/1G " 455/505)>
where IG " is the integration total at either the excitation emission pair of
568/580 or 488/505, IG is the integration of the ROI, BkAVerase s the
background measurement for that image, and IG,,., is the area of the
selected ROIL. Data were normalized to cells permeablized with 20 mm
digitonin for 30 min such that all of the AP-biotin-conjugated EAAT2
chimeras both inside and outside the cell were labeled, indicating 100%
labeling.

Acute brain slices. Adult male Swiss—Webster mice were anesthetized
and, following cervical dislocation, the brains were removed and 1 mm
coronal slices were cut in cold HBSS. Slices were rested in artificial CSF
[ACSF; containing (in mm) 126 NaCl, 3.5 KCl, 1.3 MgCl,, 2 CaCl,, 1.2
NaH,PO,, 25 NaHCO;, and 10 glucose] with kyurenic acid (50 um) for
1 h before experimental paradigms. Treatments were applied in ACSF
bubbled with 95% O, and 5% CO.,.

Statistical analysis. Statistical analysis was performed with GraphPad
Prism 6. All assays were performed at least three times.

Results

MDCK cells stably expressing EAAT2a or EAAT2b

To examine potential targeting and trafficking differences be-
tween EAAT2a and EAAT2b, we generated stable cell lines of
MDCK cells that expressed either an EGFP-EAAT2a or an EGFP-
EAAT2b construct. Confocal examination of these cell lines
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endocytic compartments. Dynasore sig-

nificantly increased the surface localiza-
tion of EAAT2a (Fig. 2A,B) indicating
that although EAAT2a transits to the cell
surface, it is readily internalized in a
dynamin-dependent fashion.

To identify the intracellular com-
partments in which EAAT2a is local-
ized, we immunolabeled for a variety of
markers of various intracellular com-
partments including Rab7, Rab5,

LAMP1, Golgin, GM130, EEAIL, Arf,
and transferrin receptors. While EGFP-
EAAT2a was found in all compart-
ments, the majority of the EGFP-
EAAT2a (+) vesicles in MDCK cells
were Rab5 (+) and EEA1 (+), which
characterize recycling endosomes, in
agreement with the ability of dynasore
to inhibit internalization and effectively
increase surface expression (Fig. 2C).

A
EAAT2a ...DECKVTLAANGKSADCSVEEEPWKREK
EAAT2b ...DECKVHFPFMDIETCI
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Figure 3.  Role of the PDZ ligand of EAAT2b in cell-surface localization. 4, lllustration of the mutants and chimeras used to

investigate membrane localization of EAAT2b. B, MDCK cells transiently transfected with EGFP-tagged mutants and chimeras were
quantified for their surface membrane expression. Addition of the PDZ ligand of EAAT2b stabilizes EAAT2a at the membrane.
Deletion of the PDZ ligand of EAAT2b destabilizes the surface localization of the isoform. *p << 0.05; **p << 0.01to EAAT2a; “p <
0.01 to EAAT2b by one-way ANOVA (n = 5). Error bars indicate SEM. €, Quantitation of polarization of EAAT2a, EAATb, and the
chimeras by biotinylation indicates that the PDZ ligand also dictates basolateral targeting of the EAAT2b isoform. *p << 0.0001 by

two-way ANOVA (n = 5). Error bars indicate SEM.

found only a small portion of the EGFP-EAAT2a protein on the
cell surface, whereas the majority of EGFP-EAAT2b was at the
surface membrane (Fig. 1 A,B). EGFP-EAAT2a MDCK cells had
23 = 3.5% of the total EAAT protein at the cell surface, whereas
68 = 2.8% of the EGFP-EAAT2b construct was localized to the
surface membrane. Both isoforms exhibited similar levels of
overall expression by Western blot, and similar results for surface
expression were observed in two separately derived cell lines for
each isoform (data not shown).

To confirm our optical quantitation, we also performed cell-
surface biotinylation assays in which the apical or basolateral
surfaces of the cells were exposed to a cell-impermeable biotin
reagent, and then the biotinylated proteins were isolated, sepa-
rated, and probed by Western blot. We found that 39 * 13% of
EAAT2a and 86 = 23% of EAAT2b were localized at the cell surface
(Fig. 1C), consistent with data derived from the confocal optical
examination. We also found that EGFP-EAAT2b was restricted to
the basolateral membrane; EGFP-EAAT2b was only labeled from
the basolateral surface, whereas EGFP-EAAT2a was equally accessi-
ble from either the basolateral or apical membranes demonstrating
no polarization, similar to previous reports (Fig. 1C; Cheng et al.,
2002).

Characterization of EAAT2a cytosolic localization

Because EAAT2a appeared at the cell surface of MDCK cells but
was more abundant in intracellular membrane compartments,
we considered the possibility that it did traffic to the cell surface,
but was preferentially internalized. The dynamin inhibitor dyna-
sore prevents internalization of proteins from the cell surface into

Therefore, our results support a consti-
tutive endocytosis of EAAT2a, whereas
EAAT2D has a greater stability at the cell
surface.

Mutants and chimeras exploring
membrane targeting of EAAT2b

We hypothesized that the unique C termi-
nus of EAAT2b most likely contains the
protein motif responsible for the mem-
brane targeting. In a previous study, an
EAAT2a-EAAT3 C-terminal chimeric
protein, separated by a unique polylinker
sequence (AGSA), was used to investigate the trafficking and
localization of EAAT3 in MDCK cells (Cheng et al., 2002). We
used the same approach to identify the signal sequence for surface
expression in the C terminus of EAAT2b.

The unique last 11 amino acids of EAAT2b were added to the C
terminus of EGFP-EAAT?a after the polylinker (EAAT2a+2bCterm;
Fig. 3A), and this chimera was used to assess surface expression of the
transporter in transiently transfected MDCK cells. Confocal
microscopy examination and quantification indicated that the
addition of the C terminus of EAAT2b was sufficient to in-
crease the localization of EAAT2a to the membrane (from
27 * 4.8% to 44 * 6.6%; Fig. 3B). This sequence was also
sufficient to dictate basolateral membrane expression in
MDCK cells (Fig. 3C).

The last four amino acids of EAAT2b are a consensus se-
quence for a class I PDZ recognition sequence (E/Q T/S X V/L/I,
where X is any amino acid; Fabre et al., 2000; Lim et al., 2002),
which we hypothesized dictates membrane localization of the
protein. We added just the last four amino acids of EAAT2D to
EAAT2a (EAAT2a+2bPDZ; Fig. 3A) and transiently transfected
this chimera into MDCK cells. EAAT2a+2bPDZ was found at the
cell surface in significantly greater proportion than EAAT2a (Fig.
3B). Cell-surface localization of the chimeras was confirmed in
independent assays with biotinylation assays (data not shown).
Addition of the PDZ ligand to EAAT2a, however, was not suffi-
cient to polarize the transporter (Fig. 3C).

We also explored the significance of the PDZ ligand in the
surface expression of EAAT2b in MDCK cells by deleting the
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last four amino acids from EAAT2b.
Quantitation of confocal examination
revealed that EAAT2bA4 was localized
to the cell surface to a similar degree as
EAAT2a (27 = 4.8% vs 22 = 3.0%; Fig.
3B). These data indicate the PDZ ligand
of EAAT2b is required for stabilization
of the transporter at the cell surface.
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DLG1 and EAAT2b in MDCK cells

The PDZ ligand consensus sequence of
EAAT?2b suggests that this transporter
likely interacts with a variety of PDZ
proteins. Previous reports have found
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(Ide et al., 1999), consistent with our
observations of EAAT2b.

We observed that EGFP-EAAT2b
and DLGI colocalized in MDCK cells at
the basolateral membrane, whereas
EGFP-EAAT2a did not colocalize with
DLG1 (Fig. 4A,B). Immunoprecipita-
tion of EGFP-EAAT2b from these cells
with an antibody directed against the
EGFP-portion of the fusion proteins M.
also pulled down DLGI, indicating a
physical interaction of these two pro-
teins (Fig. 4C). In parallel experiments, immunoprecipitation
of EGFP-EAAT2a did not coimmunoprecipitate DLG1. Our
results indicate a physical interaction between DLG1 and
EAAT2b mediated by the unique C-terminal sequence found
exclusively in this splice variant.

Because DLG1 interacts with EAAT2b and not EAAT?2a, we
hypothesized that decreased expression of DLG1 may alter
EAAT?2b localization. To decrease DLGI1 expression in MDCK
cells stably expressing EGFP-EAAT2b, we used shRNA plasmids
for DLG1. Two separate constructs lead to a significant reduction
in DLG1 expression as assessed in individual cells by immunola-
beling for DLG1 (Fig. 4D). These shRNA constructs also de-
creased surface expression of EAAT2b from 80 = 3.4% down to
45 * 2.3% and 43 * 4.2% as assessed by confocal microscopy
(Fig. 4D, E).

Figure 4.

Cell-surface expression of EAAT2a and EAAT2b in
cultured astrocytes

We have established that, in MDCK cells, DLG1 regulates
EAAT2b membrane targeting through interaction with the trans-
porter’s unique C-terminal sequence. To demonstrate the phys-
iological relevance of this interaction in the CNS, we examined
surface expression of the glutamate transporter isoforms in pri-
mary astrocyte cultures. Astrocytes are the predominant cell type
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Localization of the PDZ protein DLG1 and EAAT2b in MDCK cells. 4, Stable expression of EGFP-EAAT2a in MDCK cells.
EAAT2a expression (green, second column) demonstrates apical (top) and basolateral expression of the carrier throughout the cell
(bottom two panels). B, EGFP-EAAT2b expression in MDCK cells, however, is restricted to the basolateral surfaces. Similar localiza-
tion is seen for DLG1 at the basolateral membranes (red). €, Immunoblot of GFP fusion proteins immunoisolated from either the
stable EGFP-EAAT2a or EGFP-EAAT2b cell line. DLGT was only found with the EGFP-EAAT2b protein. D, Cross sections of MDCK cells
expressing EGFP-EAAT2b. A scrambled shRNA (left) has no effect on the surface expression of EAAT2b (top) or the expression of
DLGT (bottom). Knockdown of DLG1 (right) is apparent in one cell in the center of the field of view (bottom). That cell has an
increase in cytosolic localization of the EGFP-EAAT2b protein (top). Scale bars, 50 wm. E, Quantitation of two different DLG1
knockdown constructs reveals a loss of surface expression of EAAT2b. *p << 0.0001 by one-way ANOVA (n = 9). Error bars indicate

in which both EAAT?2 isoforms are expressed in the brain. To
investigate the membrane targeting of EAAT2 in astrocytes, we
developed EAAT2 chimeras that could be labeled only when the
carrier is expressed at the cell surface. We inserted the sequence of
an AP that serves as a substrate for the Escherichia coli biotin ligase
BirA (Howarth and Ting, 2008) into the large extracellular loop
of EAAT2a and of EAAT2b. Furthermore, we attached an ER-
retention sequence to the BirA enzyme such that when it is coex-
pressed with an EAAT2-AP construct, the AP peptide is
biotinylated within the ER, as we showed previously with
EAAT3 (Underhill et al., 2014). Application of cell-
impermeable, fluorophore-conjugated streptavidin to cells
expressing EAAT2a-AP or EAAT2b-AP constructs results in
selective labeling of the transporter proteins expressed at the
cell surface. This approach is not only more selective than
conventional surface biotinylation assays, but it also enables
optical analyses of individual cells, rather than biochemical
analysis of a population of cells.

We transiently transfected astrocytes in murine forebrain cul-
tures with either EAAT2a-AP or EAAT2b-AP and quantified the
surface expression of each isoform. EAAT2a-AP was not found at
high levels at the cell surface of cultured astrocytes (25 = 3.8%;
Fig. 5A,B), whereas EAAT2b-AP was almost exclusively at the
cell surface (77 = 7.5%). These data are consistent with our ob-
servations in MDCK cells.



Underhill et al. o Differential Localization of EAAT2a and EAAT2b

A

EAAT2a-AP
Surface

B

*% *%

100+

J. Neurosci., April 1,2015 - 35(13):5260-5070 * 5265

Immunoprecipitation of EAAT?2 in brain
lysates revealed colocalization of DLG1
with the carrier (Fig. 5C). We could not
detect EAAT?2 interaction with the PDZ
domain-containing proteins PICK1 or
PSD95, despite expression of these two
proteins in the brain lysates, suggesting
that the interaction with DLG1 was more
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Two of these constructsled to an apparent
decrease of DLG1 expression as well as a
decrease in EAAT2b-AP cell-surface lo-
calization in primary astrocytes (Fig. 5D).
These data in astrocytes agree with our re-
sults from the MDCK cells and indicate
that DLGI interacts with EAAT2b and fa-
cilitates membrane stability of the neu-
rotransmitter transporter in astrocytes.
Astrocytes in coculture with cortical
neurons expressed DLG1 (Fig. 5E). Inter-
estingly, we found that astrocytes in cul-
ture without neurons did not robustly
express DLG1. As predicted, EAAT2b-AP
could not be found at the cell surface in

Without
Neurons

i

<

EAAT2b surface expression in astrocytes. A, Streptavidin-Alexa 568 labeling (red) of EAAT2a-AP in primary astrocytes

& astrocytes in this type of culture (Fig. 5F).

These data suggest that neurons stimulate
or support astrocytic expression of DLG1
that facilitates EAAT2b stabilization at the
cell surface.

P
<

shows only a portion of the total protein (green) is at the cell surface. The robust labeling of EAAT2b-AP with the streptavidin-Alexa

568, however, demonstrates that it is found almost exclusively at the cell surface (bottom). Scale bars, 50 um. B, Quantitation of
the surface expression of these constructs by photon counting indicates that EAAT2b is found at the cell surface of primary
astrocytes significantly more than EAAT2a. Addition of the PDZ ligand of EAAT2b to the EAAT2a construct can drive EAAT2a out to
the cell surface. *p << 0.01; **p << 0.001 by one-way ANOVA (n = 10, 13, 16). Error bars indicate SEM. €, Immunoprecipitation of
EAAT2 (both isoforms, bottom) from whole-brain lysates also isolates DLG1 (top), indicating binding of these two proteins. The PDZ
domain-containing proteins PICK1 and PSD95 can be detected in total brain lysates, but not in the lysates from isolated EAAT2. D,
Knockdown of DLG1 in astrocytes with shRNA decreases the membrane accessibility of EAAT2b-AP. ****p <0.0001 by one-way
ANOVA (n = 11,10, 20). Error bars indicate SEM. E, Astrocytes in coculture with neurons (top) immunolabel for DLG1 (red) as well
EAAT2 (green). Astrocytes in culture without neurons, however, have much lower signal intensity for the PDZ protein (bottom). F,
Quantitation of membrane labeling of EAAT2a-AP or EAAT2b-AP in astrocytes in culture without neurons do not exhibit robust surface

expression of either isoform (n = 4, 3). Error bars indicate SEM.

The PDZ ligand of EAAT2b in primary astrocytes

To examine the role of the PDZ ligand of EAAT2b in primary astro-
cytes, we added the last four amino acids of EAAT2b to
the EAAT2a-AP construct and assessed surface expression of this
construct (EAAT2a+2bPDZ; Fig. 3A). The addition of the PDZ
binding site of EAAT2b to the EAAT2a construct significantly in-
creased the cell-surface localization of EAAT2a+2bPDZ compared
to EAAT2a (51 * 1.7% vs 25 * 3.8%; Fig. 5B), supporting that this
interaction can regulate membrane targeting in astrocytes. These
data indicate the targeting mechanisms we explored in MDCK also
apply to astrocytes.

We found that DLGI played a role in EAAT2b surface expres-
sion in MDCK cells; therefore, we investigated the role of this
interaction in astrocytes and primary tissue. EAAT2 was isolated
from brain lysates with an antibody directed against the N termi-
nus of EAAT2. While this approach isolated both EAAT?2 iso-
forms, it offered the advantage of not interfering with the
potential PDZ interaction of the unique C terminus of EAAT2b.

Regulation of EAAT2b

membrane localization

The anchoring of EAAT2D at the plasma
membrane suggests a means for the dy-
namic and rapid regulation of glutamate
transport through acute trafficking of the
carrier. Because CaMKII activation has
been demonstrated to regulate DLG1 in-
teractions with other proteins (Schliiter et
al. 2006), we hypothesized that CaMKII
phosphorylation of DLG1 would destabi-
lize its interaction with EAAT2b and lead
to internalization of the carrier.

With calcium imaging, we observed that 250 uwm
L-glutamate stimulation was sufficient to elevate intracellular
Ca*" 25% within 2 min in cultured astrocytes (data not
shown). In astrocytes transiently transfected with the
EAAT2b-AP construct, 30 min of exposure to 250 uM gluta-
mate significantly decreased surface expression of the gluta-
mate transporter (Fig. 6A). In parallel assays, we found that
EAAT2a-AP surface expression was unaffected by glutamate.
These data suggest that glutamate stimulated Ca®" dynamics
could lead to regulation of EAAT2b cell-surface localization.
We hypothesized that this was through CaMKII phosphoryla-
tion of DLGI, so we used the CaMKII inhibitors 2-(2-
hydroxyethylamino)-6-aminohexylcarbamic acid tert-butyl
ester-9-isopropylpurine (CK59) and N-[2-[[[3-(4-chloro-
phenyl)-2-propenyl]methylamino]methyl]phenyl]-N-(2-hy-

droxyethyl)-4-methoxybenzenesulphonamide (KN93). In
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Figure6. EAAT2bisinternalized in response to AMPA/KA receptor-mediated CaMKIl activation. A, Astrocytes were transiently

ported by the ability of the AMPA/KA an-
tagonist NBQX to block glutamate-
mediated internalization of EAAT2b (Fig.
6D), whereas the NMDA receptor antag-
onist MK801 had no significant effect. As-
trocytes do express AMPA/KA receptors
(Seifert and Steinhéuser, 2001), and we be-
lieve that the glutamate signaling mecha-
nism seen here is direct, rather than through
neuronal stimulation. Yano et al. (1994)
also found that glutamate could activate as-
trocytic CaMKII through AMPA/KA receptors. Their study used
astrocytes in culture alone, supporting direct stimulation of the glu-
tamate receptors on the astrocytes leading to CaMKII activation.
However, it is possible that glutamate receptor stimulation on neu-
rons or other cell types (e.g., microglia) leads to the release of other
factors that mobilize intracellular calcium and lead to CaMKII acti-
vation in astrocytes. In either case, these data show that glutamate-
mediated CaMKII elevation in astrocytes is sufficient to modulate
EAAT2b localization.

Error bars indicate SEM.

In the mature brain, endogenous EAAT2b cell-surface
expression is also regulated by calcium

To further substantiate the role of CaMKII in the modulation of
EAAT?2b surface localization, we next examined the regulation
of endogenous EAAT2 in acute brain slice preparations. We
developed antibodies that recognize EAAT2a and EAAT2D or
just EAAT2a to determine which isoform was primarily affected
(see Materials and Methods). Biotinylation of membrane-
localized EAAT? in acute brain slices was decreased by a 30 min
treatment with glutamate (Fig. 7A). This was only detected in
Western blots by the antibody recognizing both EAAT2 isoforms,
and not by the EAAT2a-specific antibody, indicating that the
majority of the change in EAAT?2 surface expression is mediated
by changes in EAAT2D.

To address the role of DLG1 in endogenous tissue, we im-
munoprecipitated EAAT2 from the acute brain lysates treated
with vehicle or glutamate and assessed DLG1 binding (Fig.
7B). Exposure to glutamate resulted in 26 * 4% less DLGI that
coimmunoprecipitated with EAAT2.

transfected with EAAT2a-AP or EAAT2b-AP and cell surface expression was assessed after 30 min of treatment with vehicle or
glutamate (250 ). This treatment had no significant effect on EAAT2a, but the surface localization of EAAT2b was significantly
decreased by glutamate. ***p < 0.001 by two-way ANOVA (n = 14, 28, 20, 28). B, Inhibition of CaMKII with CK59 (100 r.m) or
KN93 (10 um) also prevented EAAT2b-AP internalization in primary astrocytes. *p << 0.05 by two-way ANOVA (n = 9,8, 10,7, 10,
10). ¢, EAAT2b-AP cell-surface expression in primary astrocytes also decreases in response to kainate, but not NMDA (100 um
each), indicating an AMPA/KA receptor mediates EAAT2b internalization. EAAT2a-AP expression was unaltered by treatment with
the glutamate receptor agonists. ***p << 0.001 by one-way ANOVA (n = 17,20, 4,12, 6, 4). D, The AMPA/KA receptor antagonist
NBQX (100 um) blocked the effects of glutamate on the surface expression of EAAT2b-AP-transfected astrocytes. The NMDA
receptor antagonist MK-801 (10 wum) had no significant effect. *p << 0.05; **p << 0.01 by two-way ANOVA (n = 9,6,8, 6,9, 9).

We also assessed the role of Ca>* and CaMKII activation is acute
brainsslices. In calcium-free and EDTA-containing buffer, glutamate
had no effect upon the surface expression of EAAT2b in acute brain
slices (Fig. 7C). Furthermore, the glutamate-mediated internaliza-
tion of EAAT2b was blocked by the CaMKII inhibitor KN93, indi-
cating that the mechanism of EAAT?2b internalization observed in
MDCK cells as well as primary cultured astrocytes is consistent with
EAAT?2b surface expression in endogenous tissue.

The use of the CaMKII inhibitor in reducing glutamate-
induced EAAT2D redistribution supports the role of CaMKII
in EAAT2b regulation. However, we wanted to further address
that glutamate receptor stimulation was coupled to CaMKII-
mediated phosphorylation of DLG1. CaMKII-induced modula-
tion of DLG1 is associated with serine phosphorylation (Gardoni
et al., 2003; Mauceri et al., 2004), so we immunoprecipitated
DLG1 from brain lysates treated with either vehicle or glutamate
and probed for phosphorylated serine residues. Immunopre-
cipitation of DLG1 resulted in the isolation of two species at
~70 and ~120 kDa (Fig. 7D, bottom panel). Glutamate treat-
ment led to an increase in pSer associated with the larger
species of immunoisolated DLG1 (Fig. 7D, top). Interestingly,
the EAAT2 immunoprecipitations (Figs. 5C, 7B) resulted in
isolation of only the larger species of DLG1, suggesting that
EAAT? interaction with DLG1 and regulation through phos-
phorylation of DLG1 occurs only with the mature DLG1 pro-
tein. We also found that glutamate-induced phosphorylation
of immunoprecipitated DLG1 was blocked by the CaMKII
inhibitor CK59 (Fig. 7D). These data support a model of
AMPA/KA receptor-dependent CaMKII phosphorylation of
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Figure 7. Endogenous EAAT2 in acute brain slices. A, Biotin-accessible EAAT2 protein from acute brain slices was isolated
and analyzed by Western blot. An antibody that recognizes both EAAT2 isoforms (top two panels) indicates a decrease in
surface localized protein in response to glutamate (54 = 8.9% of vehicle control; p << 0.05 by t test; n = 5). An antibody that
recognizes only the EAAT2a isoform, however, detects no significant change in the surface expression of the carrier in response
to glutamate (bottom two panels; 95 = 11% of vehicle control; n = 3), indicating that the change in biotinylated protein is
due to a change in EAAT2b localization. B, Immunoprecipitation of EAAT2 with an N-terminally directed antibody coimmuno-
precipitates DLG1, as also seen in the data presented in Figure 5C. Brain slices treated with glutamate display a decrease in the amount of
DLGT that coimmunoprecipitates with EAAT2 (26 == 4%; p << 0.05 by paired ttest; n = 4). €, Theloss of biotin-accessible EAAT2 inresponse to
glutamate in acute brain slices was blocked by the removal of calcium or the addition of the CaMKIl inhibitor KN93 during the glutamate
incubation. D, DLG1 wasimmunoprecipitated from vehicle- or glutamate-treated acute brain slices and probed with an antibody for pSer. Blots
were quantitated by densitometry of the pSer bands (top) and normalized to the total DLG1 isolated by the immunoprecipitation (bottom).
Glutamate treatmentincreases the pSersignal from DLGT (141 == 6% of control; p << 0.01 by one-way ANOVA compared to control;n = 4). The
CaMKllinhibitor CK59 blocks glutamate-induced phosphorylation of DLG1 (104 == 7% of control; n = 4).

DLG1, dissociation of DLG1 and EAAT2b, and endocytosis
of EAAT2b (Fig. 8).

Discussion

Here we demonstrate that the PDZ protein, DLG1, interacts with
the C terminus of the glutamate carrier isoform EAAT2b in both
epithelial cells and astrocytes to maintain the transporter at the
cell surface. Increases in intracellular calcium and activation of
CaMKII leads to a dissociation of DLG1 from PDZ ligand con-
taining proteins, including EAAT2b, thus providing a rapid
mechanism for modulating glutamate transporter surface ex-
pression and activity in response to extracellular signals. A second
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isoform EAAT2a, which arises from
differential RNA splicing events, re-
sides transiently at the plasma mem-
brane and traffics more rapidly to and
from the cell surface, establishing a dy-
namic, constitutively cycling pool of
carriers with the potential for rapid
mobilization (Fig. 8).

The role of DLG1 in EAAT2b

surface expression

We addressed the significance of DLG1
in EAAT2b membrane stabilization
with shRNA knockdown of the PDZ-
protein DLG1 in MDCK cells (Fig.
4D, E) and primary cultured astrocytes
(Fig. 5D) and found that depletion of
DLGI1 decreased EAAT2b surface ex-
pression. Interestingly, we also ob-
served that astrocytes cocultured with
cortical neurons express DLGI, but
DLG1 is undetectable in astrocytes in
the absence of neurons (Fig. 5E). As
predicted, in isolated astrocytes that
do not express DLG, the biotin-tagged
transporter EAAT2b-AP could not be
found at the cell surface (Fig. 5F),
whereas in astrocyte-neuron cocul-
tures, we observed robust surface ex-
pression of EAAT2b in astrocytes (Fig.
5A,B). These data suggest that neurons
provide factors that stimulate and sup-
port astrocytic expression of DLGI,
which in turn serves as a scaffold to
stabilize EAAT2b at the cell surface.
Although the neuron—astrocyte sig-
nal that stimulates DLG1 expression
remains undefined, it reveals a fea-
ture of astrocyte cultures that could
be critical for interpreting and com-
paring data from different in vitro
model systems.

Multimerization and

EAAT? isoforms

Based on crystal structures of the ar-
chael EAAT2 homolog, GLT1,,, and
other studies of subunit interactions in
EAATS, glutamate transporters exist as
trimers (Yernool et al., 2003, 2004;
Gendreau et al., 2004; Jiang et al,
2011). Further data indicate that differ-

ent EAAT isoforms can form heteromeric complexes (Nothmann
et al., 2011), and there is compelling evidence that EAAT2a
and EAAT2b comultimerize, both by fluorescence resonance
energy transfer (FRET) and coimmunoprecipitation experiments
(Gonzalez-Gongzalez et al., 2009; Peacey et al., 2009; Gebhardt et al.,
2010). This heteromeric multimerization facilitates indirect in-
teraction of the EAAT2a isoform with a PDZ protein through
EAAT2b (Gonzalez-Gonzalez et al., 2008, 2009). However,
these studies did not go further to examine the functional
consequences of this interaction.
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We developed an acute brain slice
preparation in which to investigate the
regulation of EAAT2a and EAAT2b en-
dogenously expressed within glial cells.
Data from this approach suggest that the
endogenous EAAT2D pool that is sensi-
tive to calcium and CaMKII activation
does not robustly affect the localiza-
tion of the insensitive EAAT2a isoform
(Fig. 7). This suggests that endogenous
EAAT2a-EAAT2b multimerization may
not affect the constitutive membrane
cycling of the predominant EAAT2a iso-
form. However, this assay was performed
on coronal brain slices from mature mouse
brains and there are indications that the ac-
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to and from the cell surface. The cell-surface expression of EAAT2b, however, can by modulated in a regulated fashion.
EAAT2b is generally found at the cell surface where its localization is stabilized by its interaction with DLGT. An AMPA
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tual ratio of EAAT2a to EAAT2b changes
throughout development (Chen etal., 2002;
Holmseth et al., 2009), in specific anatomical locations (Chen et al.,
2002), during learning paradigms (Fraticelli-Torres etal., 2010), and
under pathophysiological conditions (Yi et al., 2005; Dumont et al.,
2013). In each of these examples, the indirect regulation of EAAT2a
surface expression by interaction with EAAT2b suggests a potential
mechanism for DLG1/CaMKII-mediated modulation of glutamate
dynamics. A more detailed examination of EAAT2a—EAAT2b mul-
timerization may address these issues.

Polarization of EAAT2a and EAAT2b

Confocal examination and biotinylation of MDCK cells indi-
cates that EAAT2a and EAAT2b differ not only in cell-surface
expression, but also in polarization. EAAT2a appears to be
expressed on all cellular membranes, whereas EAAT2b exhib-
its a strong preference for the basolateral cell surface of MDCK
cells (Figs. 3C, 4 A, B). Polarization of EAAT2b is distinct from
membrane retention and requires the entire C terminus and
not just the PDZ ligand (Fig. 3 B, C). The primary focus of this
study was to explore the role of the PDZ ligand of EAAT2b in
cell-surface localization; however, the distinct polarization
that we observed for this carrier may also be important to
astrocyte physiology. Astrocytes migrate in response to in-
flammatory signals and under these circumstances have a dis-
tinct polarized face. Interestingly, DLG1 has been found on
the leading edge of migrating astrocytes, highlighting the role
of the PDZ protein in polarization in these cells (Etienne-
Manneville et al., 2005). The role of polarization in mature, static
astrocytes is unclear, but a marked concentration of glutamate trans-
porters has been noted in astrocytic processes enveloping synapses,
suggesting a type of polarization in these cells (Danbolt, 2001). Fur-
thermore, EAAT? has been found in astrocytic endfeet that interact
with blood vessels to actively transport glutamate past the blood—
brain barrier (Schreiner et al., 2013). The signal sequence in the C
terminus of EAAT2b that dictates its polarization in these structures
may be important to astrocyte physiology.

Potential impact of EAAT2b redistribution

Our observation that EAAT2b internalizes in response to glu-
tamate could be viewed as counterintuitive; however, it is con-
sistent with a previous report showing that glutamate release
leads to increased diffusion and redistribution of astrocytic
transporters away from synaptic sites (Murphy-Royal et al.,
2015). Redistribution of EAAT2b in response to activation of
astrocyte signaling pathways could serve a number of func-

phorylated DLG1 dissociates from its PDZ-binding partner, EAAT2b, which destabilizes its cell surface localization.

tions. For example, it has been proposed that EAATs can be
found closely associated with metabotropic receptors and thus
may serve to limit receptor desensitization (Desai et al., 1995;
Huang and Bergles, 2004). When the transporters are inhib-
ited, baseline glutamate concentrations are sufficient to de-
sensitize the receptors and effectively limit signaling.
Alternatively, the regulated internalization of EAAT2D in as-
trocytes could contribute to adaptive mechanisms involved in
strengthening glutamatergic transmission. Endocytosis of the
transporter would increase extracellular glutamate concentrations,
resulting in enhanced receptor activation during synaptic activity.
Consistent with this possibility, selective inhibition of the glial gluta-
mate transporters in hippocampal slices enhances the response of
mGluR1e in neighboring interneurons (Huang et al., 2004). Thus,
the precise localization and redistribution of transporters in astro-
cytes in response to glutamate could provide a means to regulate
receptor sensitivity and/or activation.

The mechanism of internalization of EAAT2b by CaMKII pro-
vides a means to redistribute and potentially concentrate carriers in
distinct compartments of the astrocyte membrane, and the endocy-
tosis of EAAT2b demonstrated in this study could be the first step in
longer-term remodeling. However, it is important to note that mol-
ecules other than glutamate may be the physiological regulators of
EAAT2b membrane localization, and any signal that activates
CaMKII could result in internalization of EAAT2b through the
mechanism presented in this study, including TNFa (Defer et al.,
2007). Consistent with this idea, we have observed that TNFa de-
creases membrane localization of EAAT2b-AP in cultured astrocytes
(data not shown).

Regulation of EAAT2b by CaMKII

Our data demonstrate that DLG1 interacts with the C termi-
nus of EAAT2b and stabilizes the transporter at the plasma
membrane, most likely through direct interaction of the C
terminus PDZ ligand on the carrier to the well-established
PDZ domain of DLGI. Previous studies have reported that the
PDZ domain of DLG1 can bind the PDZ ligands of glutamate
receptor subunits (Leonard et al., 1998; Gardoni et al., 2003;
Rumbaugh et al., 2003; Schliiter et al., 2006) and the potas-
sium channel KV4.2 (Gardoni et al., 2007) that anchors these
transmembrane proteins within a submembrane scaffold that
maintains them at synaptic membranes. The interaction of
NR2A, GluR1, and KV4.2 with DLG1 are each sensitive to
intracellular calcium levels through direct phosphorylation of
DLGI by CaMKII (Gardoni et al., 2003, 2007; Schliiter et al.,
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2006). Within the PDZ-domain of DLGI, the serine at posi-
tion 232 can be phosphorylated by CaMKII, and this phos-
phorylation disengages the PDZ ligand-PDZ domain
interaction and disperses the proteins (Gardoni et al., 2003).
We found that activation of CaMKII through AMPA/KA re-
ceptor stimulation can also modulate the surface expression of
EAAT2D in astrocytes, most likely through a similar mecha-
nism involving DLG1 phosphorylation and disruption of the
PDZ interaction. Thus, CaMKII activation offers a rapid
means of modulating glutamatergic activity through changing
the cell-surface expression of EAAT2b. In contrast, EAAT2a
constitutively cycles to and from the cell surface in astrocytes
and is not subject to this regulated cycling by CaMKII activa-
tion. In this way the differential regulation of EAAT2a and
EAAT2b not only insures a basal capacity of uptake by
EAAT2a, but also provides a means to dynamically alter glu-
tamate uptake in response to extracellular signals through the
regulated surface localization of EAAT2b.
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