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Processes Regulates Glutamate Uptake Activity
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Glutamate is the predominant excitatory neurotransmitter in the CNS, and it is removed from the synaptic cleft by sodium-dependent
glutamate transport activity. Glutamate transporter-1 (GLT-1) is expressed predominantly in astroglial cells and is responsible for the
largest proportion of glutamate transport in the adult forebrain. In the present study, we demonstrate the ability of endogenous and
recombinant GLT-1 to form clusters in astrocytic processes and characterize the mobility and physiological importance of these clusters
in the regulation of GLT-1 activity in the presence or absence of neurons. At the distal end of C6 glioma cell processes, GLT-1 clusters
undergo rapid morphological changes in both shape and size, and these changes are inhibited by cytochalasin D treatment, suggesting
that the morphogenesis of GLT-1 clusters is highly dependent on the actin network. Treatment of astrocytes with phorbol 12-myristate
13-acetate (PMA) quickly and preferentially decreases GLT-1 localization on the process membrane, leading to de novo generation of
GLT-1 clusters along the process shaft. Pretreatment with the PKC inhibitor bisindolylmaleimide II (Bis II), with sucrose (0.4 M), or
through the expression of a dominant-negative form of dynamin prevents PMA-induced GLT-1 internalization and cluster formation. In
terms of glutamate transporter function, PMA treatment elicits a significant decrease in GLT-1 activity that is prevented by preexposure
to either Bis II or hypertonic treatment. Together, these data indicate that GLT-1 trafficking and cluster formation in glial cell processes
are dynamic events that play important roles in regulating glutamate uptake in astrocytes and glioma cells.
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Introduction
Glutamate is the predominant excitatory neurotransmitter in the
CNS (Fagg and Foster, 1983) and is removed from the synaptic
cleft by a family of sodium-dependent glutamate transporters
(Trotti, 2002). Glutamate transporters (GLTs) belong to a class of
integral membrane proteins that contribute to sculpting EPSCs
(Conti and Weinberg, 1999; Auger and Attwell, 2000) and are
essential for maintaining physiological levels of glutamate
(Tanaka et al., 1997). Of the five subtypes of glutamate transport-
ers identified to date, GLT-1, localized almost exclusively to as-
trocytic processes (Conti and Weinberg, 1999), represents the
predominant route for the clearance of extracellular glutamate in
the adult forebrain (Sutherland et al., 1996; Robinson, 1998), and
its functional inactivation raises extracellular glutamate to toxic
levels (Rothstein et al., 1996; Tanaka et al., 1997).

It has been shown previously that GLT-1-positive puncta in
vivo exclusively localize in astrocytic processes that highly overlap
with the presynaptic marker synaptophysin (Minelli et al., 2001),
raising the potential importance of GLT-1 clustering in the reg-
ulation of synaptic transmission. To date however, little is known
about the basic characteristics of GLT-1 clustering in the astro-

cytic process and its physiological relevance. In the present study,
by using green fluorescent protein (GFP)-tagged GLT-1, we de-
fine the dynamics of GLT-1 clustering in astrocytic processes and
characterize its physiological importance in the regulation of
GLT-1 activity.

Materials and Methods
Cell culture. Cortical astrocyte cultures and neuron–astrocyte cocultures
were prepared from 1-d-old mice as described previously (Xu et al.,
2003). To increase surface expression of GLT-1, astrocytic cultures were
treated with dibutyryl-cAMP (dbcAMP) (150 �M) for 7 d before exper-
imentation. C6 glioma cells (American Type Culture Collection, Manas-
sas, VA) were grown in DMEM supplemented with 10% fetal bovine
serum, 2 mM glutamine, 100 U/ml penicillin, and 100 �g/ml
streptomycin.

cDNA constructs. A dominant-negative form of dynamin (K44A) was
cloned into the pcDNA3 vector (Invitrogen, Carlsbad, CA). The mouse
wild-type GLT-1 cDNA (Sutherland et al., 1995) was subcloned into
pEGFP-N2 (Clontech, Palo Alto, CA) to create a fusion protein with
GFP. C6 glioma cells were transfected with pEGFP–GLT-1 using FuGene
6 reagent (Roche, Indianapolis, IN), and stable transfectants were se-
lected by growth in DMEM supplemented with 600 �g/ml G418.

Measurement of Na�-dependent transport activity. Na �-dependent
GLT-1 activity was measured as described previously (Hughes et al.,
2004). Cells were grown on 24 well plates and rinsed twice with 1 ml of
Krebs’–Ringer’s–HEPES (KRH) solution before incubation with 50 nM

[ 3H] D-aspartate in KRH buffer for 10 min. Na �-dependent uptake was
defined as the difference between the signals observed in Na �-
containing and choline-containing buffers.

Time-lapse visualization of GFP-tagged GLT-1. GLT-1–GFP-
transfected astrocytes or C6 cells were cultured on glass-bottom cham-
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bers (LabTek-II, Ashland, MA). Real-time im-
ages were collected at room temperature and
analyzed with OpenLab (version 3.14; Improvi-
sion, Lexington, MA). GLT-1 clusters are de-
fined as a fluorescent area of �12 pixels with
intensity at least four times higher than the
background. Within a defined window, the av-
erage fluorescence intensity was determined for
each time point captured to determine cluster
size and number, as outlined above, using
OpenLab software. To determine the preferen-
tial localization of GFP-tagged GLT-1, the ra-
tios of fluorescence intensity in the membrane
and adjacent cytoplasm were determined by di-
rectly measuring fluorescence with OpenLab
software.

Biotinylation of cell-surface proteins and West-
ern blot. The biotinylation procedure was per-
formed as described previously (Xu et al.,
2003). The biotinylated proteins were resolved
on 10% SDS-polyacrylamide gels, transferred
to nitrocellulose membrane, and probed with
an N-terminal GLT-1-specific antibody
(1:10,000; Invitrogen) for 1 hr. Proteins were
visualized by enhanced chemiluminescence
assay.

Results
GLT-1 clusters are mobile
It has been reported that GLT-1 mRNA
and protein are greatly augmented in as-
trocyte–neuron cocultures (Schlag et al.,
1998), demonstrating the importance of
the cross-talk between astrocytes and neu-
rons in regulating GLT-1 expression and
distribution. In the present study, we ex-
amine the distribution of endogenously
expressed GLT-1 in primary cultures of as-
trocytes treated with dbcAMP, which has
been shown to speed astrocyte maturation
and differentiation as well as elevate the
level of GLT-1 protein in both the mem-
brane and cytoplasm (Schlag et al., 1998).
Immunocytochemical analysis of the
dbcAMP-treated cultures demonstrates
the uniform distribution of GFAP (Fig.
1B) throughout the cell. Endogenous
GLT-1 (Fig. 1A) is also localized in the as-
trocytic membrane, cytoplasm, and pro-
cesses. However, immunopositive GLT-1
puncta are found on the astrocytic processes with preferential
localization at either the distal end or fork of the processes (Fig.
1A,C, arrowheads). In astrocytes and C6 cells transfected with the
pEGFP–GLT-1 construct, GLT-1–GFP also forms clusters on the
processes (Fig. 1D,E), similar to the endogenous transporter,
with preferential localization at either the fork or the distal end of
processes. This is in contrast to the distribution of GFP alone,
which distributes uniformly throughout the cytoplasm of the cell
and seldom forms clusters along the astrocytic processes (Fig.
1F). Quantitative analysis shows that GLT-1–GFP fluorescence
intensity in the membrane is 38 and 45% higher than that in the
cytoplasm in astrocytes and C6 glioma cells, respectively, demon-
strating the preferential membrane localization of GLT-1. Inter-
estingly, in �65% (150 of 271 cells) of transfected astrocytes, long
and thin processes are not generated directly from the soma but

rather from a protrusion or filapodium linked with the soma (Fig.
1D, yellow boxed region). We refer to this structure as a “second-
ary process” from which thin and long processes are generated
and projected. These secondary processes also occurred at a sim-
ilar frequency in GFP-transfected astrocytes. The average length
of an astrocytic process is four to five times longer than that of the
soma diameter, leading to a significant area expansion of the
membrane. In contrast, mature C6 cells have relatively short pro-
cesses that usually generate directly from the soma and are ap-
proximately equivalent in length to the soma diameter (Fig. 1E).
GLT-1 clusters in the astrocytic processes have an average area
and perimeter of 0.8 � 0.04 �m 2 and 2.6 � 0.07 �m, respectively
(n � 433), whereas those in C6 cell processes are nearly four times
larger in terms of area (3.1 � 0.26 �m 2; n � 203), with a perim-
eter that is three times longer (6.5 � 0.39 �m; n � 203). With the
use of time-lapse fluorescence microscopy, we characterized the

Figure 1. Mobility of GLT-1 clusters in the astrocytic process. Double immunostaining of GLT-1 ( A) and GFAP ( B) in astrocyte
cultures showing clusters of endogenous GLT-1 in the fork or distal end of the process, as indicated by yellow arrowheads in A and
the composite image ( C), is indicated. Astrocytes ( D) and C6 cells ( E) transfected with the GFP-tagged GLT-1 expression cassette
demonstrate GLT-1 cluster formation, as indicated by yellow arrowheads, whereas expression of GFP alone fails to form clusters
( F). Please note that some long and thin processes in the astrocyte ( D) are not generated directly from the cell body but instead
from a filopodia-thick structure that is linked with the soma. This structure is outlined in yellow and referred to as a secondary
process. Time-lapse imaging of live astrocytes reveals the mobility of GLT-1 clusters in astrocytic processes of both astrocyte
cultures alone ( G–L) and in cocultures with neurons ( O–S). A differential interference contrast image ( M ) shows the neuron–
astrocyte coculture in which the neuron grows on top of an astrocyte expressing GFP-tagged GLT-1. The inset ( N) outlines the
visualized portion of GLT-1 cluster mobility in the neuron–astrocyte coculture. A GLT-1 cluster on the process moves in a retro-
grade direction, as indicated by the arrowhead, although most of the clusters are stationary, as indicated by arrows. Scale bars: (in
C) A–C, (in M) M, N, 15 �m; D, 10 �m; E, 7 �m; F, (in S) O–S, 9 �m; (in L) G–L, 3 �m.
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mobility of GLT-1 clusters and found that �7% (27 of 433) of
GFP-tagged GLT-1 puncta on the shaft of astrocytic processes are
bidirectionally mobile with an average speed of 0.5 �m/min (Fig.
1G–L). To further characterize mobility of GLT-1 clusters in a
physiological environment and in the absence of dbcAMP, we
monitored GLT-1 cluster mobility in neuron–astrocyte cocul-
tures. The coculture of astrocytes with neurons does not change
the percentage (18 of 263; 6.8%) or direction of mobile GLT-1
clusters in the astrocytic processes (Fig. 1M–S). However, the
average speed (0.29 �m/min) of cluster mobility was reduced in
this preparation compared with results obtained from dbcAMP
treatment of astrocyte-only cultures.

GLT-1 clusters change in shape and size
In addition to GLT-1 cluster mobility, �60% (68 of 111) of
GLT-1 puncta constantly change their structure in both shape
and size at the distal end of both astrocyte and C6 cell processes.
To visualize the morphogenesis of GLT-1 clusters, we character-
ized the clusters on C6 cell processes (four times bigger than
clusters in astrocytes). As demonstrated in Figure 2, GLT-1 clus-
ters at the distal end of C6 processes undergo a rapid morpho-
genesis. A cluster may generate several small clusters (Fig. 2A,
top) with significant increases in both area and perimeter (Fig.
2B) or may be replaced by a newly generated long process (Fig.
2A, bottom). Previous studies have demonstrated that actin po-
lymerization and reorganization play an important role in cell
motility and microprocess generation (Pollard and Borisy, 2003).
Therefore, to investigate the underlying mechanism for the
GLT-1 cluster remodeling and quick process generation, C6 cells
were treated with cytochalasin D (CytoD), a strong inhibitor of
actin polymerization (Tilney et al., 1990; Pollard and Borisy,
2003). Before CytoD treatment, the area of the GLT-1 cluster
diminishes to 38% below baseline, whereas the perimeter of the

cluster is augmented 45% above baseline
within a 10 min interval (Fig. 2D,E), indi-
cating vigorous changes in morphology.
After treatment with CytoD for 60 min,
however, the area and perimeter undergo
only small changes, with a 2% increase in
area and a 3% decrease in the perimeter of
the cluster within a 20 min recording in-
terval (Fig. 2D,E). These results suggest
that the morphological changes in GLT-1
clusters at the distal ends of processes are
highly dependent on the actin network.

GLT-1 clustering is important in
regulating transporter activity
It has been reported that PMA, a phorbol
ester analog, quickly decreases GLT-1 ac-
tivity by inducing rapid GLT-1 internal-
ization, leading to a decrease in the level of
the membrane-inserted GLT-1 (Ka-
landadze et al., 2002). In the present study,
treatment with PMA (400 nM) elicits a sig-
nificant decrease in GLT-1–GFP intensity
(Fig. 3A, arrow) and a significant increase
in the number of GLT-1 clusters (Fig. 3A,
arrowheads) in the astrocytic processes.
This effect occurs 1 min after addition of
PMA and reaches a peak �8 min after
PMA application (Fig. 3A). Quantitative
analysis shows that treatment of astrocytes

with PMA induces a 208 � 26% [vs 99 � 3.14% (control); n � 7]
and a 199 � 25% [vs 101 � 11% (control); n � 7] increase in the
number of GLT-1 clusters above baseline at 8 and 20 min after
PMA treatment, respectively. In contrast, although the number
of clusters increased after PMA treatment, there is no significant
change in GLT-1 cluster intensity. Interestingly, GLT-1–GFP in-
ternalization also occurred within the secondary processes. Ap-
proximately 28% of astrocytes (two of seven) demonstrated a
significant accumulation of GLT-1 in the secondary processes
(Fig. 3E). Before PMA addition, most of the GLT-1 is located in
the membrane of the secondary processes (time, 0 min) (Fig. 3E).
Addition of PMA elicits an immediate aggregation of cytoplasmic
GLT-1 and a corresponding depletion of GLT-1 in the membrane
of the secondary process (Fig. 3E).

To determine whether GLT-1 internalization induced by
PMA preferentially occurs in the astrocytic processes, we mea-
sured the change in GLT-1 intensity in the soma membrane of
several astrocytes that do not bear long and thin processes after
PMA addition. The GLT-1 intensity in the soma membrane after
PMA treatment showed no significant difference (9% decrease
within 20 min; n � 5) (Fig. 3D) compared with no treatment
(control, 3% decrease), demonstrating that PMA (400 nM) treat-
ment basically has no effect on GLT-1 trafficking in the astrocytic
soma membrane. Pretreatment with the nonselective PKC inhib-
itor bisindolylmaleimide II (Bis II) significantly inhibits the
PMA-induced new generation of GLT-1 clusters (5% decrease
from baseline levels within 20 min; n � 5) (Fig. 3B), suggesting
that PKC activation is required for PMA-induced GLT-1
internalization.

For additional confirmation of this point, immunoblots were
used to determine the change in total membrane-inserted GLT-1
protein (including the membranes of soma, secondary processes,
and long and thin processes). Western blot analysis demonstrates

Figure 2. Morphogenesis of the GLT-1 cluster is dependent on the actin network. At the distal end of C6 cell processes,
GFP-tagged GLT-1 undergoes rapid morphogenesis. A GLT-1 cluster may split into several smaller clusters (A, top), with significant
expansion of the membrane area and perimeter ( B), or disappear when a new process is produced (A, bottom). The numbers in A
and D represent time (in minutes). C, A schematic showing the experimental protocol for the observation of morphological
changes in GLT-1 cluster dimensions before and after CytoD treatment. D, Time-lapse images showing morphological changes in
the GLT-1 cluster before (top) and after (bottom) CytoD treatment for 60 min. E, The quantitation of area and perimeter of a GLT-1
cluster before and after CytoD treatment (10 �M). Scale bars: A, 1.5 �m; D, 1.0 �m.
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that there are no changes in total GLT-1
protein after treatment with PMA, Bis II,
or PMA and Bis II in combination (Fig.
4A). In contrast, PMA application induces a
47% decrease in the total membrane-
inserted GLT-1 immunoreactivity, whereas
Bis II pretreatment basically restores the
membrane-inserted GLT-1 immunoreac-
tivity to �85% of control (Fig. 4A). Because
PMA fails to induce any significant change in
GLT-1 in the astrocytic soma membrane, it
is reasonable to conclude that the PMA-
induced 47% decrease in total membrane-
inserted GLT-1 basically results from GLT-1
internalization in the primary and secondary
astrocytic processes. To further verify the na-
ture of GLT-1 trafficking in the astrocytic
process, 0.4 M sucrose, a strong inhibitor of
clathrin (Jarousse and Kelly, 2000), was in-
cubated with the astrocyte cultures for 45
min. After this hypertonic treatment, addi-
tion of PMA failed to induce the generation
of new GLT-1 clusters in the astrocytic pro-
cesses (108 � 4.3 and 99 � 2.6% of the base-
line at 10 and 20 min, respectively; n � 7)
(supplemental Figure 1, available at www.j-
neurosci.org). Because high-molarity su-
crose also may have other effects on the cell
in addition to the inhibition of clathrin,
we also introduced a cDNA encoding a
dominant-negative form of dynamin
(Conner and Schmid, 2003) into astro-
cytes by cotransfection with pEGFP–
GLT-1. Expression of K44A, which in-
hibits endocytic vesicle formation,
prevented PMA-induced generation of
GLT-1 clusters in the astrocytic process
(96 � 4.4 and 93 � 3.2% of baseline at
10 and 20 min, respectively; n � 13)
(Fig. 3C). Together, these data suggest
that the generation of new GLT-1
clusters in the astrocytic processes re-
sults from clathrin-dependent GLT-1
internalization.

To determine the relationship between
GLT-1 trafficking in the processes and glu-
tamate transporter activity, GLT-1 gluta-
mate transport capacity was determined in
both stably transfected C6 cells (Fig. 4B)
and astrocytes (Fig. 4C). To isolate the spe-
cific GLT-1 activity, a selective GLT-1 in-
hibitor, dihydrokainate (DHK; 500 nM),
was included in the uptake assay to block
GLT-1 activity. By comparing the glutamate uptake in the pres-
ence or absence of DHK, we calculated the specific GLT-1 activ-
ity. Consistent with the above findings, PMA treatment for 10
min significantly reduced GLT-1 activity to 55% of control ( p �
0.01) (Fig. 4B,C) in both the stably transfected C6 cells and cul-
tured astrocytes. Pretreatment with either Bis II or high sucrose
(0.4 M) significantly inhibited the PMA-induced decrease in
GLT-1 activity (Fig. 4B–D), suggesting that both PKC activity
and clathrin-dependent endocytosis are required for the PMA-
induced decrease in GLT-1 activity.

Discussion
It is the astrocytic process and not the soma that directly contacts
the neuronal synapse, and it is this association that is believed to
be crucial for regulating the glutamate concentration at the syn-
aptic cleft. The present study provides direct evidence that the
GLT-1 clusters in the astrocytic processes play an important role
in regulating GLT-1 activity. It has been reported that the neuro-
nal GABA transporter 1 associates with clathrin and dynamin to
undergo a rapid internalization and insertion recycling process
(Deken et al., 2003). GLT-1 clusters identified in the present

Figure 3. PMA treatment preferentially reduces the level of GLT-1 protein in astrocytic process. Representative time-series
pictures show changes in GLT-1 intensity and clusters in the astrocytic processes after treatments with 400 nM PMA ( A), 400 nM

PMA and 10 �M Bis II in combination ( B), and 400 nM PMA on a dominant-negative dynamin-expressing astrocyte ( C). The
arrowheads in A and B outline the appearance of new clusters. D, Time-series pictures showing changes in GLT-1 intensity
associated with the soma membrane after treatment with PMA (400 nM). The inset to the left outlines the visualized portion of the
astrocyte. E, Time-series pictures showing changes in GLT-1 intensity after treatment with PMA (400 nM) on the astrocytic
secondary process. Quantitations are based on five to nine independent experiments. The numbers in A–E represent time (in
minutes). Scale bars: A, C, 5 �m; B, 10 �m; D, 25 �m (left image) and 15 �m (other 4 images); E, 8 �m.
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study may also be an accumulation of clathrin-wrapped vesicles,
providing a mechanism by which GLT-1 traffics along the pro-
cess to the soma for degradation or recycling. It has been sug-
gested that the presence of GLT-1 in astrocytic processes enables
the cell to sense the change in glutamate level, thereby providing
a mechanism for accumulation of GLT-1 along certain parts of
the membrane where higher glutamate removal is required
(Chaudhry et al., 1995). To accomplish this level of regulation,
GLT-1 in the process membrane may recycle by an internaliza-
tion–insertion mechanism, and GLT-1 clusters may therefore act
as an internal reserve of transporter molecules. An astrocytic pro-
cess can also form a close interaction with the presynaptic zone of
a neuronal axon (Minelli et al., 2001), thereby raising the possi-
bility that GLT-1 cluster mobility is important for rapid translo-
cation of GLT-1 to the astrocyte–neuronal synaptic site.

It has been reported that the dendritic spine undergoes a dra-
matic change in shape in primary neuronal cultures transfected
with GFP-tagged actin (Fischer et al., 1998), revealing a rapid
actin-based plasticity of the dendritic spine. Similarly, at the dis-
tal end of C6 processes, we also identified a dynamic change in
filopodia-like structures and a rapid actin-based plasticity of
GLT-1 clusters. The morphogenesis of the GLT-1 cluster may
result from a simple GLT-1 redistribution to the neighboring
membrane or from new generation or reorganization of the
membrane, to which GLT-1 is then translocated. Because CytoD
treatment freezes the morphology of GLT-1 clusters, our data
suggest that the morphogenesis of GLT-1 clusters is a result of
reorganization or new generation of the membrane driven by the
actin dynamics, rather than simple redistribution. Interestingly,
CytoD treatment significantly changes GLT-1 cluster morphol-
ogy and leads to the generation of new processes originating from

the soma (data not shown), suggesting that
the actin network is important for the reg-
ulation of astrocytic process sprouting.

In the present study, PMA treatment
induces a preferential internalization in
the astrocytic processes that is then inhib-
ited by pretreatment with a high concen-
tration of sucrose (0.4 M) or expression of a
dominant-negative form of dynamin, sug-
gesting that PMA treatment is coupled
with clathrin-dependent GLT-1 endocyto-
sis. The newly formed GLT-1 clusters are
believed to be generated de novo by the ag-
gregation and internalization of GLT-1
molecules inserted in the process mem-
brane, because GLT-1 intensity is dimin-
ished in the vicinity where new GLT-1
clusters are produced. Thus far we cannot
explain why PMA-induced GLT-1 inter-
nalization selectively occurs in the process
and not the cell body. PMA is a phorbol
ester that is reported to bind specifically
with C1 domain-containing proteins such
as classical and novel PKCs (Zhou et al.,
2003) and synaptic adhesion molecules
such as Munc 13 and Munc 18 (Jahn and
Sudhof, 1999). It is possible that certain
types of PKC may preferentially localize
within the astrocytic process, thereby pref-
erentially generating a PMA response for
GLT-1 transporters localized on the astro-
cytic process. In addition to GLT-1 traf-

ficking, PMA treatment also leads to a significant decrease in
GLT-1 activity that is prevented by pretreatment with either Bis II
or high sucrose (0.4 M), suggesting that the clathrin-dependent
GLT-1 trafficking in the astrocytic processes plays a very impor-
tant role in the regulation of glutamate uptake. Interestingly, hy-
pertonic treatment alone significantly decreases GLT-1 activity to
70% of control values (Fig. 4D). Because high sucrose is able to
block the clathrin-dependent endocytosis (Jarousse and Kelly,
2000), it is reasonable to speculate that GLT-1 internalization
itself is an alternative pathway for removal of glutamate from the
synapse. Together, we conclude that GLT-1 trafficking in astro-
cytic processes plays an important role in regulating GLT-1 ac-
tivity. Because astrocytic processes (and not the soma) contact
the neuronal synapse and maintain the glutamate level in the
synaptic cleft, GLT-1 trafficking in astrocyte processes could pro-
vide an important and dynamic mechanism for maintaining the
local glutamate concentration at the synapse.
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