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Abstract

The activity of biogenic amine and amino acid neurotrans-
mitters is limited by presynaptic and astrocytic Na*-depen-
dent transport systems. Their functional importance is
underscored by the observation that these transporters are
the targets of broad classes of psychotherapeutic agents,
including antidepressants and stimulants. Early studies sug-
gested that the activity of these transporters can be fine
tuned by a number of different signaling pathways. In the
past five years, several groups have provided compelling
evidence that changing the cell surface availability of these
transporters contributes to this fine tuning. This regulated
trafficking can result in rapid (within minutes) increases or
decreases in the plasma membrane expression of these
transporters and is independent of transcriptional or trans-
lational control mechanisms. Many of the same signaling

molecules, including protein kinase C (PKC), tyrosine kinase,
phosphatidylinositol 3-kinase (P13-K), and protein phospha-
tase, regulate the transporters for different neurotransmitters.
In addition to these classical receptor activated pathways,
transporter substrates also regulate activity and cell surface
expression of these transporters. In fact, some of the
transporters form complexes with signaling molecules. Given
the functional and genetic similarities of these transporters, it
is not surprising that the same signaling molecules regulate
their trafficking, but except for the molecules, the actual
effects on individual transporters are remarkably different. It is
as if the same musical notes have been rearranged into
several different melodies.
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The identification of processes that inactivate putative
neurotransmitters after release into the extracellular space
was one of several criteria used to support neurotransmitter
status of many small molecules. During the late 1960s and
early 1970s, these inactivation mechanisms were identified
and characterized. Although extracellular metabolism con-
tributes to the inactivation of certain neurotransmitters (e.g.
acetylcholine and peptides), plasma membrane transporters
play a far more significant role in terminating the activity of
most of the small molecule neurotransmitters (biogenic
amines and amino acids). These transporters utilize the
electrochemical energy derived from the inward movement
of Na" to drive the intracellular accumulation of neurotrans-
mitter.

In the early 1990s, many of these transporters were cloned,
and two broad gene families were identified. The first
includes the norepinephrine, dopamine, serotonin and
y-aminobutyric acid transporters. The second family, which
shares no significant sequence homology with the first,
includes several different glutamate transporters (for a review

see Amara 1992; Blakely 1992; Kanai et al. 1993). The
cloning of these transporter proteins provided the tools
required to study transcriptional and post-translational reg-
ulation in a variety of experimental systems.

It should not be surprising that molecules with the
potential to dramatically modulate both the temporal
and spatial characteristics of synaptic transmission are
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dynamically regulated. Several early studies suggested that
the activity of many of these transporters can be rapidly
regulated by various signaling molecules. Although fre-
quently accompanied by a change in maximal velocity, it is
possible that these effects could be due to a change in the
electrochemical gradients required for transport, a change
in the catalytic efficiency/turnover number of the trans-
porters, or a change in the numbers of transporters at the
plasma membrane. The ability to alter the cell surface
expression of membrane proteins is an evolutionarily
conserved feature of many biological systems (for a review
see Hicke 1999). One well-studied example involves the
GLUT4 subtype of glucose transporter. After release into
the circulation, insulin causes a dramatic redistribution of
this transporter from an intracellular compartment to the
cell surface resulting in increased clearance of glucose by
muscle and adipose tissue (for a review see Czech and
Corvera 1999; Pessin et al. 1999; Simpson et al. 2001).
Another example includes the regulated trafficking of
membrane receptors, including two large families of
receptors, G-protein coupled receptors and growth factor
receptors (for recent discussion see Hicke 1999; Laporte
et al. 2000; Bhatnagar et al. 2001). A relatively common
theme for regulation of these receptors has emerged.
Frequently, binding of agonist accelerates internalization
through endocytotic pathways thereby decreasing the
responsiveness of the cell to subsequent exposure to
agonist, although there are exceptions with ‘paradoxical’
regulation (Roth et al. 1998).

This review will describe recent studies that indicate that
the activity and cell surface expression of four different
neurotransmitter transporters can be rapidly regulated. An
overview of the methods used to study the cell surface
expression of transporters will be first provided. The effects
of specific signaling molecules on the cell surface expression
of the GABA, serotonin, dopamine, and glutamate trans-
porters will be described. These transporters are regulated
by many of the same signaling molecules, including protein
kinase C (PKC), tyrosine kinase-linked pathways, and
protein phosphatase. In addition, substrates for the individual
transporters regulate transporter activity and cell surface
expression. Given the similarities of these systems, one
might expect common themes to emerge. So far common
signals have been identified, but these signals have some-
what different effects on individual transporters. At the end
of the review, some of the similarities and differences will be
summarized.

For those interested readers, there are also examples of
regulated trafficking of both the norepinephrine and glycine
transporters (Apparsundaram et al. 1998; Gerrlings et al.
2001). The author wishes to apologize for not including these
transporters in the discussion and for not adequately
acknowledging many studies that demonstrate acute regula-
tion of transporter activity.

Strategies used to follow cell surface expression

of transporters

Several different strategies have been used to follow the
cellular redistribution of the various transporters. Probably
the most commonly employed technique involves the
covalent modification of cell surface proteins with a
membrane impermeant biotinylation reagent. After biotiny-
lation, cells are lysed and the biotinylated/cell surface
proteins are batch extracted using avidin coated sepharose
beads. The levels of transporter expression in the cell lysate
(total protein), in the biotinylated (cell surface), and the non-
biotinylated (intracellular) fractions are analyzed by western
blot (Daniels and Amara 1998). With this technique, it is
possible to test for potential cell lysis by following the
biotinylation of intracellular proteins, such as actin or
calnexin (Qian et al. 1997; Davis et al. 1998). Another
commonly used complementary technique is the use of
immunocytochemistry combined with confocal microscopy
to qualitatively visualize a redistribution of transporter
protein (for an example see Davis ef al. 1998; Daniels and
Amara 1999). With some transporters, it is possible to use
ligands that only bind to the cell surface transporters of
intact cells, but will bind to all transporters in a lysed
cellular preparation. With this strategy, a change in binding
to intact cells with no change in total binding implies a
redistribution (for examples see Pristupa et al. 1998; Doolen
and Zahniser 2001). Finally, it is possible to separate
intracellular vesicles from the plasma membrane using
differential centrifugation. The amount of immunoreactivity
in each fraction is then evaluated by western blot. This
strategy has been used with both Xenopus oocytes and with
cell cultures (for examples see Corey et al. 1994; Melikian
and Buckley 1999).

In this review, the model systems used to study the
regulation are identified, because it appears that some affects
are dependent on the cellular context. It is not clear if these
differences are related to the levels of protein expression, the
presence or absence of specific subtypes of signaling
molecules, or other differences related to cell biology (for
example expression in polarized vs. non-polarized cells). It
seems safest to use a couple of different model systems,
including primary cultures to verify that effects are not
specific to one single model system. Of course, the
observation that some effects may depend on the model
system could provide strategies to isolate specific proteins
that are required for regulation of these transporters. In the
sections below, the effects of various signaling molecules on
the cell surface expression of specific transporters will be
described.

GABA transporters

There are five closely related transporters that mediate the
Na+-dependent accumulation of GABA, betaine, and taurine
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(for a review see Borden 1996; Nelson 1998). Three of these
transporters, GAT1-3 are thought to mediate the clearance of
GABA in brain. GAT1 has been the focus of several studies
performed by Mike Quick and colleagues showing that PKC,
transporter substrates, and tyrosine phosphorylation alter the
cell surface expression and activity of the GAT1 subtype of
GABA transporter (for a review see Beckman and Quick
2000).

PKC-dependent regulation of GAT1

Activation of PKC has multiple effects on GAT1-mediated
transport activity. In Xenopus oocytes injected with GAT1
cRNA, activation of PKC with an intracellular injection of
phorbol ester causes a rapid (within minutes) redistribution
of the transporter from an intracellular compartment to the
cell surface and an increase in transport activity (Corey
et al. 1994; Quick et al. 1997). In primary cultures that
endogenously express GAT1 and in mammalian cells
transfected with GAT1, bath application of phorbol esters
has the opposite effect, decreasing GAT1 cell surface
expression and activity (Beckman et al. 1999). It is not
clear why different effects are observed in the two systems,
but it is possible that the coupling of signaling pathways to
vesicle trafficking in oocytes is different from that observed
in mammalian cells. Given the remarkable evolutionary
conservation of many other important biological pathways,
it seems unlikely that there would be fundamental differ-
ences of this type. Instead, it seems more likely that
intracellular injection of phorbol ester may explain the
difference. Quick and colleagues have found that bath
application of phorbol esters decreases GAT1 mediated
transport activity in Xenopus oocytes, but the effects of bath
application on GAT1 cell surface expression were not
examined (Quick et al. 1997). Since phorbol esters interact
with several targets including subtypes of PKC and non-
PKC targets (for a review see Kazanietz et al. 2000),
it is possible intracellular and bath application results in
interaction with, or activation of, different combinations of
these targets.

At present, it seems likely that the physiologically
relevant effect of PKC activation is to decrease GAT1 cell
surface expression since one assumes that the cellular
milieu in primary cultures is more likely to mimic that
observed in vivo. This notion is further supported by the
observation that agonists for several different G-protein
coupled receptors, including muscarinic, glutamatergic and
serotonergic receptors decrease GABA transport activity in
primary cultures of neurons (Beckman et al. 1999). The
effects of muscarinic receptor activation are blocked by
inhibition of PKC and are accompanied by a decrease in
GAT1 cell surface expression. Therefore, different neuro-
transmitters that activate receptors coupled to PKC could
theoretically decrease GAT1 mediated activity presumably
altering GABAergic transmission.

Trafficking of neurotransmitter transporters 3

At least some of the effects of PKC on GATI are
dependent on SNARE proteins, including syntaxin 1A. In
oocytes, both syntaxin and synaptophysin appear to be
necessary for the phorbol ester-dependent redistribution of
GAT1 to the plasma membrane, suggesting that these
SNARE proteins are required for the fusion of GATI
containing vesicles to the oocyte plasma membrane (Quick
et al. 1997). Activation of PKC also increases a direct
interaction between syntaxin 1A and GAT1; this interaction
dramatically decreases the catalytic efficiency (turnover
number) of the transporters (Beckman et al. 1998; Deken
et al. 2000). In neuronal cultures, cleavage of syntaxin with
botulinum toxin decreases cell surface expression of GAT1
but also increases GAT1 transport activity (Deken et al.
2000; Horton and Quick 2001). Therefore, synataxin 1A may
be required for trafficking of GAT1 to the cell surface but
may also form a complex with the transporter to decrease the
catalytic efficiency.

Regulation of GAT1 by substrates

Pre-incubation with GABA causes an increase in GABA
transport activity in primary neuronal cultures and Chinese
hamster ovary cells stably transfected with GAT1 (Bernstein
and Quick 1999). In neuronal cultures, the increased
activity 1is sensitive to the GATI-specific inhibitor
SKF8997A, suggesting GABA increases the activity of
GATI1 and not the activity of one of the other GABA
transporters expressed in these cultures. This notion is
further supported by the observation that this effect is
correlated with an increase in cell surface expression of
GATI1. These effects are mimicked by other transporter
substrates but not by GABA receptor agonists. Furthermore,
SKF8997A blocks the GABA-induced increase in trans-
porter activity. Together, these data provide compelling
evidence that the effects are mediated through an interaction
of GABA with the transporter and not a GABA receptor.
There are two possible explanations for this effect. A
signaling molecule could either be activated by an
intracellular accumulation of GABA or the interaction
of GABA with the transporter could activate a signaling
pathway. To determine if an intracellular accumulation of
GABA is sufficient to cause this effect, CHO cells were
transfected with both GAT1 and GAT3. In these cotrans-
fected cells, the GAT1 specific inhibitor blocks the GABA-
induced increase in activity and cell surface expression. As
GAT3 still accumulates GABA under these conditions, it
appears that a direct interaction of GABA with the GAT1
transporter is required to increase GAT1 mediated activity
and GAT1 cell surface expression.

Regulation of GAT1 by tyrosine kinase linked pathways
More recently, the same group has demonstrated that tyrosine
kinase linked signaling pathways regulate GAT1 (Law et al.
2000). Brain-derived neurotrophic factor causes an increase
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in both the activity and cell surface expression of GAT1, and
inhibition of tyrosine kinase blocks this effect. Pre-incubation
with either genistein or K252a (inhibitors of tyrosine kinase)
decreases GABA transport activity and inhibition of protein-
tyrosine phosphatase with pervanadate increases transport
activity, suggesting that there is basal activation of these
pathways in the absence of exogenous brain-derived neuro-
trophic factor. A genistein-induced decrease in transport
activity is also observed in CHO cells stably transfected with
GAT1 and is associated with a redistribution of the transporter
from the plasma membrane to an intracellular compartment.
These effects are correlated with changes in tyrosine phos-
phorylation of GAT1. Mutation of all five of the potential
intracellular tyrosine phosphorylation sites does not appear to
disrupt transporter function but eliminates tyrosine phospho-
rylation and regulation by tyrosine kinase inhibitors. These
data suggest that direct tyrosine phosphorylation is required
for this regulated trafficking of GAT1, but not for normal
insertion of GAT1 in the plasma membrane. This may imply
that there are two distinct intracellular pools of GAT1: one that
is constitutively trafficked to the plasma membrane and
another that is redistributed in response to activation of
tyrosine kinase. The effects of inhibition of tyrosine kinase are
additive with the effects of PKC inhibition and are not blocked
by a PKC antagonist, suggesting that two distinct signaling
pathways regulate the cell surface expression of GAT1.

Summary of GAT1 regulation

Together these studies provide compelling evidence that the
activity of the GAT1 subtype of GABA transporter can be
dynamically up- and down-regulated by several different

Model for Trafficking of EAAC1

Model for Trafficking of SERT

Fig. 1 Schematic representation of regu-
lated ftrafficking of GAT1 (a), SERT (b),
DAT (c) and EAACT (d). To simplify each of
these models, an increase in cell surface
expression is illustrated as an increase in
the rate of translocation of transporters from
a subcellular compartment to the cell sur-
face and a decrease in cell surface
expression is illustrated as an increase in
the rate of endocytosis of the transporter. In
most studies, steady state levels of the
transporters have been measured and
either kinetic step could be affected.

stimuli (see Fig. 1a). Activation of PKC apparently has two
additive effects that can decrease activity. The first is
associated with a decrease in cell surface expression; the
second is associated with an increase in GAT1-syntaxin 1A
complexes and a decrease in catalytic efficiency. GATI
substrates and growth factor receptor agonists both increase
the activity and cell surface expression of GATI.

Serotonin transporters

At present, it appears that a single gene product mediates
the Na'-dependent clearance of extracellular serotonin.
This serotonin transporter (SERT) is regulated by multiple
signaling pathways (for a review see Blakely er al. 1998;
Blakely and Bauman 2000). As is observed for the GAT1
subtype of GABA transporter, the cell surface expression of
SERT is regulated by PKC and by transporter substrates. In
addition, SERT is regulated by protein phosphatase 2A which
directly complexes with the transporter.

PKC-dependent regulation of SERT

A mammalian cell line (human embryonic kidney 293) stably
transfected with SERT has been used to study several
different aspects of regulation of transporter activity and cell
surface expression. In this system, activation of PKC causes
a rapid (maximal within 30 min) decrease in activity (Qian
et al. 1997). This effect is largely attributed to a decrease
in the V., for serotonin transport and is correlated with a
decrease in the amount of biotinylated (cell surface) trans-
porter with no change in the total amount of SERT
expression, suggesting that a change in cell surface expres-
sion is responsible for the decrease in transport activity.
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In a subsequent study, the same group demonstrated that
PKC activation is associated with an increase in phospho-
rylation of SERT (Ramamoorthy et al. 1998). Activation of
PKC causes phosphorylation of a band of the appropriate
molecular weight that is immunoprecipitated from cells
stably transfected with SERT but not from control cells. This
observation and other controls strongly suggest that the band
observed is SERT. Both a time course and a concentration
response curve for PKC activation reveal a close correlation
between the effects on activity and on protein phosphory-
lation. In the same study, the investigators demonstrate that
two different inhibitors of protein phosphatase 2A (PP2A),
okadaic acid and calyculin A, also decrease serotonin
transport activity and increase SERT phosphorylation. At
present, it is not clear if this effect is associated with a
change in SERT cell surface expression. Interestingly, the
effects of PKC activation and PP2A inhibition on both
activity and SERT phosphorylation are additive. In addition,
the effects of PP2A inhibitors are not blocked by inhibitors
of PKC, Ca®'/calmodulin-dependent kinase, or protein
kinase A. Together these studies suggest that at least two
different phosphorylation events are associated with changes
in serotonin transporter activity. One of these phosphoryla-
tion events is mediated by PKC; the second phosphorylation
event is dependent on a kinase that has not yet been
identified.

Regulation of SERT by substrates

This group also found that serotonin transporter substrates
have an impact on both phosphorylation and cell surface
expression of SERT (Ramamoorthy and Blakely 1999).
Serotonin and other transporter substrates (amphetamine and
fenfluramine) inhibit PMA-stimulated phosphorylation of
SERT. These effects are not mimicked by serotonin receptor
agonists, but are blocked by serotonin transport inhibitors,
including cocaine and the tricyclic antidepressants (imipr-
amine, paroxetine and citalopram). These data provide
compelling evidence that the effect of serotonin is mediated
through the serotonin transporter. Pre-loading the cells with
high concentrations of serotonin does not have the same
effect as simultaneous incubation with serotonin, indirectly
suggesting that an interaction of serotonin with the extra-
cellular surface of the transporter is required. Interestingly,
the ECsy for inhibition of SERT phosphorylation by
serotonin was nearly 10-fold lower than the K, for
serotonin transporter activity. This implies that the coupling
of transporter to this effect may depend on different
conformational changes in the transporter than are required
for the transport of substrate (i.e. independent of substrate
translocation). Finally, this group demonstrated that seroto-
nin blocks the PMA-induced internalization of SERT.
Together, these data suggest that this interaction of seroto-
nin with the transporter may provide a homeostatic
mechanism to prevent PKC-dependent internalization of
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SERT when extracellular levels of serotonin approach the
K, value.

More recently, the same group has examined the possibil-
ity that SERT may directly interact with PP2A and that this
interaction may be regulated by many of the same signaling
events that regulate activity and cell surface expression of
SERT (Bauman et al. 2000). They found that PP2A immu-
noreactivity can be immunoprecipiated with two different
anti-SERT antibodies. The immunoprecipitate contains func-
tional phosphatase activity that can be blocked by okadaic
acid. To exclude the possibility that the association of SERT
and PP2A might be an artifact related to the expression
system, the investigators demonstrated this association in
native brain tissues that express SERT. Interestingly, activa-
tion of PKC or inhibition of protein phosphatase abolishes
the interaction between SERT and PP2A. Finally, serotonin
prevents PKC from causing disassembly of the complex.
Together, these data provide evidence for an interaction
between SERT and PP2A that is dependent on many of the
same factors that regulate the activity, cell surface expres-
sion, and phosphorylation of SERT. Although it implies that
serotonin activates PP2A, this cannot easily be tested
pharmacologically because the PP2A inhibitor, okadaic acid,
increases SERT phosphorylation (Ramamoorthy and Blakely
1999) and decreases SERT activity (Sakai et al. 1997) in the
absence of substrate.

Summary of SERT regulation

These data are consistent with the following model (see
Fig. 1b). Under ‘baseline’ conditions, SERT may exist as a
complex with PP2A. Upon activation of PKC, the transporter
and/or an accessory protein are phosphorylated, PP2A
dissociates from the complex, and SERT cell surface
expression decreases. When the transporter is occupied by
substrate, the effects of PKC activation are prevented,
presumably serving as a homeostatic mechanism to prevent
down-regulation of SERT when extracellular serotonin levels
are elevated.

Dopamine transporters

Like serotonin, the clearance of extracellular dopamine is
apparently mediated by a single gene product. The activity
and cell surface expression of the dopamine transporter
(DAT) are decreased in response to PKC activation. DAT
also appears to be regulated by substrates and tyrosine
kinase linked pathways, but the effects are somewhat
different than might be predicted from the studies of
GAT1 and SERT.

PKC-dependent regulation of DAT
In a series of studies, activation of PKC was shown to
acutely decrease DAT activity and increase transporter
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phosphorylation (for a recent report see Huff et al. 1997).
Several different groups have reported similar effects of PKC
on DAT activity and have provided compelling evidence that
this effect is associated with internalization of the transporter
protein in different cellular systems including Xenopus
oocytes (Zhu et al. 1997; Pristupa et al. 1998; Daniels and
Amara 1999; Melikian and Buckley 1999). At present there
is no direct evidence that phosphorylation of DAT is required
for this internalization. In fact, mutation of all serine/
threonine residues within classical PKC consensus sequences
does not eliminate PKC-dependent regulation or internaliza-
tion of DAT, but does abolish PKC-dependent phosphory-
lation of DAT (Chang et al. 2001). This may suggest that
direct transporter phosphorylation is not required for DAT
internalization, and that a scaffolding protein, such as PICK1,
may be the target of phosphorylation (Torres et al. 2001). As
is observed with GAT1, activation of a subtype of meta-
botropic glutamate receptor, mGIuRS, results in a PKC-
dependent inhibition of DAT mediated activity (Page et al.
2001), providing a functional link between cell surface
receptors and DAT activity.

Two different groups have examined the intracellular fate
of DAT to determine if it is targeted for degradation or
available for recycling to the plasma membrane. In Madin-
Darby canine kidney (MDCK) cells stably transfected with
DAT, activation of PKC decreases dopamine transport
activity to approximately 30% of control levels and causes
a pronounced decrease in cell surface expression of DAT
epitope tagged with green fluorescent protein (Daniels and
Amara 1999). This group used several strategies to develop
evidence that the decrease in the cell surface expression is
related to an acceleration of endocytosis, rather than a
slowing of the redistribution of the transporter from a
subcellular compartment to the cell surface. Expression of
a dominant negative variant of dynamin 1 blocks the PKC-
dependent internalization of DAT, suggesting that endocyto-
sis occurs via the clathrin pathway. Finally, they developed
evidence that internalized transporters are targeted for
lysosomal degradation rather than being recycled to the
plasma membrane.

Melikian and Buckley have also examined the effects of
PKC activation on DAT using PC12 cells, but concluded
that the transporters could be recycled to the plasma
membrane (Melikian and Buckley 1999). As was observed
in other cellular systems, activation of PKC caused a
dramatic decrease in DAT mediated activity and cell
surface expression. Using subcellular fractionation tech-
niques and organelle specific markers, this group concluded
that DAT is internalized through an endosomal pathway
and that activation of PKC increases the appearance of
DAT in an endosomal recycling compartment. These
studies suggest that internalized DAT is recycled back to
the plasma membrane in this system. At present, it seems
possible that both pathways of internalization are available

for DAT and that cellular context or basal activation of
signaling pathways may influence the fate of internalized
transporters.

Tyrosine kinase-dependent regulation of DAT

As observed for GAT1, the activity of DAT is decreased by
inhibitors of tyrosine kinase using xenopus oocytes as
a model system (Doolen and Zahniser 2001). This effect
is associated with decreases in the V., for dopamine
transport and in the binding of a ligand that should
selectively bind to DAT located in the plasma membrane.
This study suggests that activation of growth factor
receptors linked to tyrosine kinase may physiologically
increase dopamine transporter activity and that there is basal
activation of this pathway in the absence of exogenous
growth factors in this system.

Substrate- and PP2A-dependent regulation of DAT
Daniels and Amara reported that dopamine or cocaine have
no effect on cell surface expression of DAT in MDCK cells
(Daniels and Amara 1999). In addition, they found that
dopamine has no effect on the PKC-dependent internaliza-
tion. In a more recent study, dopamine and other substrates
(amphetamine) caused an internalization of DAT in human
embryonic kidney 293 cells stably transfected with DAT
(Saunders er al. 2000). These effects were blocked by
transport inhibitors such as cocaine, providing fairly strong
evidence that these effects were mediated through an
interaction of dopamine with the transporter. At present, it
is unclear why different results were obtained in these two
studies, but there is evidence that substrates may also down-
regulate DAT activity in vivo (for example, see Metzger et al.
2001). Interestingly, as is observed for SERT, PP2A can be
immunoprecipitated from striatal homogenates with anti-
DAT antibodies, suggesting that DAT may functionally
couple to PP2A (Bauman et al. 2000).

Summary of DAT regulation

Activation of PKC causes a decrease in DAT mediated
activity and cell surface expression (See Fig. 1c). Substrates
appear to be capable of regulating DAT activity and cell
surface expression, but the effect is opposite to that observed
for GAT1 or SERT. Since this effect of substrates is not
observed in all systems studied, it is possible that an
additional protein(s) is required. There is also evidence that
inhibition of protein tyrosine kinase decreases DAT activity
and cell surface expression. Finally, two studies suggest that
activation of PKC accelerates endocytosis of the transporter
rather than slowing the rate of delivery of the transporter to
the cell surface. The ultimate fate of internalized transporter,
whether it is targeted for degradation or recycled to the
plasma membrane, may be influenced by factors that have
not yet been identified.
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Glutamate transporter regulation

Five Na* dependent high affinity glutamate transporters have
been identified (for a review see Sims and Robinson 1999;
Danbolt 2001). In the CNS, expression of two of these
transporters, GLT-1 and GLAST, is generally restricted to
glial cells. Two of the transporters, EAAC1 and EAAT4, are
neuronal and EAATS is thought to be restricted to retina. At
least some of these transporters are also observed in various
peripheral tissues, and there is evidence for variants related to
alternate mRNA splicing. Recent studies indicate that these
transporters are regulated by the same signaling pathways
that regulate GAT1, SERT, and DAT, but there are many
differences.

PKC-dependent regulation of glutamate transporters

C6 glioma have been used as a model system to study the
regulation of EAACI activity and cell surface expression.
This cell line endogenously expresses EAACI and none of
the other glutamate transporters (Dowd et al. 1996; Palos
et al. 1996). We have found that activation of PKC rapidly
(within minutes) increases both the activity and cell
surface expression of EAACI in this cell line (Dowd
and Robinson 1996; Davis ef al. 1998). In Xenopus
oocytes, there is preliminary evidence that direct activation
of PKC or activation of a metabotropic glutamate receptor
that couples to PKC activation may cause a decrease in
EAACI activity (Trotti et al. 1998, 2001). Therefore, as is
observed with GAT1 (see above) activation of PKC may
have opposite effects on EAAC1 cell surface expression
that appear to depend on the model system being
employed to study trafficking. There are two lines of
evidence that PKC may increase EAACI cell surface
expression in mammalian systems in vivo. First, in primary
cultures of neurons and astrocytes, a model system that
presumably reflects the intracellular milieu observed
in vivo, activation of PKC increases the cell surface
expression of EAACI (Munir et al. 1997, Robinson
laboratory unpublished observations). Secondly, a large
intracellular pool of EAACI is observed in vivo and is not
observed for the other glutamate transporters (Rothstein
et al. 1994; Kugler and Schmitt 1999), suggesting that this
protein is available for mobilization to the cell surface
in vivo.

PKC activation has varied effects on the GLT-1 subtype
of glutamate transporter. In Hela cells stably transfected with
GLT-1, activity and phosphorylation is increased by activa-
tion of PKC (Casado et al. 1993). In stably transfected
MDCK cells, activation of PKC decreases GLT-1 mediated
activity (Carrick and Dunlop 1999). We did not observe any
effects of PKC activation on GLT-1 mediated activity in a
number of different cell lines (Tan ef al. 1999). More
recently, we have examined the effects of PKC activation on
GLT-1 mediated activity and cell surface expression in C6
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glioma stably transfected with GLT-1 and in primary cultures
that endogenously express GLT-1. In both systems, activation
of PKC rapidly decreases GLT-1 cell surface expression
(Kalandadze et al. 2000; unpublished observations). Since
the effects of PKC activation are opposite for GLT-1 and
EAACI when they are both expressed in C6 glioma, it seems
likely that differences in primary amino acid sequence will
ultimately explain these differences. In preliminary studies,
we have begun to identify structural domains of these
transporters required for trafficking using a chimera based
strategy (Kalandadze et al. 2000).

Several groups have studied the effects of PKC activation
on GLAST mediated transport activity with contradictory
results showing that activation of PKC increases, decreases,
or has no effect on GLAST activity (Casado ef al. 1991;
Gonzéalez and Ortega 1997; Daniels and Vickroy 1999;
Gonzélez et al. 1999; unpublished observations). There is
also evidence that the transporter is not internalized in
response to activation of PKC (Conradt and Stoffel 1997). In
preliminary studies, we observe a loss of GLAST immu-
noreactivity with activation of PKC in astrocyte cultures, but
it is not clear that the mechanisms are similar to those
observed for transporters that are internalized in response to
activation of PKC (Susarla et al. 2001).

Tyrosine kinase-, phosphatidylinositol 3-kinase-, and
growth factor-dependent regulation of EAAC1
The regulated trafficking of the insulin-responsive
GLUT4, subtype of glucose transporter depends on the
receptor tyrosine kinase, phosphatidylinositol 3- kinase
(PI3-K), and other downstream signaling molecules (for a
review see Czech and Corvera 1999; Pessin et al. 1999;
Simpson et al. 2001). In an analogous fashion, platelet-
derived growth factor (PDGF) rapidly increases EAACI-
mediated transport activity in C6 glioma (Sims et al.
2000). This increase in activity is associated with an
increase in cell surface EAACI1. Although PDGF activates
phospholipase Cy which can lead to PKC activation
(Valenzuela et al. 1997), the effect of PDGF on EAACI
activity and cell surface expression are not blocked by a
PKC antagonist. In many cellular systems, PDGF also
activates other signaling molecules, including tyrosine
kinase, mitogen-activated protein kinase and PI3-K.
Although inhibitors of tyrosine kinase and PI3-K block
the PDGF-induced increase in transport and cell surface
expression, inhibition of mitogen-activated protein kinase
has no effect. These data suggest that activation of
tyrosine kinase and PI3-K is necessary for PDGF-induced
regulation of EAACI and that the signaling pathways
involved in EAACI] trafficking are analogous to those that
regulate GLUT4 trafficking.

Although inhibition of PKC has no effect on the PDGF-
induced regulation of EAACI, the effects of PKC activation
and PDGF are not additive. This suggests that PKC and
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PDGF regulate EAACI1 trafficking by independent but
converging signaling pathways. It is possible that there is a
finite intracellular pool of EAACI1 that is available for
mobilization by these signaling pathways and that both
PDGF and PKC cause maximal redistribution of EAACI. It
also seems possible that the effects of PKC may depend on
activation of PI3-K, since an inhibitor of PI3-K completely
blocks the PKC-dependent redistribution of EAACI, and
partially attenuates the increase in transporter activity (Davis
et al. 1998).

Substrate-dependent regulation of glutamate transporters
Pre-incubation with glutamate causes an increase in the
activity of the GLAST subtype of glutamate transporter
(Duan et al. 1999). The increase in activity occurs rapidly
(within minutes) and is accompanied by an increase in
transporter V,.x. lonotropic glutamate receptor agonists do
not mimic this effect, and antagonists for the ionotropic or
metabotropic glutamate receptors do not block the effect
of glutamate. In examining the effects of other transporter
substrates, this group made the curious observation that
D-aspartate mimics the effect of L-glutamate, but L-trans-
pyrrolidone-2,4-dicarboxylate  (L-trans-PDC) does not.
L-trans-PDC does, however, block the effect of glutamate.
This suggests that only a subgroup of transporter
substrates couple to the increase in transport activity. This
observation contrasts with those made for SERT where it
appears that all substrates tested are equally effective at
blocking transporter phosphorylation (Ramamoorthy and
Blakely 1999). At present, the best explanation for the
lack of an effect of L-frans-PDC is that it is a less
efficient substrate than either p-aspartate or L-glutamate. In
a different study, we found that pre-incubation with
glutamate causes an increase in transporter activity through
a mechanism that is consistent with an interaction with the
transporters, but is not accompanied by an increase in the
cell surface expression of GLT-1, GLAST, EAACI or
EAAT4 (Munir et al. 2000). It seems possible that
differences in the cultures used for these studies may
explain these results. For example, it is possible that
substrate-induced trafficking of GLAST is only observed
when another signaling molecule is activated, as is
observed for EAACI1 (see below).

Glutamate also increases the cell surface expression of the
EAAT4 subtype of transporter in a glioma cell line, BT4C
(Gegelashvili ef al. 2000). In these studies, both p-aspartate
and r-trans-PDC increased EAAT4 cell surface expression
suggesting that this effect is mediated through an interaction
with the transporter.

The effects of glutamate on the cell surface expression of
EAACI have recently been examined in our laboratory. In
preliminary studies, we have found that glutamate blocks the
redistribution of EAAC1 induced by either PKC activation or
by PDGF (Gochenauer ef al. 2000 unpublished observa-

tions). This effect is not mimicked by glutamate receptor
agonists, but is mimicked by L-aspartate. Although two other
transporter substrates, L-trans-PDC or p-aspartate, do not
mimic the effect of glutamate, they block the effect of
glutamate. Therefore, it seems highly likely that these effects
are mediated through a direct interaction with the transporter,
but that not all transporter substrates are capable of causing
this effect. Using a similar strategy to that employed for
GAT1 (Bernstein and Quick 1999), we have developed
evidence that an intracellular accumulation of glutamate is
not sufficient to block the effect of PKC activation (unpub-
lished observations). In an earlier study, we found that
glutamate causes a slight reduction in EAACI cell surface
expression in primary neuronal cultures (Munir et al. 2000),
but we suspect that this effect was related to basal activation
of signaling pathways that induce redistribution of the
transporter. With the exception of this study, glutamate has
no effect on EAACI cell surface expression in the absence of
a stimulus that induces redistribution of the transporter. This
suggests that glutamate is effectively serving as a ‘coinci-
dence detector’ to block redistribution of the transporter.
Studies of the potential mechanisms of this effect are
currently underway. So far, we have found that okadaic acid
blocks this effect of glutamate, suggesting that the transporter
is functionally coupled to PP2A activation.

Summary of glutamate transporter regulation

Studies to date have provided evidence that the cell surface
expression of at least four of these transporters can be
regulated. The cell surface expression of a postsynaptic
neuronal transporter, EAACI, is increased by activation of
PKC and by activation of growth factor receptor activated
pathways, tyrosine kinase/PI3-K (see Fig. 1d). Somewhat
surprisingly, a subset of substrates block this redistribution
through a pathway that is apparently dependent on PP2A
activation. Activation of PKC decreases the cell surface
expression of the glial transporter, GLT-1. Substrates
increase the cell surface expression of GLAST and
EAATA4.

Recent studies have shown that two of the glutamate
transporters, EAAT3 (the human homolog of EAACI1) and
EAATA4, are regulated by interactions with novel proteins
(Jackson et al. 2001; Lin et al. 2001). Although these
interacting proteins do not regulate cell surface expression
of the transporters, the presence of these molecules suggests
that these transporters may exist in larger complexes with
structural and signaling molecules.

Conclusions

During the last few years, several groups have developed
evidence that neurotransmitter transporters are frequently
regulated by changing the cell surface expression. The
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Table 1 Effects of signaling molecules/substrates on the cell surface expression of neurotransmitter transporters

PKC Inhibition of Activation of

Transporter Activation tyrosine kinase growth factor rec. Substrate

Gat1 { { T T

SERT N ND ND d
(Requires PKC Act.)

DAT d { ND 4, -

EAAC1 T ND T 2
(Requires PKC Act. or
PDGF)

GLAST ND ND ND T, -

EAAT4 ND ND ND T

GLT-1 d ND ND ND

{ or T indicate a decrease or increase in cell surface expression, respectively. T, — indicates that there are reports of a change and a report of no
effect. ND indicates not yet reported. Requires PKC activation indicates that no effect is observed in the absence of PKC activation. For EAAC1, an
effect of substrate is observed when either PKC is activated or cells are treated with PDGF. Act., activation; rec., receptor.

advantage of this type of regulation is that it can occur
within minutes and avoids the potentially time consuming
process of RNA transcription and translation. While PKC,
growth factor activated pathways, and substrates regulate
many of these transporters, the effects of these molecules on
different transporters can vary dramatically (see Table 1) and
the observations made to date raise several interesting
questions.

PKC activation generally decreases the cell surface
expression of these transporters, with the exception of the
EAACI1 subtype of glutamate transporter, which is increased
in response to activation of PKC. It is not clear if alterations
in cell surface expression are the result of increasing the rates
of endocytosis or decreasing redistribution of the transporters
from a subcellular compartment to the plasma membrane. If
the effects are mediated through internalization, one needs to
determine if the transporters are recycled back to the plasma
membrane or are targeted for degradation. Given that DAT is
degraded in one system and enters a recycling endosome in
another (see above), it seems possible that this cellular
decision could be regulated by the cellular milieu or may
depend on activation of other cellular signals. A regulated
fate would provide additional opportunities to fine tune the
duration of the effects of reducing the numbers of transport-
ers at the plasma membrane, presumably recycling the
transporters would be faster than synthesizing new trans-
porters. At present, there is very little evidence that that
transporter phosphorylation is required for regulation by
PKC. If it isn’t, it implies that other proteins are required for
these effects.

There is also evidence that growth factor receptor
signaling pathways can increase the cell surface expression
of many of the transporters, but in some cases it appears that
these effects many be constitutively active in absence of
added growth factor. Interestingly although the effects of

PKC activation on GAT1 and EAACI are quite different,
growth factor signaling increases the cell surface expression
of both of these transporters.

Extracellular neurotransmitter also appears to regulate
the cell surface expression of many of these transporters.
In the simplest scheme, one would think that this would
provide a homeostatic mechanism and that increases in
extracellular transmitter would increase cell surface
expression of the transporter. This would be analogous
to agonist dependent internalization of receptors which
presumably serves to limit the impact of prolonged
receptor activation. With the transporters, substrates appear
to have very different effects. For example, the cell surface
expression of GATI increases in response to substrate,
while substrate causes DAT to decrease. For two of the
transporters, SERT and EAACI, substrate has no effect on
the cell surface expression under basal conditions, but
blocks the PKC-induced redistribution. For both of these
transporters, the implication is that coupling of the
transporter to PP2A mediates this effect of substrate. If
correct, it is remarkable that this form of coincidence
detection is preserved in these genetically unrelated
transporters that are regulated in opposite directions by
PKC.

Understanding the mechanisms that contribute to the
regulation of neurotransmitter transporters has the potential
to impact on many different areas of neuroscience research
and drug use. These transporters control both the spatial and
temporal distribution of neurotransmitter after release into the
extracellular space. These transporters are the targets of many
different clinical drugs and the sites of action of drugs of
abuse. As this relatively young field continues to mature, it
will be interesting to learn more about the mechanisms of this
regulation and the impact of these diverse types of regulation
on normal and abnormal brain function.

© 2002 International Society for Neurochemistry, Journal of Neurochemistry, 80, 1-11



10 M. B. Robinson

Acknowledgements

The author would like to thank Keith Fournier, Gordon Gochenauer,
Marco Gonzélez, Bala Susarla and Olga Zelenaia for their helpful
discussions and their critical reviews of this manuscript. The author
is supported by NIH grants NS29868, NS36465 and NS39011.

References

Amara S. G. (1992) A tale of two families. Nature 360, 420-421.

Apparsundaram S., Schroeter S., Giovanetti E. and Blakely R. D. (1998)
Acute regulation of norepinephrine transport: II. PKC-modulated
surface expression of human norepinephrine transporter proteins.
J. Pharm. Exp Ther. 287, 744-751.

Bauman A. L., Apparsundaram S., Ramamoorthy S., Wadzinski B. E.,
Vaughan R. A. and Blakely R. D. (2000) Cocaine and antide-
pressant-sensitive biogenic amine transporters exist in regulated
complexes with protein phosphatase 2A. J. Neurosci. 20, 7571—
7578.

Beckman M. L., Bernstein E. M. and Quick M. W. (1998) Protein kinase
C regulates the interaction between a GABA transporter and syn-
taxin 1A. J. Neurosci. 18, 6103-6112.

Beckman M. L., Bernstein E. M. and Quick M. W. (1999) Multiple G
protein-coupled receptors initiate protein kinase C redistribution
of GABA transporters in hippocampal neurons. J Neurosci. 19,
1-6.

Beckman M. L. and Quick M. W. (2000) The ups and downs of neu-
rotransmitter transporters. Neuroscientist. 6, 199-207.

Bernstein E. M. and Quick M. W. (1999) Regulation of y-aminobutyric
acid (GABA) transporters by extracellular GABA. J. Biol. Chem.
274, 889-895.

Bhatnagar A., Willins D. L., Gray J. A., Woods J., Benovic J. L. and
Roth B. L. (2001) The dynamin-dependent, arrestin-independent
internalization of 5-hydroxytryptamine 2A (5-HT,A) serotonin
receptors reveals differential sorting of arrestins and 5-HTa
receptors during endocytosis. J. Biol. Chem. 276, 8269-8277.

Blakely R. D. (1992) Advances in molecular biology of neurotransmitter
transporters. Curr. Opin. Psychiatry. 5, 69-73.

Blakely R. D. and Bauman A. L. (2000) Biogenic amine transporters:
regulation in flux. Curr. Opin. Neurobiol. 10, 328-336.

Blakely R. D., Ramamoorthy S., Schroeter S., Qian Y., Apparsundaram
S., Galli A. and DeFelice L. J. (1998) Regulated phosphorylation
and trafficking of antidepressant-sensitive serotonin transporter
proteins. Biol. Psychiatry. 44, 169—178.

Borden L. A. (1996) GABA transporter heterogeneity: pharmacology
and cellular localization. Neurochem. Int. 29, 335-356.

Carrick T. and Dunlop J. (1999) Protein kinase C modulation of the
human excitatory amino acid transporter 2 subtype of glutamate
transporter. Soc. Neurosci. Abstract. 25, 426.

Casado M., Bendahan A., Zafra F., Danbolt N. C., Gimenez C. and
Kanner B. 1. (1993) Phosphorylation and modulation of brain
glutamate transporters by protein kinase C. J. Biol. Chem. 268,
27313-27317.

Casado M., Zafra F., Aragon C. and Giménez C. (1991) Activation of
high-affinity uptake of glutamate by phorbol esters in primary glial
cell cultures. J. Neurochem. 57, 1185-1190.

Chang M.-Y., Lee S.-H., Kim J. H., Lee K. H., Kim Y.-S., Son H. and
Lee Y.-S. (2001) Protein kinase C-mediated functional regulation
of dopamine transporter is not acheived by direct phosphorylation
of the dopamine transporter protein. J. Neurochem. 77, 754-761.

Conradt M. and Stoffel W. (1997) Inhibition of the high-affinity brain
glutamate transporter GLAST-1 via direct phosphorylation.
J. Neurochem. 68, 1244-1251.

Corey J. L., Davidson N., Lester H. A., Brecha N. and Quick M. W.
(1994) Protein kinase C modulates the activity of a cloned
y-aminobutyric acid transporter expressed in xenopus oocytes via a
regulated subcellular redistribution of the transporter. J. Biol.
Chem. 269, 14759-14767.

Czech M. P. and Corvera S. (1999) Signaling mechanisms that regulate
glucose transport. J. Biol. Chem. 274, 1865-1868.

Danbolt N. C. (2001) Glutamate uptake. Prog. Neurobiol. 65, 1-105.

Daniels G. M. and Amara S. G. (1998) Selective labeling of neuro-
transmitter transporters at the cell surface. Meth Enzymol. 296,
307-318.

Daniels G. M. and Amara S. G. (1999) Regulated trafficking of the
human dopamine transporter. J. Biol. Chem. 274, 35794-35801.

Daniels K. K. and Vickroy T. W. (1999) Reversible activation of
glutamate transport in rat brain glia by protein kinase C and an
okadaic acid-sensitive phosphoprotein phosphatase. Neurochem.
Res. 1999, 1017-1025.

Davis K. E., Straff D. J., Weinstein E. A., Bannerman P. G., Correale D.
M., Rothstein J. D. and Robinson M. B. (1998) Multiple signaling
pathways regulate cell surface expression and activity of the
excitatory amino acid carrier 1 subtype of Glu transporter in C6
glioma. J. Neurosci. 18, 2475-2485.

Deken S. L., Beckman M. L., Boos L. and Quick M. W. (2000)
Transport rates of GABA transporters: regulation by the N-terminal
domain and syntaxin 1A. Nature Neuroscience. 3, 998—1003.

Doolen S. and Zahniser N. R. (2001) Protein tyrosine kinase inhibitors
alter dopamine transporter activity in xenopus oocytes. J. Pharm.
Exp Ther. 296, 931-938.

Dowd L. A. and Robinson M. B. (1996) Rapid stimulation of EAACI-
mediated Na*-dependent L-glutamate transport activity in C6 gli-
oma by phorbol ester. J. Neurochem. 67, 508-516.

Dowd L. A., Coyle A. J., Rothstein J. D., Pritchett D. B. and Robinson
M. B. (1996) Comparison of Na'-dependent glutamate transport
activity in synaptosomes, C6 glioma, and Xenopus Oocytes
expressing excitatory amino acid carrier 1 (EAACI1). Mol Phar-
macol. 49, 465-473.

Duan S., Anderson C. M., Stein B. A. and Swanson R. A. (1999)
Glutamate induces rapid upregulation of glutamate transport and
cell-surface expression of GLAST. J. Neurosci. 19, 10193-10200.

Gegelashvili G., Dehnes Y., Danbolt N. C. and Schousboe A. (2000) The
high-affinity glutamate transporters GLT1, GLAST, and EAAT4
are regulated via different signalling mechanisms. Neurochem. Int.
37, 163-170.

Gerrlings A., Nunez E., Lopez-Corcuera B. and Aragén C. (2001)
Calcium- and syntaxinl-mediated trafficking of the neuronal gly-
cine transporter GLYT2. J. Biol. Chem. 276, 17584—17590.

Gochenauer G. E., Gonzaléz M. 1., Fournier K. M., Norris E. H. and
Robinson M. B. (2000) Glutamate (glu) blocks the PMA- or
PDGF-induced increase in cell surface expression of the glu
transporter, EAACI. Soc. Neurosci. Abstract. 26, 411.

Gonzalez M. 1. and Ortega A. (1997) Regulation of the Na'-dependent
high affinity glutamate/aspartate transporter in cultured Bergmann
glia by phorbol esters. J. Neurosci. Res. 50, 585-590.

Gonzalez M. 1., Lopez-Colomé A. M. and Ortega A. (1999) Sodium-
dependent glutamate transport in miiller glial cells: regulation by
phorbol esters. Brain Res. 831, 140-145.

Hicke L. (1999) Gettin” down with ubiquitin: turning off cell-surface
receptors, transporters, and channels. Trends Cell Biol. 9, 107-112.

Horton N. and Quick M. W. (2001) Syntaxin 1A up-regulates GABA
transporter expression by subcellular redistribution. Mol. Membr.
Biol. 18, 39-44.

Huff R. A., Vaughan R. A., Kuhar M. J. and Uhl G. R. (1997) Phorbol
esters increase dopamine transporter phosphorylation and decrease
transport Viax. J. Neurochem. 68, 225-232.

© 2002 International Society for Neurochemistry, Journal of Neurochemistry, 80, 1-11



Jackson M., Song W., Liu M.-Y., Jin L., Dykes-Hoberg M., Lin C.-L. G.,
Bowers W. J., Federoff H. J., Sternwels P. C. and Rothstein J. D.
(2001) Modulation of the neuronal glutamate transporter EAAT4
by two interacting proteins. Nature. 410, 89-93.

Kalandadze A. G., Wu Y. and Robinson M. B. (2000) Identification of
domains required for regulation of cell surface expression of the
glutamate (Glu) transporters Eaacl GLT-1. Soc. Neurosci. Abstract.
26, 411.

Kanai Y., Smith C. P. and Hediger M. A. (1993) The elusive transporters
with a high affinity for glutamate. Trends Neurosci. 16, 365-370.

Kazanietz M. G., Caloca M. J., Eroles P., Fujii T., Garcia-Bernejo M. L.,
Reilly M. and Wang H. (2000) Pharmacology of receptors for the
phorbol ester tumor promotors: Multiple receptors with different
biochemical properties. Biochem. Pharmacol. 60, 1417-1424.

Kugler P. and Schmitt A. (1999) Glutamate transporter EAAC! is
expressed in neurons and glial cells in the rat nervous system. Glia.
27, 129-142.

Laporte S. A., Oakley R. H., Holt J. A., Barak L. S. and Caron M. G.
(2000) The interaction of beta-arrestin with the AP-2 adaptor is
required for the clustering of beta 2-adrenergic receptor into
clathrin-coated pits. J. Biol. Chem. 275, 23120-23126.

Law R. M., Stafford A. and Quick M. W. (2000) Functional regulation of
y-aminobutyric acid (GABA) transporters by direct tyrosine
phosphorylation. J. Biol. Chem. 275, 23986-23991.

Lin C.-L. G., Orlov I., Ruggiero A. M., Dykes-Hoberg M., Lee A.,
Jackson M. and Rothstein J. D. (2001) Modulation of the neuronal
glutamate transporter EAAC1 by the interacting protein GTRAP3-
18. Nature 410, 84-88.

Melikian H. E. and Buckley K. M. (1999) Membrane trafficking regu-
lates the activity of the human dopamine transporter. J. Neurosci.
19, 7699-7710.

Metzger R. R., Hughey H. M., Wilkens D. G., Gibb J. W., Hansom G. R.
and Fleckenstein A. E. (2001) Methamphetamine-induced rapid
decrease in dopamine transporter function. Role of dopamine and
hyperthermia. J. Pharmacol. Exp. Ther. 295, 1077-1085.

Munir M., Correale D. M. and Robinson M. B. (2000) Substrate-induced
up-regulation of Na'-dependent glutamate transport activity. Neu-
rochem. Int. 37, 147-162.

Munir M., Rothstein J. R. and Robinson M. B. (1997) MGIuR mediated
increase in cell surface expression of the neuronal glutamate
transporter, EAACI1, a possible endogenous mechanism to limit
excitotoxicity. Soc. Neurosci. Abstract. 23, 1486.

Nelson N. (1998) The family of Na"/CI™ neurotransmitter transporters.
J. Neurochem. 71, 1785-1803.

Page G., Peeters M., Najimi M., Maloteaux J. M. and E. H. (2001)
Modulation of the neuronal dopamine transporter activity by the
metabotropic glutamate receptor mGIuRS in rat striatal synapto-
somes through phosphorylation mediated processes. J. Neurochem.
76, 1282-1290.

Palos T. P., Ramachandran B., Boado R. and Howard B. D. (1996) Rat
C6 and human astrocytic tumor cells express a neuronal type of
glutamate transporter. Brain Res. Mol. Brain Res. 37, 297-303.

Pessin J. E., Thurmond D. C., ElmendorfJ. S., Coker K. J. and Okada S.
(1999) Molecular basis of insulin-stimulated GLUT4 vesicle traf-
ficking. J. Biol. Chem. 274, 2593-2596.

Pristupa Z. B., McConkey F., Liu F., Man H. Y., Lee F. J. S., Wang Y. T.
and Niznik H. B. (1998) Protein kinase-mediated bidirectional
trafficking and functional regulation of the human dopamine
transporter. Synapse. 30, 79-87.

Qian Y., Galli A., Ramamoorthy S., Risso S., DeFelice L. J. and Blakely
R. D. (1997) Protein kinase C activation regulates human serotonin
transporters in HEK-293 cells via altered cell surface expression.
J. Neurosci. 17, 45-57.

Trafficking of neurotransmitter transporters 11

Quick M. W., Corey J. L., Davidson N. and Lester H. A. (1997) Second
messengers, trafficking-related proteins, and amino acid residues
that contribute to the functional regulation of the rat brain GABA
transporter GAT1. J. Neurosci. 17, 2967-2979.

Ramamoorthy S. and Blakely R. D. (1999) Phosphorylation and
sequestration of serotonin transporters differentially modulated by
psychostimulants. Science 285, 763-766.

Ramamoorthy S., Giovanetti E., Qian Y. and Blakely R. D. (1998)
Phosphorylation and regulation of antidepressant-sensitive seroto-
nin transporters. J. Biol. Chem. 273, 2458-2466.

Roth B. L., Berry S. A., Kroeze W. K., Willins D. L., Kristiansen K.
(1998) Serotonin 5-HT2A receptors: molecular biology and
mechanisms of regulation. Crit. Rev. Neurobiol. 12, 319-338.

Rothstein J. D., Martin L., Levey A. 1., Dykes-Hoberg M., Jin L., Wu D.,
Nash N. and Kuncl R. W. (1994) Localization of neuronal and glial
glutamate transporters. Neuron. 13, 713-725.

Sakai N., Sasaki K., Nakashita M., Honda S., Ikegaki N. and Saito N.
(1997) Modulation of serotonin transporter activity by a PKC
activator and an inhibitor of type 1 and 2A serine threonine
phosphatases. J. Neurochem. 68, 2618-2624.

Saunders C., Ferrer J. V., Shi L., Chen J., Merrill G., lamb M. E., Leeb-
Lundberg L. M. F.,, Carvelli L., Javithc J. A. and Galli A. (2000)
Amphetamine-induced loss of human dopamine transporter activ-
ity: An internalization-dependent and cocaine-sensitive mecha-
nism. Proc. Natl Acad. Sci. USA 97, 6850-6855.

Simpson F., Whitehead J. P. and James D. E. (2001) GLUT4- At
the cross roads between membrane trafficking and signal trans-
duction. Trac. 2, 2—-11.

Sims K. D. and Robinson M. B. (1999) Expression patterns and regu-
lation of glutamate transporters in the developing and adult nervous
system. Crit. Rev. Neurobiol. 13, 169-197.

Sims K. D., Straff D. J. and Robinson M. B. (2000) Platelet-derived
growth factor rapidly increases activity and cell surface expres-
sion of the EAACI subtype of glutamate transporters through
activation of phosphatidylinositol 3-kinase. J. Biol. Chem. 274,
5228-5327.

Susarla B. T. S., Rothstein J. D. and Robinson M. B. (2001) Differential
regulation of GLAST protein levels and activity by protein kinase
C. Soc. Neurosci. Abstract. 27, 710.5.

Tan J., Zelenaia O., Rothstein J. D. and Robinson M. B. (1999)
Expression of the GLT-1 subtype of Na'-dependent glutamate
transporter: Pharmacological characterization and lack of regula-
tion by protein kinase C. J. Pharm. Exp. Ther. 289, 1600-1610.

Torres G. E. W.-D., Yao Mohn A. R., Quan H., Kim K.-M., Levey A. L.,
Staudinger J. and Caron M. G. (2001) Functional interaction
between monoamine plasma membrane transporters and the syn-
aptic PDZ domain-containing protein PICK1. Neuron. 30, 121—
134.

Trotti D., Peng J., Dunlop J. and Hediger M. A. (2001) Inhibition of the
glutamate transporter EAAC1 expressed in Xenopus oocytes by
phorbol esters. Brain Res. 914, 196-203.

Trotti D., Peng J. B. and Hediger M. A. (1998) Activation of metabo-
tropic glutamate receptor 1 inhibits the human glutamate trans-
porters EAACI and GLT!1 expressed in xenopus oocytes. Soc.
Neurosci. Abstract. 24, 2072.

Valenzuela C. F., Kazlauskas A. and Weiner J. L. (1997) Roles of
platelet-derived growth factor in the developing and mature ner-
vous system. Brain Res. Rev. 24, 77-89.

Zhu S. J., Kavanaugh M. P., Sonders M. S., Amara S. G. and Zahniser N.
R. (1997) Activation of protein kinase C inhibits uptake, currents
and binding associated with the human dopamine transporter
expressed in xenopus oocytes. J. Pharm. Exp. Ther. 282, 1358—
1365.

© 2002 International Society for Neurochemistry, Journal of Neurochemistry, 80, 1-11



