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Abstract

In the mammalian central nervous system the dopamine transporter (DAT) is the primary mechanism for clearance of dopamine from the
extracellular space. Presynaptic receptors for dopamine and other neurotransmitters (auto-receptors and hetero-receptors) present on
dopaminergic neurons are poised to regulate the activity of the dopamine transporter acutely through their actions on intracellular signaling
systems. The mechanisms proposed for acute presynaptic regulation of dopamine transport include direct effects of phosphorylation on
enzymatic rate, indirect effects through the alteration of the electrical and chemical gradients that drive transport and/or the modulation of
transporter number through the trafficking of carriers to and from the cell surface. This review focuses on recent evidence for several distinct
mechanisms which dynamically regulate dopamine transporter activity and thus have an important role in shaping the duration and amplitude

of dopamine signals in the brain.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Dopamine, a major neurotransmitter in the mammalian
central nervous system, is involved in the control of locomotor
activity, and also in pathways regulating goal oriented behav-
ior and reward (Schultz, 2002). The dopamine transporter
clears neurotransmitter from the extracellular space and serves
as an important regulator of signal amplitude and duration at
dopaminergic synapses. The dopamine transporter also regu-
lates the activation of extrasynaptic receptors and thus has a
significant impact on volume neurotransmission, another
established mode of dopamine signaling. The catalytic rate
of the transporter itself is slow—Iess than one dopamine
molecules/s in cultures of midbrain dopamine neurons—
however, this low turnover rate may not be so surprising in
that dopamine acts through G-protein coupled receptors that
modulate intracellular events on a timescale of seconds
(Prasad and Amara, 2001) The transporter is expressed
selectively in dopaminergic neurons of the substantia nigra
and the ventral tegmental area of the brain (Ciliax et al., 1995;
Freed etal., 1995). These dopaminergic neurons project to the
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striatum, nucleus accumbens and the prefrontal cortex and the
transporters are expressed throughout the cell on axons,
dendrites and the soma, but have not been found in the active
zones of synapses (Nirenberg et al., 1997).
Psychostimulants, such as methylphenidate, cocaine, and
amphetamines, exert many of their effects by acting on the
dopamine transporter, and thus provide a compelling clinical
rationale for understanding the function and regulation of the
carrier. These drugs either block transport of substrates, as
established for cocaine or methylphenidate, or are carrier
substrates, such as amphetamines, which both inhibit uptake
of extracellular dopamine and stimulate efflux of intracellular
dopamine. The result is an increase in extracellular dopamine
that can activate the well-known motor and reward pathways
of the midbrain and trigger the increased locomotor activity
and euphoria associated with drug use. Dopamine transporter
gene disruption experiments in mice have demonstrated the
importance of the carrier in psychostimulant action; mice that
completely lack a functional dopamine transporter display
intense hyperactivity and a profound persistence of extracel-
lular dopamine, mimicking the prominent actions of the drugs.
However, the striking behavioral effects and changes in the
rate of dopamine clearance observed in homozygous knock
out animals are not further enhanced by cocaine or amphet-
amine administration, providing additional support for the
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importance of the dopamine transporter as an obligate target
for these stimulant drugs (Giros et al., 1996). It is important to
note that all the behavioral effects of cocaine cannot be
attributed solely to dopamine transporter, as these mice still
show conditioned place preference for cocaine (Rocha et al.,
1998; Sora et al., 1998). Mice with a double disruption of both
dopamine and serotonin transporter genes exhibit no condi-
tioned place preference in response to cocaine, supporting the
contribution of the serotonin transporter to cocaine reward and
reinforcement (Soraetal.,2001). A mouse “knockdown” line
which retains only 10% of wild type dopamine transport
activity has provided a promising model for the counterintu-
itive calming effect of psychostimulants, such as methylphe-
nidate, on patients with attention deficit hyperactivity disorder
(ADHD) (Zhuang et al., 2001). These mice show the de-
creased dopamine clearance rates and hyperactivity charac-
teristic of a hyperdopaminergic phenotype. Intriguingly, in
this model, which retains some dopamine transporter func-
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tion, psychostimulants also have a calming effect that resem-
bles their therapeutic action in humans with ADHD.

The result of transporter knock outs have underscored how
important short term and chronic regulation of the dopamine
transporter are during normal dopaminergic neurotransmis-
sion, and in a variety of neurological and neuropsychiatric
disorders, including ADHD, schizophrenia, psychostimulant
addiction and Parkinson’s disease. Both the chronic regula-
tory changes and the acute regulation of transport activity
have been the subject of an excellent, comprehensive review
on the biogenic amine transporters (Zahniser and Doolen,
2001). Activation of intracellular signaling systems has been
proposed to acutely modulate transport activity directly by
altering the phosphorylation state of carriers, or indirectly by
changing the electrical and chemical gradients that drive
transport or by regulating the trafficking of carriers to and
from the cell surface. A summary of these processes is
illustrated in Fig. 1. With an emphasis on the dopamine

Fig. 1. Illustration of potential processes involved in regulating dopamine transporter activity this review will cover. (A) Extracellular signals can be relayed
through either dopamine auto-receptors or hetero-receptors for other neurotransmitters. These receptors would activate intracellular signaling pathways and
thus modulate transporter activity. (B) Smaller molecules including substrates of the dopamine transporter, inhibitors, and arachidonic acid may interact directly
with and regulate the transporter. (C) Formation of either homo-multimers of the dopamine transporter or hetero-multimers with other proteins could modulate
transporter activity. (D) Because dopamine transport is electrogenic the process could be modulated by membrane potential. (E) Posttranslational modifications
such as phosphorylation could regulate the intrinsic catalytic activity of the transporter. (F) Internalization and recycling and ultimately degradation dictate the

number of available transporters at the surface, thus regulating transport activity.
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transporter, our review will consider on recent developments
in our understanding of the dynamic cellular events that
regulate short-term changes in transport activity.

2. The dopamine transporter
2.1. Na"- and CI™ -dependent transporter family

The dopamine transporter belongs to the family of Na'/
Cl™ dependent neurotransmitter transporters. The cloning of
two transporters by different groups initially facilitated the
identification of this family. Amino acid sequence informa-
tion from a +y-hydroxybutyric acid (GABA) transporter
purified from rat brain was the basis for cloning the first
GABA transporter, GAT1 (Guastella et al., 1990). A norepi-
nephrine transporter was cloned using a functional expres-
sion assay based on its ability to transport a radio-iodinated
substrate analog when expressed in green monkey fibroblast
COS cells (Pacholczyk et al., 1991). The sequence similarity
shared by the two carriers was the basis for identifying many
other structurally and functionally related carriers. Currently
in mammals, the family consists of the serotonin transporter
(SERT), the dopamine transporter (DAT), glycine transport-
ers (GLYTs la, 1b, Ic, and 2), the norepinephrine transporter
(NET), GABA transporters (GATs 1—4) the proline trans-
porter (PROT), and the taurine transporter (TAUT), reviewed
in (Masson et al., 1999). Interestingly, in mammals there still
exist orphan transporters in this family for which substrates
have not yet been identified.

2.2. Substrate and inhibitor selectivity of the dopamine
transporter

The dopamine transporter has been cloned and character-
ized from several species (Gallant et al., 2003; Giros et al.,
1991, 1992; Jayanthi et al., 1998; Kilty et al., 1991; Miller et
al., 2001; Porzgen et al., 2001; Shimada et al., 1991; Usdin et
al., 1991). It has a well-characterized and unique pharma-
cological profile. Transport is inhibited by non-selective
psychostimulants such as cocaine, mazindol, and methylphe-
nidate, and a few selective compounds that include the GBR
compounds, 12909 and 12935, the non-classical antidepres-
sant bupropion, and the muscarinic antagonist benztropine.
On the other hand most clinically used antidepressants
classified as reuptake inhibitors, including fluoxetine, citalo-
pram venlafaxine and paroxetine, are more potent at inhibit-
ing the serotonin and/or norepinephrine transporters. In
addition to clearing dopamine, the dopamine transporter
can also transport other substrates such as amphetamines,
which block transport, but also cause dopamine efflux, and
the neurotoxin 1-methyl-4-phenylpyridinium ion (MPP"),
which kills dopamine neurons, and triggers a Parkinson’s
disease-like syndrome. Interestingly, the Drosophila dopa-
mine transporter has been proposed to be a primordial
catecholamine transporter because its substrate selectivity

parallels that of the mammalian dopamine carrier, but its rank
order of potency for inhibitors is more similar to that of a
norepinephrine transporter (Porzgen et al., 2001).

2.3. Thermodynamic coupling of ions

Like most members of Na'/C1~ dependent carrier family,
dopamine transporters are expressed at the plasma mem-
brane, where they catalyze the accumulation of their respec-
tive substrates within the cell. In order to move substrate
against a concentration gradient, dopamine transporters co-
transport sodium and chloride ions along with substrate to
provide the thermodynamic driving force for inward flux.
Thus, transport requires sodium and chloride and, depending
on the net charge of substrates and ions, the process is
potentially electrogenic. Estimates of the ionic stoichiometry
of monoamine carriers have come predominantly from
experiments measuring the ionic dependence of initial rates
of substrate transport. In the cloned carrier, dopamine and
other substrates appears to be transported with two sodium
ions and one chloride ion (Gu et al., 1994). However,
electrophysiological analyses of the currents associated with
transporters have provided additional insights into the elec-
trical properties and the pathways of ion permeation of the
carrier proteins. Although one might assume that the currents
associated with sodium-coupled co-transporters should re-
flect the net charge of substrates and ions transported, an
electrophysiological investigation of dopamine transport
demonstrates more complexity than would be expected from
a simple model of co-transport of Na", Cl~, and substrate
(Sonders et al., 1997).

2.4. Transporter-mediated conductances

Many studies have now shown that members of several
transporter families can mediate macroscopic ionic currents,
which are not stoichiometrically linked to substrate move-
ment. The results of this work support an emerging concept
that transporters share more common properties with ionic
channels than was previously thought. Our laboratory has
successfully used voltage clamp analysis in Xenopus
oocytes to analyze currents generated by the human, rat
and Drosophila dopamine transporters (Sonders et al.,
1997). Several currents appear to be associated with the
carrier and these currents can be differentially influenced by
the application of a variety of substrates and transport
inhibitors. When the human dopamine transporter is
expressed in oocytes, two steady-state ionic conductances
that display a common pharmacological sensitivity to do-
pamine transporter ligands are observed. An inward steady-
state current—the transport current—is elicited by substrates
such as dopamine and amphetamine, and can be blocked by
non-substrate blockers. A second conductance—a tonic leak
conductance, generates a steady-state current which is not
coupled to substrate transport but which is blocked by
cocaine-like drugs and by substrates.
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It has now been possible to characterize dopamine trans-
port-associated currents in cultures of rat dopaminergic
neurons (Ingram et al., 2002). In these neurons, whole-cell
and perforated patch clamp recordings were used to demon-
strate that low concentrations of substrates elicit inward
currents that are sodium-dependent, blocked by cocaine,
and are primarily constituted by chloride flux, a previously
uncharacterized property of monoamine transporters. Unlike
receptor-mediated anion conductances that are generally
inhibitory, the biophysical properties of the dopamine trans-
porter-associated anion conductance result in depolarization
which causes an increase in neuronal firing rate that occurs
even when dopamine receptors are blocked. This transporter
mediated anion conductance implicates a role for dopamine
transporter in modulating neurotransmitter release in addi-
tion to its established function in dopamine clearance.

3. Regulation by ion gradients and membrane potential

3.1. Voltage dependence of transport in cloned and
endogenous carriers

As transport involves the electrogenic movement of
charged substrates and ions, the amount of transport could
vary with changes in membrane potential. Xenopus oocytes
provided a unique system in which to address this issue
because uptake can be measured while simultaneously
maintaining a constant membrane potential. This approach
was used to show that dopamine uptake by the human
dopamine transporter is a modestly voltage-dependent
process and that transport increases with hyperpolarization
and decreases with depolarization (Sonders et al., 1997).
The observation that dopamine transport is regulated by
membrane potential suggests one possible way in which
dopamine autoreceptor activation and consequent hyper-
polarization could act to enhance presynaptic dopamine
uptake. However, an examination of the voltage-depen-
dence of transport under more physiological conditions in
cultured dopamine neurons argues against this hypothesis.
Current clamp recordings of dopamine neurons have
shown that activation of endogenous G-protein coupled
receptors by dopamine, baclofen and orphanin-FQ (OFQ)
cause different degrees of hyperpolarization, but did not
alter or increase uptake as might be predicted from studies
with the cloned carrier (Prasad and Amara, 2001). Fur-
thermore, when dopamine transport activity in neurons
actively firing action potentials (2—-3 Hz) was compared
to the activity in neurons that had been silenced with
tetrodotoxin no differences were observed.

3.2. Effects of dopamine D2 receptor activation on
dopamine clearance

The involvement of receptor systems in the regulation of
the dopamine transporter has also been investigated. Pre-

synaptic auto-receptors are known to be activated by
released dopamine and serve as an important feedback loop.
When activated they inhibit both the release and the
synthesis of neurotransmitter. The dopamine D2 receptor
is the pre-synaptic auto-receptor in dopaminergic neurons,
but like many other receptor subtypes that serve as auto-
receptors, they can also be found post-synaptically, an
observation that can make some pharmacological studies
difficult to interpret. The dopamine D2 receptor couples
pre-synaptically to the activation of an inward rectifying
potassium channel, which causes the cell to become hyper-
polarized. Antagonists of these receptors have been shown
to modestly decrease the clearance of dopamine in brain
(Cass and Gerhardt, 1994), and tissue preparations (Meier-
gerd et al., 1993) but the mechanism of this has not been
clarified as both hyperpolarization and intracellular signal-
ing mechanisms have been implicated (Mayfield and Zahn-
iser, 2001a). Mice in which the dopamine D2 receptor has
been knocked out have slower dopamine clearance than
wild type mice, again linking this receptor to the regulation
of the transporter (Dickinson et al., 1999). These results are
not entirely consistent with the work noted above, which
showed that dopamine D2 receptor agonists and other
hyperpolarizing stimuli had no effect on transport in cul-
tured dopamine neurons (Prasad and Amara, 2001). These
inconsistencies could easily arise from the different meth-
ods and systems used in these studies. For example,
dopamine neurons in culture may not mimic the responses
of neurons in the brain. In the dopamine D2 receptor knock
out model, compensatory changes may produce shifts in the
normal homeostatic balance of the dopamine system. Thus,
additional work will be required to establish whether auto-
receptors are directly involved in the acute regulation of the
dopamine transporters.

4. Evidence for regulation of function by transporter
phosphorylation

4.1. Impact of carrier phosporylation on activity

Because members of the Na'/Cl~ dependent family of
transporters possess in their amino acid sequences multiple
consensus sites for phosphorylation by several different
protein kinases, it has been speculated that a direct phos-
phorylation of the transporter could regulate the activity of
the transporter. Possible consequences of such phosphory-
lation events include altering the catalytic rate of the carrier,
shifting its apparent affinity for substrate and/or inhibitors,
and marking the carrier for downregulation or redistribution
between surface and internal membrane compartments. A
number of studies indicate that the transporters can exist as
phosphoproteins and that their phosphorylation increases
following activation of kinases such as protein kinase C.
This has been found to be the case in both striatal
synaptosomes (Vaughan et al., 1997) and in a cultured
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epithelial cell line derived from porcine kidney LLC-PK,
stably expressing dopamine transporter (Huff et al., 1997).
Biochemical studies have found that the phosphorylated
amino acids reside within the N-terminus of the transporter
(Foster et al., 2002).

Conclusive evidence that the direct phosphorylation of
the transporter alters the intrinsic activity of the transporter
or triggers the downregulation and internalization of dopa-
mine transporter has been diffcult to obtain. The removal of
all the consensus sites for protein kinase C did not prevent
protein kinase C-induced internalization (Chang et al.,
2001). A recent study investigated the phosphorylation state
of mutants where potential phosphorylation sites were
removed by mutagenesis or deletion (Granas et al., 2003).
The results of these experiments showed that deletion of the
N-terminus of the transporter eliminated protein kinase
C-induced phosphorylation of the transporter, but the mu-
tant still transported substrate and was internalized normally
following protein kinase C activation (Granas et al., 2003).
Thus the transporters do become phosphorylated, but this
event does not dictate whether the carrier is internalized.
This implies that there must be other undiscovered phos-
phoproteins that regulate dopamine transporter trafficking.

Other recent experiments using COS cells transiently
expressing the dopamine transporter show that dopamine
transporter is phosphorylated and several dopamine trans-
porter mutations were found to alter the regulated phos-
phorylation pattern of the transporter (Lin et al., 2003).
Though this study did not clearly implicate direct phosphor-
ylation of the transporter in the regulation of activity, it did
highlight several phosphorylated residues in the N-terminus
and other regions of the protein that might be linked to a
regulatory effect.

4.2. N-linked glycosylation is important for delivery of
carrier to the cell surface

The Na'/Cl~ dependent transporters all contain sites for
N-linked glycosylation in the extracellular loop and it has
been shown that they do become glycosylated. Mutational
studies have shown that this glycosylation is very impor-
tant for the activity and stability of the transporters at the
surface, but does not seem to be important for the
regulation of the intrinsic transport activity (Torres et al.,
2003).

5. Other agents that may regulate transport functions by
a direct action

5.1. Arachidonic acid, ethanol, and nitric oxide

Several other molecules have been implicated in the
regulation of dopamine transporter. Inhibitors of arachidonic
acid metabolism are relatively potent inhibitors of dopamine
uptake in rat striatal slices (Cass et al., 1991) an observation

supported by a later study performed in striatal synaptosomes
(L’hirondel et al., 1995). Others have shown in C6 rat glioma
cells stably expressing the dopamine transporter that short
incubations with arachidonic acid stimulate dopamine uptake
while longer incubations at higher arachidonic acid concen-
trations inhibit both dopamine transport and binding of WIN
35,428, a tropane analog of cocaine (Zhang and Reith, 1996).
The study also demonstrated that a series of compounds
known to raise endogenous concentrations of arachidonic
acid all inhibited dopamine transport. Because protein kinase
C activation was not required, the finding suggested that
arachidonic acid may act directly on the carrier.

Arachidonic acid can have other effects on the dopamine
transporter; when applied to Xenopus oocytes expressing the
human carrier, it induces a large novel nonselective cation
conductance that is potentiated by dopamine and blocked by
cocaine (Ingram and Amara, 2000). Dopamine potentiates
this current in the absence of sodium and chloride, indicating
that these currents arise from processes distinct from those
associated with substrate transport. The effects of arachidonic
acid were mimicked by other fatty acids with a rank order of
potency correlated with their degree of unsaturation, suggest-
ing that polyunsaturated fatty acids can have direct effects on
the functional properties of the dopamine transporter.

Ethanol has been shown to enhance the activity of the
dopamine transporter by increasing the number of carriers
on the cell surface (Mayfield et al., 2001b). A recent
mutagenesis study identified glycine-130 and isoleucine-
137 as the amino acid residues responsible for this increase.
When these two positions were substituted with the
corresponding residues from the ethanol-insensitive norepi-
nephrine transporter, the dopamine transporter was no
longer sensitive to ethanol (Maiya et al.,, 2002). On the
basis of these results the authors propose that this apparently
intracellular domain of the dopamine transporter may inter-
act with a cytoplasmic protein in an ethanol-dependent
manner.

Several groups have shown that nitric oxide can reduce
dopamine transport in striatal synaptosomes (Kiss et al.,
1999; Lonart and Johnson, 1994; Pogun et al., 1994) and in
C6 rat glioma cells expressing the dopamine transporter
(Cao and Reith, 2002). Surprisingly nitric oxide generated
by adenosine receptor activation appears to increase sero-
tonin transporter activity in rat basophillic leukemia cells
(Miller and Hoffman, 1994), suggesting that signaling path-
ways in different cellular environments can have distinct
effects on transporter activities.

5.2. Direct substrate- and inhibitor-mediated regulation of
transporters

Although it is easy to imagine how substrates, such as
dopamine, could regulate carrier functions by activating
presynaptic auto-receptors, there are a number of intriguing
experiments to support the idea, that the transporters are
regulated directly by interaction with their substrates and
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inhibitors. In human embryonic kidney HEK-293 cells
stably expressing dopamine transporter, addition of either
of the substrates dopamine and amphetamine results in a
down regulation of the activity of the transporter and the
level of transporters expressed at the surface (Saunders et
al., 2000). Transport inhibitors were found to block this
downregulation. Uptake inhibitors by themselves have been
found to up regulate the surface expression of transporters
exogenously expressed in different cell types (Daws et al.,
2002; Little et al., 2002). A recent study using fluorescence
resonance energy transfer (FRET) to study intermolecular
interactions of the dopamine transporter corroborates the
effects of substrates on internalization as preincubation of
cells expressing the dopamine transporter with amphetamine
enhances the internalization of dopamine transporter (Sor-
kina et al., 2003). Another study (Daniels and Amara, 1999)
did not find any effect of the substrate dopamine on activity
or surface expression levels in canine kidney MDCK cells
expressing a green fluorescent protein-tagged dopamine
transporter, suggesting that the modulation of activity by
substrates may vary in different cellular model systems.
Interestingly the serotonin transporter, a member of this
family of transporters also appears to be regulated by its
substrate serotonin (Ramamoorthy and Blakely, 1999).
However in contrast to the observations of Saunders et al.
(2000), for the dopamine transporter, the internalization of
the serotonin transporter following activation of protein
kinase C was attenuated by co-incubation with the substrate
serotonin. Because the studies were carried out in the same
expression system, Saunders et al. (2000) suggest that these
two transporters must be regulated in different ways.

In dopamine transporter expressing Xenopus oocytes it
has also been found that repeated 1-min exposures to low
concentrations of different dopamine transporter substrates
every 5 min will lead to a decrease in the transport
associated currents and this decrease could be attenuated
by co-incubation with protein kinase C inhibitors. The same
study also examined whether this phenomenon could be
seen in vivo in intact rat brains and found that by increasing
the frequency of substrate exposure to every 2 min they
could observe a decrease in dopamine transporter mediated
dopamine clearance in striatum but not in nucleus accum-
bens (Gulley et al., 2002).

In another experimental paradigm, rats were treated
acutely with a single dose of amphetamines such as amphe-
tamine, methamphetamine or methylenedioxymetham-
phetamine (MDMA) prior to preparation of striatal
synaptosomes from the animals (Fleckenstein et al., 1999;
Fleckenstein et al., 1997). Amphetamine pretreatment in
these studies produced a reversible decrease in synaptosomal
dopamine transport activity. Although it was not shown that
this reduction in activity is caused by decrease in surface
carriers or a change in their intrinsic acitivity, kinetic
analyses did indicate that the effect was associated with a
decrease in Vi, but without change in the apparent affinity
for substrate. Inhibitors of protein kinase C attenuated the

effect in a manner consistent with it being a phosphorylation-
dependent event (Sandoval et al., 2000). As these studies
have been carried out in a complex tissue system, it cannot be
excluded that such effects also could be mediated indirectly.
This has been addressed in a study where antagonists of
dopamine D1 and D2 receptors or antioxidants were admin-
istered before the amphetamine injection (Metzger et al.,
2000). As the pre-administration of these drugs could not
eliminate the effect of amphetamine injection on the trans-
porter activity, the conclusion of this study was that none of
these molecules were involved in the amphetamine-mediated
down regulation of dopamine transporter.

6. Regulation of transporter trafficking and insertion
6.1. Activation of protein kinase C alters activity

Several different intracellular signaling pathways have
been studied and implicated in the regulation of dopamine
transporters. By far the best characterized is the stimulation
of protein kinase C (PKC) activation using phorbol esters.
The most consistent result from these studies is a rapid down
regulation of transport activity as a result of removal of
transporters from the cell surface. This effect has been shown
in striatal synaptosomes (Copeland et al., 1996; Vaughan et
al., 1997), in COS cells (Kitayama et al., 1994; Pristupa et
al., 1998), in C6 rat glioma cells (Zhang et al., 1997), in rat
pheochromocytoma PC12 cells (Melikian and Buckley,
1999), in LLC-PK; cells (Huff et al., 1997), in MDCK cells
(Daniels and Amara, 1999), in insect sf9 cells (Pristupa et al.,
1998), and in Xenopus oocytes (Zhu et al., 1997). The
protein kinase C isozyme responsible for the effect in
Xenopus oocytes has also been characterized to be one of
the conventional protein kinase C isoforms, that are sensitive
to the inhibitor G66976 (Doolen and Zahniser, 2002).

Two groups have explored the cell biological mechanism
of these changes in surface expression in greater detail. Using
canine kidney MDCK cells stably expressing green fluores-
cent protein-tagged dopamine transporters it was possible to
visualize a very distinct internalization of the transporter and
an accumulation of intracellular vesicles containing the
transporter following treatment with the protein kinase C
activator phorbol 12-myristate 13-acetate (PMA). This inter-
nalization is inferred to be clathrin-mediated, as a dominant
negative mutant of dynamin inhibited this process (Daniels
and Amara, 1999). Using specific antibodies to monitor
dopamine transporter trafficking in a stably transfected
PC12 cells line Melikian and Buckley (1999) have also
observed a robust removal of transporter molecules from
the surface following protein kinase C activation.

Once internalized it appears that the fate of the transporter
depends on the cell system in which the transporter is
expressed. Using sucrose gradients for subcellular fraction-
ation in human dopamine transporter transfected PC12 cells,
it was found that after PMA treatment the transporter co-
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localized with markers of the endosomal recycling compart-
ment and was subsequently recycled back to the surface
(Melikian and Buckley, 1999). In MDCK cells, rather than
being recycled the internalized transporter transits to the
lysosomes where it is ultimately degraded (Daniels and
Amara, 1999). Melikian’s group has extended their analysis
of the mechanisms for both the basal and protein kinase C-
mediated recycling of dopamine transporter in PC12 cells
(Loder and Melikian, 2003). In these cells the transporters
are internalized and recycled back to the surface very
robustly. This constitutive process was found to be indepen-
dent of transporter expression levels. In contrast, it was
found that the internalization stimulated by protein kinase
C activation varies with different transporter expression
levels and protein kinase C activation increases the removal
from the surface, but also inhibits the recycling back to the
surface. It was therefore suggested that the constitutive and
regulated trafficking of the transporter might be mediated by
independent mechanisms.

These observations suggest that a major mechanism for
acute regulation of transport activity is through changes in
carrier trafficking, but they also raise the question of why
this might be a good strategy for the dopamine transporter.
As mentioned previously the transport cycle is relatively
slow. Dopamine transporters are thought to be expressed
abundantly in regions close to the active synaptic zone but
are also expressed on dendrites and the soma of pre-
synaptic neurons. It has been suggested that the buildup
of dopamine following burst firing is a result of this slow
activity of the transporter and a saturation of the transport
process (Prasad and Amara, 2001). For these reasons the
regulation of the carrier number can have a profound effect
on dopamine clearance.

6.2. Protein kinase C activation increases dopamine
transporter mediated efflux

There are other curious effects of protein kinase C on the
dopamine transporter. Surprisingly, inhibitors of protein
kinase C applied to rat striatal slices inhibit amphetamine-
induced efflux (Kantor and Gnegy, 1998). In this prepara-
tion, efflux was calcium-independent and could be blocked
by transport inhibitors, consistent with the idea the efflux
was mediated by the dopamine transporter. This efflux of
dopamine could also be triggered by protein kinase C
activators even in the absence of the substrate amphetamine
(Cowell et al., 2000; Kantor and Gnegy, 1998). Although
extracellular calcium is not required, an extension of these
studies showed that depletion of intracellular calcium dimin-
ished the effect (Kantor et al., 2001). These effects appear
distinct from those addressing protein kinase C effects on
uptake, where protein kinase C activation leads to an
internalization of the carriers. These efflux studies have been
carried out at a shorter time period, where the redistribution
of the transporter has not yet taken effect, perhaps accounting
for the apparent discrepancy. It is also intriguing to consider

that this effux is mediated by a conformation of the carrier
that exists in the early phases of carrier internalization.

6.3. Receptor stimulation leads to increase of dopamine
transporter mediated efflux

Other investigators found similar effects as several dif-
ferent receptor systems can modulate amphetamine-facili-
tated efflux through dopamine transporter. Activation of
either o, receptors in striatal tissue (Izenwasser et al.,
1998) or nicotinic acetylcholine receptors in rat prefrontal
cortex (Drew et al., 2000) leads to an increase in amphet-
amine stimulated efflux; both of these effects appear to be
mediated through activation of protein kinase C (Derbez et
al., 2002; Drew and Werling, 2001).

A recent study has found that dendrodendritic release of
dopamine is mediated through a calcium-independent extra-
synaptic mechanism and appears to involve a reversal of the
dopamine transporter (Falkenburger et al., 2001). The
signal triggering this reversal was proposed to be mediated
by activation of metabotrobic glutamate receptors and
depolarization of the membrane. It is tempting to speculate
that this reverse transport of dopamine could involve the
same mechanism, as the enhancement of efflux seen fol-
lowing protein kinase C and receptor activation discussed
above.

6.4. Actions of other kinases: protein kinase A and tyrosine
kinases

Although a number of laboratories have examined the
contributions of protein kinase A to the regulation of the
dopamine transporter activity, most have failed to implicate
this kinase in the acute regulation of dopamine transporter in
several different experimental paradigms (Copeland et al.,
1996; Daniels and Amara, 1999; Tian et al., 1994; Zhu et
al., 1997). Moreover, one group has been unable to dem-
onstrate a protein kinase A-mediated increase in the phos-
phorylation state of the dopamine transporter in striatal
synaptosomes under conditions where protein kinase C
activation could be shown to increase phosphorylation
(Vaughan et al., 1997). However, there has been at least
one system where an action of protein kinase A has been
inferred. Forskolin, an activator of adenyl cyclase was
shown to stimulate dopamine transport in striatal tissue
suspensions, an effect that was blocked by the protein
kinase A-selective inhibitor, H89. This effect was acute,
occurring within the first minutes of application and dis-
appearing after 15 min (Batchelor and Schenk, 1998).

Other kinases have also been investigated for their role
in dopamine transporter regulation. Pathways involving
protein tyrosine kinases also have been linked to the
regulation of the dopamine transporter, as inhibitors of
these kinases decrease the transporter activity. It has been
speculated that this effect is mediated by an alteration in the
number of transporters on the surface because incubation
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with these inhibitors leads to a decrease in V,,,, (Doolen
and Zahniser, 2001; Simon et al., 1997). In a study that
supports the involvement of protein tyrosine kinases in
transporter regulation, natural ligands and activators of
receptor tyrosine kinases like insulin were shown to in-
crease the activity of the norepinephrine transporter (NET)
in human neuroblastoma SK-N-SH cells (Apparsundaram et
al., 2001). This work also implicated another family of
kinases in the regulation of NET, as inhibition of the p38
stress activated mitogen activated protein kinase (MAPK)
would eliminate the increase in activity observed. Interest-
ingly it was found that these effects were not due to a
change of density of transporters on the surface but were the
result of an increase in their turnover rate. The results of the
various studies suggest that kinase activation may regulate
transporter function acutely through at least two different
mechanisms—by altering the intrinsic activity and/or the
surface expression of the carriers. Pharmacological evi-
dence to support the regulation of dopamine transporter
activity by phosphatidylinositol-3-kinase has also been
reported (Carvelli et al., 2002). In this study it was found
that acute treatment with inhibitors of phosphatidylinositol-
3-kinase leads to an enhanced internalization of the trans-
porter by a clathrin-dependent mechanism. Recent work
also implicates phosphatidylinositol-3-kinase as well as the
MAPK kinase-1/2 MEK1/2 in the regulation of dopamine
transporter. In this study inhibitors of both kinases decrease
dopamine transporter transport activity through a mecha-
nism that appears to involve changes in carrier surface
expression. Several potential sites for phosphorylation by
kinases in the dopamine transporter N-terminus were pro-
posed to be involved in mediating this regulation (Lin et al.,
2003).

6.5. Role of phosphatases

A number of phosphatases have been considered as
possible players in the phosphorylation dependent events
that regulate dopamine transport. In striatal preparations
inhibitors including okadaic acid, an inhibitor of serine/
threonine phosphatases have been found to decrease the
activity of the transporter and also to enhance its phosphor-
ylation (Vaughan et al., 1997). The pharmacology of this
effect and also in vitro biochemical studies support that it is
most likely protein phosphatase 1 (PP1) that is responsible
for this dephosphorylation (Foster et al., 2003). As is the
case for the protein kinase C-activated increase in phos-
phorylation, the majority of phosphorylation sites that
become dephosphorylated by PP1 are located in the N-
terminus of the transporter (Foster et al., 2002). Because the
effects of okadaic acid have not been as thoroughly inves-
tigated as the effect of protein kinase C, it is not possible to
conclude whether the decrease in transporter activity results
from a direct phosporylation of the dopamine transporter or
a phosporylation site in other proteins involved in trans-
porter redistribution. The effect of okadaic acid and PMA

are additive in some cell systems (Vaughan et al., 1997) but
not in others (Granas et al.,, 2003) suggesting that the
mechanism for the decrease in activity could be mediated
through different pathways. Interestingly in a study of the
related serotonin transporter (SERT), it was found that
another okadaic acid sensitive protein phosphatase 2A
(PP2A) forms a PMA-sensitive physical complex with
SERT (Bauman et al., 2000). This study also found PP2A
existed in a complex with both the dopamine transporter and
the norepinephrine transporter in native tissue.

7. Regulation of dopamine transport activity by
protein—protein interactions

7.1. Oligomerization

Recent studies have investigated whether the transporters
work as single units or they form complexes with each other
and whether this could have an effect on transport activity.
Several different studies have addressed these issues, and it
has in fact been possible to show that the transporters do
exist as complexes or oligomers (Hastrup et al., 2001;
Sorkina et al., 2003; Torres et al., 2003).

It has been difficult to determine whether oligomerization
is important for the activity of the transporters or for the
stability of the transporters, however, oligomerization has
clearly been established to have a role in facilitating the
trafficking of the transporters to the surface. Several reports
have shown that mutants in which the interaction domains
have been mutated are not efficiently delivered to the cell
surface (Hastrup et al., 2001; Torres et al., 2003). To further
support this idea it was also found that peptides containing
the interaction domain could interfere with the trafficking of
the wild type transporter to the surface (Torres et al., 2003).
The two studies found two different regions of the trans-
porter to be involved in the interaction. Javitch’s group
found an interaction between the individual transporters at
transmembrane domain 6 (Hastrup et al., 2001) and Caron’s
group (Torres et al., 2003) found an interaction at trans-
membrane domain 2.

Recent work using fluorescence resonance energy trans-
fer (FRET) between populations of transporters tagged with
either cyan or yellow fluorescent protein to determine where
in the cell oligomerization took place established that
oligomers exist in intracellular compartments and on the
plasma-membrane (Sorkina et al., 2003). It appears that
dopamine transporter oligomers form initially in the endo-
plasmic reticulum and persists as they traffic to the cell
surface and during endosomal recycling.

7.2. Proteins that stabilize or restrict dopamine transporter
surface expression: PICKI, hic5, syntaxin, o-synuclein

The functional impact of the formation of dopamine
transporter dimers or homomultimers has not yet been fully
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elucidated. However, several different proteins have now
been established to interact with the carrier and to modulate
dopamine transport activity. A yeast two-hybrid screen
revealed an interaction between the dopamine transporter
and the protein PICK1 (protein that interact with C-kinase)
(Torres et al., 2001) and also with another protein called
Hic-5 (Carneiro et al., 2002). PICK1 was originally identi-
fied as a substrate of protein kinase C. The interaction of
PICK1 with the dopamine transporter appears to be impor-
tant for stabilizing the transporter at the surface and thereby
increasing its activity. Surprisingly, it was not possible to
link the protein to the protein kinase C mediated down-
regulation of the transporter. In studies exploring the inter-
action of the dopamine transporter with Hic-5 which also
associates with several other proteins, Hic-5 decreases the
amount of transporter expressed on the cell surface and has
been proposed to serve as a scaffolding protein.

Another group has investigated dopamine transporter
binding to a-synuclein, a protein linked to cell death of
dopamine neurons and to the neurodegeneration observed
in Parkinson’s disease. Like PICK1, a-synuclein stabilizes
the dopamine transporter on the surface, leading the
study’s authors to speculate this persistence of the trans-
porter could cause accelerated oxidative stress and cell
death (Lee et al., 2001). Surprisingly in mice where the a-
synuclein gene has been knocked out, it has been found
that the transporter activity is not altered, but this negative
result could be a consequence of long-term adaptive
changes (Abeliovich et al., 2000). The effect of a-synu-
clein on dopamine transport activity has been further
complicated by a recent study that replicated the inter-
action of the two proteins, but obtained an opposite
functional effect in which co-expression of a-synuclein
inhibited dopamine transport (Wersinger and Sidhu, 2003).
Because a-synuclein is implicated in cell death, its level of
expression could affect transport activity by an indirect
mechanism, and might provide an explanation for the
discrepancies between the two studies.

Another protein that interacts with these families of
transporters is the SNARE (soluble N-ethylmaleimide-sen-
sitive factor attachment protein receptor) protein syntaxin
1A. Syntaxin 1A is a pre-synaptic protein that is involved in
vesicular docking and release. Three members of the Na'/
Cl -dependent carrier family, the GABA transporter 1
(Deken et al., 2000; Quick et al., 1997), the serotonin
transporter (Haase et al., 2001) and the norepinephrine
transporter (Sung et al., 2003) have been found to interact
with this protein, and this interaction appears important for
the trafficking of the transporter to the surface. Interestingly,
syntaxin 1A may also directly modulate transporters by
directly inhibiting their turnover rate (Deken et al., 2000;
Sung et al., 2003). Although the reason behind this phe-
nomenon is not clear, the result suggest a single interacting
protein can have multiple opposing actions—one that
enhances surface expression and the other that reduces
activity.

8. Conclusions

Both genetic and pharmacological studies have estab-
lished that the dopamine transporter serves a pivotal role in
limiting dopamine-mediated neurotransmission and ulti-
mately in determining behavior. As the dopamine transport-
er is a major target for drugs used in treating depression,
nicotine addiction, ADHD and for psychostimulant drugs of
abuse it is important to understand the precise mechanisms
that regulate its functions. It is now well recognized that the
transporter can be regulated both at an acute level (as
summarized in Table 1) and also chronically at the level
of gene activation. Furthermore it is understood that the
most commonly observed way of dynamically regulating
transporter activity is through the removal and recycling of
the protein from the cell surface. Multiple intracellular and

Table 1
Summary of molecules involved in the regulation of the activity and/or
number of available active dopamine transporters

Molecule

Dopamine L)?
Amphetamine 1P
Methamphetamine 1°
MDMA (Ecstacy) 1
Cocaine 1¢
Ethanol 1f
Dopamine D2 Receptor T(-)
Protein kinase C I
Protein phosphatase 1/2A 1
Protein kinase A T
Protein tyrosine kinases Tk
Arachidonic Acid L)
Reactive Oxygen Species m
Nitric Oxide "
PICK1 1°
Hic5 I
a-Synuclein 19

1, up-regulation; |, down-regulation; (—), this study showed no change of
transporter activity following application of this molecule.

?(Gulley et al., 2002; Saunders et al., 2000; (Daniels and Amara,
1999)).

b (Saunders et al., 2000; Sorkina et al., 2003).

¢ (Fleckenstein et al., 1997b).

4 (Fleckenstein et al., 1999).

¢ (Daws et al., 2002; Little et al., 2002).

f(Mayfield et al., 2001b).

€ (Cass and Gerhardt, 1994; Dickinson et al., 1999; Mayfield and
Zahniser, 2001a; Meiergerd et al., 1993; (Prasad and Amara, 2001)).

h (Copeland et al., 1996; Daniels and Amara, 1999; Huff et al., 1997;
Kitayama et al., 1994; Melikian and Buckley, 1999; Pristupa et al., 1998;
Vaughan et al., 1997; Zhang et al., 1997; Zhu et al., 1997).

i (Foster et al., 2003; Granas et al., 2003; Vaughan et al., 1997).

j(Baltchelor and Schenk, 1998).

k (Doolen and Zahniser, 2001; Simon et al., 1997).

!(Cass et al., 1991; L’hirondel et al., 1995; Zhang and Reith, 1996;
(Ingram and Amara, 2000)).

™ (Berman et al., 1996; Fleckenstein et al., 1997a).

" (Cao and Reith, 2002; Kiss et al., 1999; Pogun et al., 1994).

° (Torres et al., 2001).

P (Carneiro et al., 2002).

9 (Lee et al., 2001; Wersinger and Sidhu, 2003).
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extracellular signaling events trigger and modulate these
processes, but surprisingly little is known about the mech-
anism by which this is achieved. Undoubtedly future experi-
ments will elucidate the mechanism of and proteins
involved in regulation of transporter trafficking. Although
it has been shown that protein kinase C activation and
subsequent phosphorylation events play a role in regulated
internalization, current data does not support the direct
phosphorylation of the transporter as an obligate step in
the process. It therefore remains to be determined what
proteins are the specific targets for phosphorylation. Other
acute regulators have been shown to mediate intrinsic
changes to transporter activity, and it remains to be demon-
strated whether any of these changes are mediated by
mechanisms involving carrier phosphorylation, allosteric
effects of transporter ligands, the formation of dopamine
transporter multimers or interactions with other proteins yet
to be identified.

Several proteins have been shown to interact with dopa-
mine transporter and have effects on the activity of the
carrier, and future proteomics and genomics experiment will
very likely discover even more proteins involved in dopa-
mine transporter regulation. The transporter has been shown
to form homo oligomers and this seems to be important for
the stability and trafficking of the transporter, but it remains
to be shown whether this multimerization could have other
functional effects.

The current knowledge of how the dopamine transporter
is regulated has been greatly enhanced, but several aspects
of the regulation remain to be elucidated. Future research
should provide answers to some of the remaining questions
and may even lead to the development of drugs with novel
mechanisms of action that can help alleviate neuropsychi-
atric diseases and conditions like affective disorders and
drug addiction.

Acknowledgements

We thank Drs. Geoffrey Murdoch, Mark Sonders and
Andreia Fontana for providing helpful comments and
discussion on the manuscript. Work from our laboratory
has been supported by NIH grants DA07595, DA12408,
DA13838 and the Howard Hughes Medical Institute (SGA)
and the Alfred Benzon Foundation (OVM).

References

Abeliovich, A., Schmitz, Y., Farinas, 1., Choi-Lundberg, D., Ho, W.H.,
Castillo, P.E., Shinsky, N., Verdugo, J.M., Armanini, M., Ryan, A.,
Hynes, M., Phillips, H., Sulzer, D., Rosenthal, A., 2000. Mice lacking
alpha-synuclein display functional deficits in the nigrostriatal dopamine
system. Neuron 25, 239-252.

Apparsundaram, S., Sung, U., Price, R.D., Blakely, R.D., 2001. Traffick-
ing-dependent and -independent pathways of neurotransmitter trans-
porter regulation differentially involving p38 mitogen-activated

protein kinase revealed in studies of insulin modulation of norepinephr-
ine transport in SK-N-SH cells. J. Pharmacol. Exp. Ther. 299, 666—677.

Batchelor, M., Schenk, J.O., 1998. Protein kinase A activity may kineti-
cally upregulate the striatal transporter for dopamine. J. Neurosci. 18,
10304-10309.

Bauman, A.L., Apparsundaram, S., Ramamoorthy, S., Wadzinski, B.E.,
Vaughan, R.A., Blakely, R.D., 2000. Cocaine and antidepressant-sensi-
tive biogenic amine transporters exist in regulated complexes with pro-
tein phosphatase 2A. J. Neurosci. 20, 7571-7578.

Berman, S.B., Zigmond, M.J., Hastings, T.G., 1996. Modification of dop-
amine transporter function: effect of reactive oxygen species and dop-
amine. J. Neurochem. 67, 593—600.

Cao, B.J., Reith, M.E., 2002. Nitric oxide inhibits uptake of dopamine and
N-methyl-4-phenylpyridinium (MPP+) but not release of MPP+ in rat
C6 glioma cells expressing human dopamine transporter. Br. J. Phar-
macol. 137, 1155—-1162.

Carneiro, A.M., Ingram, S.L., Beaulieu, J.M., Sweeney, A., Amara, S.G.,
Thomas, S.M., Caron, M.G., Torres, G.E., 2002. The multiple LIM
domain-containing adaptor protein Hic-5 synaptically colocalizes and
interacts with the dopamine transporter. J. Neurosci. 22, 7045—-7054.

Carvelli, L., Moron, J.A., Kahlig, K.M., Ferrer, J.V., Sen, N., Lechleiter,
J.D., Leeb-Lundberg, L.M., Merrill, G., Lafer, E.M., Ballou, L.M.,
Shippenberg, T.S., Javitch, J.A., Lin, R.Z., Galli, A., 2002. PI 3-kinase
regulation of dopamine uptake. J. Neurochem. 81, 859—869.

Cass, W.A., Gerhardt, G.A., 1994. Direct in vivo evidence that D2 dop-
amine receptors can modulate dopamine uptake. Neurosci. Lett. 176,
259-263.

Cass, W.A., Larson, G., Fitzpatrick, F.A., Zahniser, N.R., 1991. Inhibitors
of arachidonic acid metabolism: effects on rat striatal dopamine release
and uptake. J. Pharmacol. Exp. Ther. 257, 990—996.

Chang, M.Y., Lee, S.H., Kim, J.H., Lee, K.H., Kim, Y.S., Son, H., Lee,
Y.S., 2001. Protein kinase C-mediated functional regulation of dopa-
mine transporter is not achieved by direct phosphorylation of the dop-
amine transporter protein. J. Neurochem. 77, 754—761.

Ciliax, B.J., Heilman, C., Demchyshyn, L.L., Pristupa, Z.B., Ince, E.,
Hersch, S.M., Niznik, H.B., Levey, A.L, 1995. The dopamine transport-
er: immunochemical characterization and localization in brain. J. Neuro-
sci. 15, 1714—1723.

Copeland, B.J., Vogelsberg, V., Neff, N.H., Hadjiconstantinou, M., 1996.
Protein kinase C activators decrease dopamine uptake into striatal syn-
aptosomes. J. Pharmacol. Exp. Ther. 277, 1527-1532.

Cowell, R.M., Kantor, L., Hewlett, G.H., Frey, K.A., Gnegy, M.E., 2000.
Dopamine transporter antagonists block phorbol ester-induced dopa-
mine release and dopamine transporter phosphorylation in striatal syn-
aptosomes. Eur. J. Pharmacol. 389, 59—-65.

Daniels, G.M., Amara, S.G., 1999. Regulated trafficking of the human dop-
amine transporter. Clathrin-mediated internalization and lysosomal deg-
radation in response to phorbol esters. J. Biol. Chem. 274, 35794-35801.

Daws, L.C., Callaghan, P.D., Moron, J.A., Kahlig, K.M., Shippenberg, T.S.,
Javitch, J.A., Galli, A., 2002. Cocaine increases dopamine uptake and
cell surface expression of dopamine transporters. Biochem. Biophys.
Res. Commun. 290, 1545-1550.

Deken, S.L., Beckman, M.L., Boos, L., Quick, M.W., 2000. Transport rates
of GABA transporters: regulation by the N-terminal domain and syn-
taxin 1A. Nat. Neurosci. 3, 998—1003.

Derbez, A.E., Mody, R.M., Werling, L.L., 2002. Sigma(2)-receptor regu-
lation of dopamine transporter via activation of protein kinase C.
J. Pharmacol. Exp. Ther. 301, 306—314.

Dickinson, S.D., Sabeti, J., Larson, G.A., Giardina, K., Rubinstein, M.,
Kelly, M.A., Grandy, D.K., Low, M.J., Gerhardt, G.A., Zahniser,
N.R., 1999. Dopamine D2 receptor-deficient mice exhibit decreased
dopamine transporter function but no changes in dopamine release in
dorsal striatum. J. Neurochem. 72, 148—156.

Doolen, S., Zahniser, N.R., 2001. Protein tyrosine kinase inhibitors alter
human dopamine transporter activity in Xenopus oocytes. J. Pharmacol.
Exp. Ther. 296, 931-938.

Doolen, S., Zahniser, N.R., 2002. Conventional protein kinase C isoforms



O.V. Mortensen, S.G. Amara / European Journal of Pharmacology 479 (2003) 159-170 169

regulate human dopamine transporter activity in Xenopus oocytes.
FEBS Lett. 516, 187—190.

Drew, A.E., Werling, L.L., 2001. Protein kinase C regulation of dopamine
transporter initiated by nicotinic receptor activation in slices of rat
prefrontal cortex. J. Neurochem. 77, 839—848.

Drew, A.E., Derbez, A.E., Werling, L.L., 2000. Nicotinic receptor-medi-
ated regulation of dopamine transporter activity in rat prefrontal cortex.
Synapse 38, 10—16.

Falkenburger, B.H., Barstow, K.L., Mintz, .M., 2001. Dendrodendritic
inhibition through reversal of dopamine transport. Science 293,
2465-2470.

Fleckenstein, A.E., Metzger, R.R., Gibb, J.W., Hanson, G.R., 1997. A rapid
and reversible change in dopamine transporters induced by metham-
phetamine. Eur. J. Pharmacol. 323, R9—R10.

Fleckenstein, A.E., Haughey, H.M., Metzger, R.R., Kokoshka, J.M., Rid-
dle, E.L., Hanson, J.E., Gibb, J.W., Hanson, G.R., 1999. Differential
effects of psychostimulants and related agents on dopaminergic and
serotonergic transporter function. Eur. J. Pharmacol. 382, 45-49.

Foster, J.D., Pananusorn, B., Vaughan, R.A., 2002. Dopamine transporters
are phosphorylated on N-terminal serines in rat striatum. J. Biol. Chem.
277, 25178—-25186.

Foster, J.D., Pananusorn, B., Cervinski, M.A., Holden, H.E., Vaughan,
R.A., 2003. Dopamine transporters are dephosphorylated in striatal
homogenates and in vitro by protein phosphatase 1. Brain Res. Mol.
Brain Res. 110, 100—-108.

Freed, C., Revay, R., Vaughan, R.A., Kriek, E., Grant, S., Uhl, G.R.,
Kuhar, M.J., 1995. Dopamine transporter immunoreactivity in rat brain.
J. Comp. Neurol. 359, 340—349.

Gallant, P., Malutan, T., McLean, H., Verellen, L., Caveney, S., Donly,
C., 2003. Functionally distinct dopamine and octopamine transport-
ers in the CNS of the cabbage looper moth. Eur. J. Biochem. 270,
664—674.

Giros, B., El Mestikawy, S., Bertrand, L., Caron, M.G., 1991. Cloning and
functional characterization of a cocaine-sensitive dopamine transporter.
FEBS Lett. 295, 149—-154.

Giros, B., El Mestikawy, S., Godinot, N., Zheng, K., Han, H., Yang-Feng,
T., Caron, M.G., 1992. Cloning, pharmacological characterization, and
chromosome assignment of the human dopamine transporter. Mol.
Pharmacol. 42, 383-390.

Giros, B., Jaber, M., Jones, S.R., Wightman, R.M., Caron, M.G., 1996.
Hyperlocomotion and indifference to cocaine and amphetamine in mice
lacking the dopamine transporter. Nature 379, 606—612.

Granas, C., Ferrer, J., Loland, C.J., Javitch, J.A., Gether, U., 2003. N-ter-
minal truncation of the dopamine transporter abolishes phorbol ester-
and substance P receptor-stimulated phosphorylation without impairing
transporter internalization. J. Biol. Chem. 278, 4990—-5000.

Gu, H., Wall, S.C., Rudnick, G., 1994. Stable expression of biogenic amine
transporters reveals differences in inhibitor sensitivity, kinetics, and ion
dependence. J. Biol. Chem. 269, 7124—7130.

Guastella, J., Nelson, N., Nelson, H., Czyzyk, L., Keynan, S., Miedel,
M.C., Davidson, N., Lester, H.A., Kanner, B.I., 1990. Cloning and
expression of a rat brain GABA transporter. Science 249, 1303—1306.

Gulley, J.M., Doolen, S., Zahniser, N.R., 2002. Brief, repeated exposure to
substrates down-regulates dopamine transporter function in Xenopus
oocytes in vitro and rat dorsal striatum in vivo. J. Neurochem. 83,
400—-411.

Haase, J., Killian, A.M., Magnani, F., Williams, C., 2001. Regulation of the
serotonin transporter by interacting proteins. Biochem. Soc. Trans. 29,
722-728.

Hastrup, H., Karlin, A., Javitch, J.A., 2001. Symmetrical dimer of the
human dopamine transporter revealed by cross-linking Cys-306 at the
extracellular end of the sixth transmembrane segment. Proc. Natl. Acad.
Sci. U. S. A. 98, 10055—-10060.

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

Ingram, S.L., Amara, S.G., 2000. Arachidonic acid stimulates a novel

cocaine-sensitive cation conductance associated with the human dopa-
mine transporter. J. Neurosci. 20, 550—557.

Ingram, S.L., Prasad, B.M., Amara, S.G., 2002. Dopamine transporter-
mediated conductances increase excitability of midbrain dopamine neu-
rons. Nat. Neurosci. 5, 971-978.

Izenwasser, S., Thompson-Montgomery, D., Deben, S.E., Chowdhury, IL.N.,
Werling, L.L., 1998. Modulation of amphetamine-stimulated (transport-
er mediated) dopamine release in vitro by sigma?2 receptor agonists and
antagonists. Eur. J. Pharmacol. 346, 189—196.

Jayanthi, L.D., Apparsundaram, S., Malone, M.D., Ward, E., Miller, D.M.,
Eppler, M., Blakely, R.D., 1998. The Caenorhabditis elegans gene
T23G5.5 encodes an antidepres. Mol. Pharmacol. 54, 601—609.

Kantor, L., Gnegy, M.E., 1998. Protein kinase C inhibitors block amphet-
amine-mediated dopamine release in rat striatal slices. J. Pharmacol.
Exp. Ther. 284, 592—-598.

Kantor, L., Hewlett, G.H., Park, Y.H., Richardson-Burns, S.M., Mellon,
M.J., Gnegy, M.E., 2001. Protein kinase C and intracellular calcium are
required for amphetamine-mediated dopamine release via the norepi-
nephrine transporter in undifferentiated PC12 cells. J. Pharmacol. Exp.
Ther. 297, 1016—1024.

Kilty, J.E., Lorang, D., Amara, S.G., 1991. Cloning and expression of a
cocaine-sensitive rat dopamine transporter. Science 254, 578—579.
Kiss, J.P.,, Hennings, E.C., Zsilla, G., Vizi, E.S., 1999. A possible role of
nitric oxide in the regulation of dopamine transporter function in the

striatum. Neurochem. Int. 34, 345-350.

Kitayama, S., Dohi, T., Uhl, G.R., 1994. Phorbol esters alter functions of
the expressed dopamine transporter. Eur. J. Pharmacol. 268, 115-119.

L’hirondel, M., Cheramy, A., Godeheu, G., Glowinski, J., 1995. Effects of
arachidonic acid on dopamine synthesis, spontaneous release, and uptake
in striatal synaptosomes from the rat. J. Neurochem. 64, 1406—1409.

Lee, F.J., Liu, F., Pristupa, Z.B., Niznik, H.B., 2001. Direct binding and
functional coupling of alpha-synuclein to the dopamine transporters
accelerate dopamine-induced apoptosis. FASEB J. 15, 916—926.

Lin, Z., Zhang, P.W., Zhu, X., Melgari, ].M., Huff, R., Spieldoch, R.L., Uhl,
G.R.,2003. Phosphatidylinositol 3-kinase, protein kinase C, and MEK 1/
2 kinase regulation of dopamine transporters (DAT) require N-terminal
DAT phosphoacceptor sites. J. Biol. Chem. 278, 20162-20170.

Little, K.Y., Elmer, L.W., Zhong, H., Scheys, J.O., Zhang, L., 2002. Co-
caine induction of dopamine transporter trafficking to the plasma mem-
brane. Mol. Pharmacol. 61, 436—445.

Loder, M.K., Melikian, H.E., 2003. The dopamine transporter constitu-
tively internalizes and recycles in a protein kinase C-regulated manner
in stably transfected PC12 cell lines. J. Biol. Chem. 278, 22168 —-22174.

Lonart, G., Johnson, K.M., 1994. Inhibitory effects of nitric oxide on the
uptake of [3H]dopamine and [3H]glutamate by striatal synaptosomes.
J. Neurochem. 63, 2108-2117.

Maiya, R., Buck, K.J., Harris, R.A., Mayfield, R.D., 2002. Ethanol-sensi-
tive sites on the human dopamine transporter. J. Biol. Chem. 277,
30724-30729.

Masson, J., Sagne, C., Hamon, M., El Mestikawy, S., 1999. Neurotrans-
mitter transporters in the central nervous system. Pharmacol. Rev. 51,
439—-464.

Mayfield, R.D., Zahniser, N.R., 2001a. Dopamine D2 receptor regulation
of the dopamine transporter expressed in Xenopus laevis oocytes is
voltage-independent. Mol. Pharmacol. 59, 113—121.

Mayfield, R.D., Maiya, R., Keller, D., Zahniser, N.R., 2001b. Ethanol
potentiates the function of the human dopamine transporter expressed
in Xenopus oocytes. J. Neurochem. 79, 1070—1079.

Meiergerd, S.M., Patterson, T.A., Schenk, J.O., 1993. D2 receptors may
modulate the function of the striatal transporter for dopamine: kinetic
evidence from studies in vitro and in vivo. J. Neurochem. 61, 764—767.

Melikian, H.E., Buckley, K.M., 1999. Membrane trafficking regulates the
activity of the human dopamine transporter. J. Neurosci. 19, 7699—7710.

Metzger, R.R., Haughey, H.M., Wilkins, D.G., Gibb, J.W., Hanson, G.R.,
Fleckenstein, A.E., 2000. Methamphetamine-induced rapid decrease
in dopamine transporter function: role of dopamine and hyperthermia.
J. Pharmacol. Exp. Ther. 295, 1077—-1085.



170 O.V. Mortensen, S.G. Amara / European Journal of Pharmacology 479 (2003) 159-170

Miller, K.J., Hoffman, B.J., 1994. Adenosine A3 receptors regulate sero-
tonin transport via nitric oxide and cGMP. J. Biol. Chem. 269,
27351-27356.

Miller, G.M., Yatin, S.M., De La Garza, R., Goulet, M., Madras, B.K.,
2001. Cloning of dopamine, norepinephrine and serotonin transporters
from monkey brain: relevance to cocaine sensitivity. Brain Res. Mol.
Brain Res. 87, 124—-143.

Nirenberg, M.J., Chan, J., Pohorille, A., Vaughan, R.A., Uhl, G.R., Kuhar,
M.J., Pickel, V.M., 1997. The dopamine transporter: comparative ultra-
structure of dopaminergic axons in limbic and motor compartments of
the nucleus accumbens. J. Neurosci. 17, 6899-6907.

Pacholczyk, T., Blakely, R.D., Amara, S.G., 1991. Expression cloning of a
cocaine- and antidepressant-sensitive human noradrenaline transporter.
Nature 350, 350—354.

Pogun, S., Baumann, M.H., Kuhar, M.J., 1994. Nitric oxide inhibits
[3H]dopamine uptake. Brain Res. 641, 83-91.

Porzgen, P., Park, S.K., Hirsh, J., Sonders, M.S., Amara, S.G., 2001. The
antidepressant-sensitive dopamine transporter in Drosophila mela-
nogaster: a primordial carrier for catecholamines. Mol. Pharmacol.
59, 83-95.

Prasad, B.M., Amara, S.G., 2001. The dopamine transporter in mesence-
phalic cultures is refractory to physiological changes in membrane volt-
age. J. Neurosci. 21, 7561-7567.

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

Quick, M.W., Corey, J.L., Davidson, N., Lester, H.A., 1997. Second mes-
sengers, trafficking-related proteins, and amino acid residues that con-
tribute to the functional regulation of the rat brain GABA transporter
GATI. J. Neurosci. 17, 2967-2979.

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

Rocha, B.A., Fumagalli, F., Gainetdinov, R.R., Jones, S.R., Ator, R., Giros,
B., Miller, G.W., Caron, M.G., 1998. Cocaine self-administration in
dopamine-transporter knockout mice. Nat. Neurosci. 1, 132—137.

Sandoval, V., Hanson, G.R., Fleckenstein, A.E., 2000. Methamphetamine
decreases mouse striatal dopamine transporter activity: roles of hyper-
thermia and dopamine. Eur. J. Pharmacol. 409, 265-271.

Saunders, C., Ferrer, J.V., Shi, L., Chen, J., Merrill, G., Lamb, M.E., Leeb-
Lundberg, L.M., Carvelli, L., Javitch, J.A., Galli, A., 2000. Amphet-
amine-induced loss of human dopamine transporter activity: an internal-
ization-dependent and cocaine-sensitive mechanism. Proc. Natl. Acad.
Sci. U. S. A. 97, 6850—-6855.

Schultz, W., 2002. Getting formal with dopamine and reward. Neuron 36,
241-263.

Shimada, S., Kitayama, S., Lin, C.L., Patel, A., Nanthakumar, E., Gregor,
P., Kuhar, M., Uhl, G., 1991. Cloning and expression of a cocaine-
sensitive dopamine transporter complementary DNA. Science 254,
576-578.

Simon, J.R., Bare, D.J., Ghetti, B., Richter, J.A., 1997. A possible role for
tyrosine kinases in the regulation of the neuronal dopamine transporter
in mouse striatum. Neurosci. Lett. 224, 201 -205.

Sonders, M.S., Zhu, S.J., Zahniser, N.R., Kavanaugh, M.P., Amara, S.G.,
1997. Multiple ionic conductances of the human dopamine transporter:
the actions of dopamine and psychostimulants. J. Neurosci. 17, 960—974.

Sora, 1., Wichems, C., Takahashi, N., Li, X.F., Zeng, Z., Revay, R., Lesch,
K.P., Murphy, D.L., Uhl, G.R., 1998. Cocaine reward models: condi-
tioned place preference can be established in dopa. Proc. Natl. Acad.
Sci. U. S. A. 95, 7699-7704.

Sora, 1., Hall, F.S., Andrews, A.M., Itokawa, M., Li, X.F., Wei, H.B.,
Wichems, C., Lesch, K.P., Murphy, D.L., Uhl, G.R., 2001. Molecular
mechanisms of cocaine reward: combined dopamine and serotonin
transporter knockouts eliminate cocaine place preference. Proc. Natl.
Acad. Sci. U. S. A. 98, 5300-5305.

Sorkina, T., Doolen, S., Galperin, E., Zahniser, N.R., Sorkin, A., 2003.
Oligomerization of dopamine transporters visualized in living cells by
FRET microscopy. J. Biol. Chem. 278, 28274 -28283.

Sung, U., Apparsundaram, S., Galli, A., Kahlig, K.M., Savchenko, V.,
Schroeter, S., Quick, M.W., Blakely, R.D., 2003. A regulated interac-
tion of syntaxin 1A with the antidepressant-sensitive norepinephrine
transporter establishes catecholamine clearance capacity. J. Neurosci.
23, 1697-1709.

Tian, Y., Kapatos, G., Granneman, J.G., Bannon, M.J., 1994. Dopamine
and gamma-aminobutyric acid transporters: differential regulation by
agents that promote phosphorylation. Neurosci. Lett. 173, 143—146.

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

Torres, G.E., Carneiro, A., Seamans, K., Fiorentini, C., Sweeney, A.,
Yao, W.D., Caron, M.G., 2003. Oligomerization and trafficking of
the human dopamine transporter. Mutational analysis identifies crit-
ical domains important for the functional expression of the trans-
porter. J. Biol. Chem. 278, 2731-2739.

Usdin, T.B., Mezey, E., Chen, C., Brownstein, M.J., Hoffman, B.J., 1991.
Cloning of the cocaine-sensitive bovine dopamine transporter. Proc.
Natl. Acad. Sci. U. S. A. 88, 11168—11171.

Vaughan, R.A., Huff, R.A., Uhl, G.R., Kuhar, M.J., 1997. Protein kinase C-
mediated phosphorylation and functional regulation of dopamine trans-
porters in striatal synaptosomes. J. Biol. Chem. 272, 15541—15546.

Wersinger, C., Sidhu, A., 2003. Attenuation of dopamine transporter activ-
ity by alpha-synuclein. Neurosci. Lett. 340, 189—192.

Zahniser, N.R., Doolen, S., 2001. Chronic and acute regulation of Na & Cl —
-dependent neurotransmitter transporters: drugs, substrates, presynaptic
receptors, and signaling systems. Pharmacol. Ther. 92, 21-55.

Zhang, L., Reith, M.E., 1996. Regulation of the functional activity of
the human dopamine transporter by the arachidonic acid pathway.
Eur. J. Pharmacol. 315, 345-354.

Zhang, L., Coffey, L.L., Reith, M.E., 1997. Regulation of the functional
activity of the human dopamine transporter by protein kinase C. Bio-
chem. Pharmacol. 53, 677—688.

Zhu, S.J., Kavanaugh, M.P., Sonders, M.S., Amara, S.G., Zahniser, N.R.,
1997. Activation of protein kinase C inhibits uptake, currents and bind-
ing associated with the human dopamine transporter expressed in Xen-
opus oocytes. J. Pharmacol. Exp. Ther. 282, 1358—1365.

Zhuang, X., Oosting, R.S., Jones, S.R., Gainetdinov, R.R., Miller, G.W.,
Caron, M.G., Hen, R., 2001. Hyperactivity and impaired response ha-
bituation in hyperdopaminergic mice. Proc. Natl. Acad. Sci. U. S. A.
98, 1982—-1987.



	Dynamic regulation of the dopamine transporter
	Introduction
	The dopamine transporter
	Na+- and Cl--dependent transporter family
	Substrate and inhibitor selectivity of the dopamine transporter
	Thermodynamic coupling of ions
	Transporter-mediated conductances

	Regulation by ion gradients and membrane potential
	Voltage dependence of transport in cloned and endogenous carriers
	Effects of dopamine D2 receptor activation on dopamine clearance

	Evidence for regulation of function by transporter phosphorylation
	Impact of carrier phosporylation on activity
	N-linked glycosylation is important for delivery of carrier to the cell surface

	Other agents that may regulate transport functions by a direct action
	Arachidonic acid, ethanol, and nitric oxide
	Direct substrate- and inhibitor-mediated regulation of transporters

	Regulation of transporter trafficking and insertion
	Activation of protein kinase C alters activity
	Protein kinase C activation increases dopamine transporter mediated efflux
	Receptor stimulation leads to increase of dopamine transporter mediated efflux
	Actions of other kinases: protein kinase A and tyrosine kinases
	Role of phosphatases

	Regulation of dopamine transport activity by protein-protein interactions
	Oligomerization
	Proteins that stabilize or restrict dopamine transporter surface expression: PICK1, hic5, syntaxin, alpha-synuclein

	Conclusions
	Acknowledgements
	References


