° NAT/O

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

N, NIH Public Access

(<
A 5 Author Manuscript
P repSS

Published in final edited form as:
CNS Neurol Disord Drug Targets 2008 November ; 7(5): 393-409.

Role of dopamine transporter in the action of psychostimulants,
nicotine, and other drugs of abuse

J. Zhu! and M.E.A. Reith?
1Department of Psychology, University of South Carolina, Columbia, SC, 29208, USA

2Department of Psychiatry and Pharmacology, New York University School of Medicine New
York, NY, 10016, USA

Abstract

A number of studies over the last two decades have demonstrated the critical importance of
dopamine (DA) in the behavioral pharmacology and addictive properties of abused drugs. The DA
transporter (DAT) is a major target for drugs of abuse in the category of psychostimulants, and for
methylphenidate (MPH), a drug used for treating attention deficit hyperactivity disorder (ADHD),
which can also be a psychostimulant drug of abuse. Other drugs of abuse such as nicotine, ethanol,
heroin and morphine interact with the DAT in more indirect ways. Despite the different ways in
which drugs of abuse can affect DAT function, one evolving theme in all cases is regulation of the
DAT at the level of surface expression. DAT function is dynamically regulated by multiple
intracellular and extracellular signaling pathways and several protein-protein interactions. In
addition, DAT expression is regulated through the removal (internalization) and recycling of the
protein from the cell surface. Furthermore, recent studies have demonstrated that individual
differences in response to novel environments and psychostimulants can be predicted based on
individual basal functional DAT expression. Although current knowledge of multiple factors
regulating DAT activity has greatly expanded, many aspects of this regulation remain to be
elucidated; these data will enable efforts to identify drugs that might be used therapeutically for
drug dependence therapeutics.
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1. INTRODUCTION

Dopamine (DA) modulates many physiological processes including locomotor activity,
cognitive processes, reward and addiction [1, 2]. Dysfunction of the dopaminergic system is
thought to be attributable to the development of multiple neurological disorders such as
schizophrenia, Parkinson’s disease, depression, attention deficit hyperactivity disorder
(ADHD) and drug addiction [3-7]. Extracellular DA concentrations are the net result of
release (exocytosis) and clearance (uptake) from the extracellular space. Uptake through the
plasma membrane DA transporter (DAT) is the primary mechanism for regulating
extracellular DA concentration, and thus, the most effective means of terminating DA
actions at postsynaptic and presynaptic receptors [8, 9]. DAT knockout mice exhibit
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profound neurochemical and behavioral changes including elevated extracellular levels of
DA, hyperactivity, cognitive deficits and altered psychostimulant response [10-14].

The DAT is a member of a larger family of the sodium- and chloride-dependent transporters,
which includes GABA, noradrenaline, serotonin and glycine carriers [15-18]. In recent
years, the molecular identification, expression cloning and genetic deletion of the DAT
protein have contributed to more detailed understanding of DAT function not only in
relation to the normal reuptake of DA but also to the reversal of transporter, leading to non-
exocytotic DA release [19, 20]. The dynamic regulation of DAT function is controlled by
complex processes involving phosphorylation, protein-protein interaction, substrate
pretreatment, and interaction with presynaptic receptors [21-23]. The DAT is the principle
target site for multiple psychostimulant drugs, including cocaine and amphetamine, likely
mediating their high abuse potential and possibly neurotoxicity. Cocaine acts as a simple
inhibitor that binds to the DAT and blocks its transport activity, while amphetamines not
only competitively inhibit DA reuptake and thereby increase synaptic DA levels, but also
reverse transport activity, resulting in efflux of DA via the DAT [21, 24-26]. The DAT is
also a pharmacological target for methylphenidate (MPH) that is the most prescribed drug
used to treat ADHD and addiction to substances such as nicotine [27-32]. In addition, recent
studies have demonstrated that genetic and environmental factors can produce profound
biological changes in DAT function and expression that have important behavioral
associations, including vulnerability to drug abuse [33-36]. This review discusses the current
knowledge of the mechanism and regulation of the DAT in relation to the ways drugs acting
on the DAT to disturb (extra) synaptic dopaminergic transmission and the behavioral
response. Understanding the mechanisms underlying the neurobiological effects of
psychostimulant drugs on the regulation of the DAT protein may have the potential to
facilitate the development of therapeutic programs for drug addiction.

2. REGULATION AND LOCALIZATION OF DAT
2.1. Regulation of DAT function and trafficking by phosphorylation

The function of the DAT is regulated by a number of cellular signaling pathways, including
protein kinase A (PKA), protein kinase C (PKC), tyrosine kinases, phosphatases, calcium
and calmodulin-dependent kinases, which tightly modulate DAT expression on the plasma
membrane [22, 23, 37, 38]. It has been shown that activation of PKC causes a rapid
downregulation of DAT activity, which is the result of removal of transporters from the
plasma membrane to intracellular endosomal compartments [39, 40]. PKC-induced decrease
in DAT cell surface expression is largely responsible for reduced DA uptake capacity [22,
36]. PKC also stimulates non-exocytotic DA efflux through transport reversal, which is
thought to influence dopaminergic neuronal activity and drug neurotoxicity [41-43].
Evidence also indicates that DAT internalized by PKC is localized in the endosomal
recycling compartment and is subsequently recycling back to the plasma membrane,
suggesting that the DAT constitutively internalizes and recycles [40, 44]. PKC activation
accelerates DAT internalization and attenuates the process of DAT recyling back to the cell
surface [44]. For basal DAT internalization, PKC activation does not significantly change
the endocytic rate of DAT when DAT is expressed at high levels but markedly increases
DAT endocytosis when the DATSs are expressed at low and moderate levels [44].

Several studies have shown that PKC-induced internalization of the DAT is blocked by
inhibition of clathrin-mediated endocytosis [39, 45-47]. A recent study has reported that
conananvalin A, a clathrin-mediated endocytosis inhibitor, blocks phorbol 12 myristate , 13-
acetate (PMA, a PKC activator)-induced surface reduction of DAT but only partially inhibits
DAT downregulation [48]. In addition, MRC, a cholesterol depleter/membrane raft
disruptor, partially blocks DAT downregualtion but does not inhibit loss of the cell surface
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DAT [48]. These results demonstrate that PKC-induced DAT down-regulation is regulated
by a combination of trafficking and non-trafficking processes. The latter study also suggests
that DAT proteins are distributed approximately equally between Triton-insoluble,
cholesterol-rich membrane rafts and Triton-soluble non-raft membranes [48]. PMA-induced
loss of the cell surface DAT involves the non-raft population, whereas the non-trafficking
component involves cholesterol-rich rafts, suggesting that distinct subcellular DAT
populations are differentially regulated [48].

Tyrosine kinases, which are activated by insulin and insulin-like growth factor, also regulate
DA clearance [49-51] and DAT cell surface expression [49, 52]. Inhibition of the tyrosine
kinases has been shown to decrease DAT activity in striatal homegenates [49, 53] and
human DAT in oocytes [49]. Tyrosine kinase inhibition also reduces DAT cell surface
expression, measured by [BH]WIN 35,428 binding in human DAT (hDAT) [49]. Insulin
signaling enhances tyrosine kinase activity via the activation of phosphatidylinositol 3-
kinase (PI3K) [54]. Carvelli et al. have reported that insulin causes an increase in DA uptake
in FLAG-hDAT cells and striatal synaptosomes [50]. Insulin-induced enhancement of DA
uptake was accompanied by an increase in DAT cell surface expression [50]. LY294002, a
pharmacological inhibitor of PI3K, reverses the insulin-evoked enhancement of DA uptake
and causes internalization of the DAT, suggesting that tyrosine kinases-mediated PI3K
activity regulates DAT function and trafficking [50]. Evidence also indicates that Akt, a
protein kinase effector, decreases hDAT surface expression and DA uptake in a time-
dependent manner [51]. Therefore, the basal activity of PI3K and Akt maintains basal cell
surface DAT levels and thereby basal levels of DA uptake capacity. Additionally, activation
of tropomysin-related kinase (TrkB) through the binding of brain-derived neurotrophic
factor (BDNF) rapidly increases DA uptake and DAT cell surface expression in striatal
synaptosomes [52]. The BDNF-mediated up-regulation of DA uptake requires both mitogen-
activation protein kinase (MAPK) and PI3K signaling pathways [52]. Indeed, inhibition of
the MAPK cascade decreases DAT transport capacity and DAT cell surface expression in
HEK-293 cells expressing hDAT [55].

The basal phosphorylation of the DAT seems to be acutely regulated by other kinases such
as CAMP dependent PKA, calcium calmodulin-dependent kinase 11 (CaMK 1) and protein
phosphatases [45, 56, 57]. Activation of cAMP was shown to increase DA uptake capacity
in animal striatal synaptosomes, which was blocked by the PKA-selective inhibitor [56-58].
However, the effects of PKA on cAMP-mediated stimulation of DAT function were not
observed in other studies [39, 59, 60]. It is important to note that although cAMP-mediated
upregulation of DAT activity is robust and rapid, it occurs within 5 min and disappears after
15 min [56, 61], and therefore differences in timing in separate studies likely affect their
outcomes. In addition, the 8-bromo-cAMP (membrane-permeable cAMP analogue)-induced
upregulation of DA uptake capacity is CaMK Il-dependent [56]. The second messenger
cAMP binds to ion channels in particular to those conducting Ca2*, and thereby the bound
Ca%*-calmodulin complex interacts with the CaMK 11 [56].

Collectively, the function and localization of the DAT can be regulated by the multiple
second messenger pathways, including PKA, PKC, tyrosine kinases, phosphatases, and other
kinases. Importantly, these second signaling pathways interact each other, thereby governing
DAT cell surface expression and modulating endocytosis. Here, we provide an overview of
DAT regulation and the trafficking criteria that are depended on different stimulations.

2.2. Regulation of DAT function by protein-protein interaction

DAT function is regulated by proteins that are associated with the transporter protein on the
plasma membrane. These proteins fall in several categories: proteins that are part of
signaling pathways, receptors acted upon by the same transmitter (DA) that is the substrate
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for the DAT, and DAT proteins themselves forming transporter oligomers. This review will
focus primarily on protein-protein interactions for which there are indications that they may
play a role in the DAT regulation in the context of drugs of abuse, but it is understood that
many DAT-associated proteins could play as yet an unknown role in the action of drugs of
abuse.

Signaling molecules that have been reported to regulate the DAT, and be associated with it,
include the protein phosphatases PP2A and PP1; a-synuclein, a protein implicated in
Parkinson’s disease; syntaxin 1A, an attachment protein required for transporter trafficking;
PICK1, protein that interacts with C kinase; and Hic-5, the LIM homeodomain-containing
protein [62]. The pharmacological relevance of these DAT-associated proteins in the action
of drugs of abuse is an unexplored territory. As drugs of abuse can affect the DAT
trafficking, a role is plausible for proteins directly related to trafficking such as syntaxin 1A.
It is also possible that DAT activity triggers downstream signaling cascades through
associated signaling molecules, but there is only limited evidence for DAT-mediated
signaling events in the form of c-fos production in DAT-expressing HEK-293 cells lacking
DA receptors for activation of the PKA cascade [63].

The spatial and temporal distribution of DA after its release into the extracellular space is
determined by the DAT [64]. Like amphetamine (see section 3.2), DA itself can reduce the
amount of DAT at the surface of the membrane [65, 66]. An added level of complexity is
that the activity of the DAT is also regulated by DA acting on D2 DA receptors. Recent
work by Bolan et al. (2007) strongly suggests that the DAT and D2 receptors are physically
associated at the plasma membrane [67]. Although the DAT and D2 receptors appear to
interact by protein-protein interaction, this interaction itself probably does not underlie the
increase in DAT function that occurs as a result of D2 receptor activation. This is mainly so
because DAT activation by D2 agonist occupation requires coupling to Gi/o proteins [68].
DAT regulation by D2 receptors has been known for more than a decade. The group of
Justice [69] was the first to draw attention to the possibility of D2 receptors regulating DA
uptake. The experimental design involved repeated cocaine administration (20 mg/kg i.p. for
10 days) previously shown by the same group [69, 70] to upregulate DA uptake when
measured one day after the final cocaine injection. The effect of daily increased DA levels at
the D2 receptors was counteracted in one group of animals by pretreatment with the
dopamine D2 antagonist pimozide prior to cocaine injection [69]. DA uptake and release as
measured in the nucleus accumbens (NAc) by microdialysis was enhanced by repeated
cocaine administration, and these effects were blocked by pimozide pretreatment, suggesting
a role for the D2 receptors in the cocaine-induced upregulation effect. Soon after the study
of Parsons et al. (1993), more direct evidence supporting DAT regulation by D, receptors
was advanced by the group of Schenk [71]. With rotating disk voltammetry, DA uptake into
striatal suspensions was found to be increased in the presence of the D2 agonist quinpirole,
and this effect could be reversed with the D2 antagonist sulpiride. In addition, Meiergerd et
al. (1993) measured DA uptake in vivo by voltammetry in the striatum, and found that D2
blockade by haloperidol decreased DA uptake, most likely via a reduction in the Vax [71].
Another early study indicating a link between the D2 receptors and the DAT is by Cass and
Gerhardt (1994), who measured in vivo DA uptake by voltammetry in the striatum, NAc,
and medial prefrontal cortex (mPFC). Local application of raclopride, a D2 receptor
antagonist, but not SCH-23390, a D, receptor antagonist, inhibited DA transport [72]. Taken
together, these data suggest that activation of the D2 receptors stimulates DA uptake,
whereas the blockade counteracts this stimulation. Much of the more recent work fits in with
this scenario. Thompson et al. (20014, b) reported inhibition and potentiation by the D2
receptor antagonism and agonism, respectively, of [SH]DA uptake into NAc synaptosomes
[73, 74]. Dickinson et al. (1999) found reduced DA clearance in striatum of the D2 receptor
knockout mice; and their DA uptake was unchanged by D2 receptor antagonism, whereas it
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was decreased upon blockade of the D2 receptors in wild-type mice [75]. In oocytes
coexpressing D2 receptors and DAT, D2 agonism increased DA uptake. This effect was
voltage-independent and pertussis-toxin-sensitive suggesting the involvement of Gi/o
signaling [68]. Evidence obtained in the same study also suggested an associated increase in
the surface presence of the DAT. The lack of D2 regulation of [BH]DA uptake observed [76]
in mesencephalic neuronal cultures suggests that D2 regulation is too transient to be detected
with the slower [?H]DA accumulation measurement as compared with the voltammetric
techniques, or that DA itself, when used as the substrate for the uptake measurement,
activates the D2 receptors and thus complicates the interpretation of effects of exogenously
added D2-selective compounds [67]. Another possibility is that D2 regulation of the DAT is
only present in fully mature neurons. In a study with in vivo voltammetry to monitor DA
uptake and release in rat striatum and NAc [77], we found that D2 antagonism reduced
uptake at all frequencies used to stimulate the medial forebrain bundle, whereas release was
enhanced only at lower frequencies (by blocking D2 release-modulating autoreceptors). Be
that as it may, both processes, D2 regulation of DA uptake and release, serve as parallel
feed-back mechanisms aimed at reducing extracellular DA levels when high DA levels
activate D2 receptors. A recent study describes regulation of DAT function not only by D2,
but also D3 DA receptors [78]. In HEK-293 cells expressing both the DAT and the D3
receptor, an increase in DAT function was observed upon short exposure to a DA receptor
agonist, and a decrease upon prolonged agonist exposure. In addition, as opposed to DAT
regulation by D2 receptors which involves ERK1/2 but not PI3K [67], both ERK1/2 and
PI3K play a role in regulation of DAT function by D3 receptors [78]. It is not known
whether that is a physical association between DAT and D3 receptors as that is for D2.

Finally, among proteins that can associate with the DAT, is the DAT itself, forming
oligomeric transporter protein assemblies. It is becoming more and more clear that in the
SLC6 family (Na*,Cl~ -dependent neurotransmitter transporters encompassing DAT),
transporters occur in oligomeric form [79-81]. In the DAT, TM4 (Cys243) and TM6
(Cys306 at the extracellular end) can form symmetrical interfaces [79-81]. Leucine heptad
repeats in TM2, with a TM2-TM2 interface, have also been implicated in DAT’s quaternary
structure [79-81]. Experiments with coexpression of different proportions of a transporters
for serotonin (SERT) construct sensitive to methanethiosulfonate compounds (sulfhydryl
reagents selective for cysteine) and another insensitive construct point to a functional
interaction between SERT protomers [82]. Seidel et al. (2005) advance evidence for influx
and efflux of substrate through coupled but separate protomers in monoamine transporter
oligomers [83]. The GLUTL1 [84] and LacS transporter [85] occur as oligomers (tetramers
and dimers, respectively) in the plasma membrane, and in both cases it is thought that each
subunit in the complex sustains co-transport of substrate and Na*. However, there is
cooperativity between transporter units (dimers for GLUT1 and monomers for LacS) that is
evident for ion gradient-driven uptake of substrate but not for substrate exchange. This can
be explained if the reorientation of the empty carrier in one unit is coupled to translocation
of a fully loaded carrier in another unit [84, 85]. All of this information points to an impact
of transporter oligomerization on transporter function. However, no direct knowledge
regarding the functional relevance of DAT oligomerization is available at this time.

3. ROLE OF DAT IN THE ACTIONS OF DRUGS OF ABUSE

3.1. Cocaine

Cocaine is a reinforcing and rewarding drug of abuse that confers substantial morbidity and
mortality [19, 86]. The DAT is the key site of action for cocaine [87]. DAT knockout mice
are profoundly hyperactive and fail to show any further stimulation of activity in response to
cocaine or D-amphetamine [19]. Nevertheless, such animals continue to self-administer
cocaine [88]. This could be interpreted to suggest that the rewarding properties of the drug
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cannot be explained entirely by its ability to inhibit DAT. In this context, it is important to
note that cocaine is also a potent inhibitor of SERT and norepinephrine transporter (NET)
[89]. However, at least two considerations need to be entertained. First, the DAT-knockout
was not of the inducible type and therefore developmental compensatory changes may have
occurred in these animals setting them apart from normally developed animals. Second, DA
is an excellent substrate for the NET, and under conditions of reduced DAT expression, the
NET in the NAc takes over the clearance of extracellular DA, which is blockable by cocaine
acting at the NET [90]. Strong evidence in favor of the DAT mediating cocaine reward
comes from a recent study from the group of Gu showing abolished cocaine reward as
measured with conditioned place preference in transgenic mice carrying a cocaine-
insensitive DAT [91].

Cocaine-induced blockade of the DAT prevents reuptake and leads to subsequent increases
in extracellular DA levels in the (extra) synaptic space [92-94]. The ensuing extracellular
increase in DA is generally accepted as the primary rewarding/reinforcing property
underlying cocaine’s efficacy at multiple transporter sites, also increasing locomotor activity
and inducing stereotypical behavior [95]. Chronically enhanced DA signaling is believed to
trigger the plastic changes that are responsible for cocaine addiction [94]. Indeed, cocaine-
induced long term alterations in the DAT have been reported in humans. For example, the
density of DAT binding is increased in striatum from human cocaine users [96-98]. The
increase in DAT binding is associated with an increase in DAT function, assessed by
[3H]DA uptake, indicating functional upregulation of DAT following chronic cocaine abuse.

Recent studies demonstrate that acute exposure to cocaine increases DAT membrane
expression. In cell line models, acute cocaine exposure increases [?H]DA uptake and DAT
cell surface expression in HEK-293 cells expressing hDAT as measured with the cell surface
biotinylation assay [99]. In consonance, in N2A neurons stably expressing the DAT, the
cocaine-induced increased cell surface DAT expression has been found to be accompanied
by an increase in [BH]WIN 35,428 binding [100]. It is possible that following removal of
cocaine stimulation, the elevated DAT cell surface expression could then persistently
present increased DAT function, which may cause a relative low level of basal DA
concentration (extra) in the craft of synapse. Therefore, the cocaine-induced increase in cell
surface DAT expression may contribute to neurobiological mechanism that underlies the
cascade of changes that triggers relapse of cocaine abuse following withdrawal. It should be
noted that the precise conditions enabling the effect of cocaine in enhancing surface DAT
expression are not known, and therefore caution is required in drawing conclusions
regarding the universality of the effect. Thus, in HEK-293 cells expressing DAT, we did not
observe cocaine-induced changes in surface-resident DAT measured by biotinylation [101].
To our knowledge, there is only one study reporting a cocaine-induced increase in DA
uptake in a relevant animal (rat) model (both in vitro and in vivo) [99] rather than
heterologously expressing cell lines. Independent confirmation of this effect by other
laboratories is needed.

Activation of PKC induces DAT down-regulation and increases the level of DAT
phosphorylation [23, 38]. The PKC-induced down-regulation of the DAT is associated with
DAT endocytosis, which moves the DAT protein from the plasma membrane into
intracellular pool [39, 40]. Cocaine has been reported to inhibit PMA-induced DAT
phosphorylation [102] or to show no effect on PMA-stimulated phosphorylation [103].
However, cocaine has been shown to prevent methamphetamine-induced increase in
phosphorylation, suggesting that cocaine may possess an independent effect on DAT
phosphorylation [104]. Cocaine, when administered with amphetamine or
methamphetamine, blocked the reduction in the maximal rate of [2H]DA uptake and the
(meth)amphetamine-induced down-regulation of DAT expression in the plasma membrane
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[65, 66, 105, 106]. In consonance, Kahlig et al. (2006) concluded that intracellularly build-
up amphetamine is required to provide a signal for DAT internalization [147]. In
preliminary experiments in our lab with suspensions of intact, hDAT-expressing HEK-293
cells, pretreatment with the substrate DA at room temperature reduced subsequent uptake of
[3H]DA uptake as well as external binding of the cocaine analog [*H]CFT; replacing Na*
with NMDG™ (preventing DA translocation) did not reduce the substrate effect on apparent
DAT internalization. This suggests DA translocation is not required for its effect in
downregulating surface DAT. More work is needed to conclude the universality of the
concept that substrates act solely from the inside to promote DAT internalization.

The cocaine analog MFZ 2-12 has been reported to decrease the DAT oligomerization as
measured by cross-linking with Cu2* or Hg?* [81] In our recent study on the DAT
oligomerization [101], cocaine itself increased, rather than decreased, cross-linking of the
DAT. One reason for these divergent findings may be that we used the full cDNA sequence
with the N-terminal Flag or Myc tag just after the translational start sequence, whereas
Hastrup et al. (2003) used a DAT sequence from which the N-terminal 22 amino acids had
been replaced by the Flag-hemagylutinin or Myc-His tag; an additional difference between
the two studies is the detergent used for lysis. At this point, the pharmacological relevance
of the effects of cocaine on cross-linking of DAT is not clear as we found no changes in
DAT oligomerization measured by co-immunopricipation of one tag with another tag from
cells co-expressing the two differential tags [101]. It is possible that in the cross-linking
studies, cocaine affects the distance between cysteine residues in neighboring protomers,
changing the susceptibility to cross-linking, without actually altering the degree of
oligomerization.

3.1.1. Cocaine-related compounds: cocaine analogs, benztropine, and GBR
12909—Some compounds related to cocaine are also potent inhibitors of DAT. Benztropine
contains the same N-methyl tropane portion that occurs in cocaine, but it lacks the
carbomethoxy group on C, while the C3 substituent is axial (and diphenylmethoxy) rather
than equatorial (and phenylcarboxy) as in cocaine [107]. GBR 12909 shares its
diphenylmethoxy portion with benztropine but has a piperazine rather than a tropane
attached to it, with an N-linked phenylpropy! group rather than an N-linked methyl.
Although cocaine, benztropine, and GBR 12909 are all inhibitors of the DAT, their
behavioral profiles are dissimilar. The psychostimulant cocaine is well known for its
locomotor stimulation action and rewarding effect [15, 19, 108], but GBR 12909 has been
reported to show a different psychopharmacological profile [109, 110]. Thus, a long-acting
decanoate formulation of GBR12909 can attenuate cocaine self-administration [111] and has
been tested for human use in clinical trials. However, GBR 12909 had to be withdrawn from
the trials because of electro cardiogram problems, consisting of QT interval prolongation
[112]. Potentially, QT prolongation is considered a severe problem because it may induce
ventricular tachyarrhythmia. This emphasizes the need to continue searching for other
pharmacotherapeutics for cocaine dependence. Indeed, benztropine analogs are being
pursued as potential substitution therapies for cocaine dependence [109, 113]. Preclinically,
benztropine does not induce cocaine-like locomotor activity and self-administration, and this
disparity seems unrelated to its anticholinergic activity [109]. The divergence between
cocaine, GBR 12909, and benztropine in their behavioral profile may in part result from
their different molecular actions at the DAT. Thus, as measured in vitro by rotating disk
electrode voltammetry, cocaine inhibits DA uptake in a competitive manner and GBR12909
in a noncompetitive manner [114]. Moreover, binding of cocaine causes enhanced
accessibility of C90 in the DAT to sulfhydryl reactive reagents [115, 116], whereas
benztropine is inert in this respect [116]. A comparison of structure-activity relationship data
indicates that benztropine analogs are more like GBR analogs in their mode of binding to the
DAT than like cocaine analogs [117]. In agreement, photo-affinity labels based on GBR
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12909 and benztropine have been found to be incorporated into a DAT region encompassing
transmembrane domains (TMSs) 1 and 2, whereas the cocaine-based label becomes attached
to the region containing TMs 4-7 [118, 119]. A more recent study employing photoaffinity
labeling of the DAT by a covalently-binding phenyazido-ester analogue of cocaine
([*251]1RT1-82) implicates TM6 in cocaine binding [120]. However, a similar covalently-
binding cocaine analogue possessing a phenylazido moiety affixed to the tropane nitrogen
([*251]MFZ 2-24), rather than the 2p-ester moiety, was shown to label a thirteen amino-acid
long portion of TM1, from aspartate residue 68 to leucine residue 80 [121], attesting to the
vicinity of TMs 1 and 6 (see Fig. 1 and the seminal report on the crystal structure of the
bacterial homolog transporter LeuT [122]).

We have used DAT mutants to explore different modes of binding of these blockers at the
DAT [123]. Our previous mutagenesis studies [123, 124] have highlighted the importance of
two particular residues in cocaine and cocaine-analogue binding: tryptophan 84 and aspartic
acid 313, towards the extracellular face of TM1 and 6, respectively (Fig. 1). Mutation of
tryptophan to leucine (W84L) and aspartate to asparagine (D313N) enhances the affinity of
DAT for cocaine and the cocaine analogue 2p-carbomethoxy-3p3-(4-fluorophenyl)-tropane
(CFT, or WIN 35428). These two mutants are among the very small minority of the known
DAT mutants with markedly enhancing cocaine and CFT binding. The binding affinity of
the two mutants for cocaine was substantially enhanced, while for GBR12909 and
benztropine was reduced or near normal [123]. In a recent study, we report on the interaction
of various cocaine-, benztropine-, and GBR 12909-related compounds with W84L and
D313N DAT [107]. The results indicate that inhibitors bearing a diphenylmethoxy
functionality bind to the DAT in a different manner rather than cocaine and similar
compounds. While the structural basis of this differential interaction is unknown, the
response to W84L and D313N mutations gives us some insight into the nature of the
respective binding sites. According to our previous studies, the W84L mutation appears to
shift the conformational transition between outward- and inward-facing states towards the
former, increasing the probability that the DAT substrate-binding site will be exposed to the
extracellular space [123]. Cocaine-like molecules are presumed to interact with an
extracellularly facing binding site formed by TM1 and TM®, in close proximity to the
putative substrate site (see Fig. 1) [120, 121]. In this scenario, W84L DAT displays an
increased affinity for cocaine analogues owing to an increased proportion of transporters
with an exposed cocaine binding domain. The same likely applies to D313N, as this mutant
displays a similar increase in affinity towards cocaine-like compounds. Evidence for the
conformational effects of the W84L and D313N mutations is also provided by observations
on Zn2* interactions. Extracellular Zn2*, an ion shown to constrain the DAT in an outward-
facing confirmation [125, 126], increases CFT binding at wild-type transporters, but is
ineffective in enhancing CFT binding at W84L and D313N [123]. Presumably, the lack of
Zn2*-mediated stimulation of CFT binding in the mutants is due to the fact that W84L and
D313N are already stabilized in an outward-facing conformation. The decrease in affinity of
diphenylmethoxy-based inhibitors for the W84L mutant may therefore reflect a preference
of these inhibitors for the inward-facing transporter conformation.

In a recent study, another conformationally biased DAT mutant was used to probe the
relationship between inhibitor binding mode and cocaine-like reinforcing effects [127],
Y335A in which tyrosine 335 was mutated to alanine (see Fig. 1). In a mirror fashion to the
W84L or D313N mutations, the Y335A mutation is thought to stabilize the inward-facing
DAT conformational state [126]. A number of inhibitors were tested at Y335A, showing a
decrease in efficacy of cocaine-like compounds but increased binding of benztropine
analogues [127], giving further credence to the idea that benztropine-like inhibitors
preferentially interact with the inward-facing conformational state of the DAT. Importantly,
the authors also assessed the cocaine-like behavioral stimulus effects of the various
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inhibitors in a rat cocaine discrimination and locomotor test. Compounds that exhibited a
cocaine-like loss of binding at the Y335A mutant more readily substituted for cocaine in the
drug discrimination test and were more potent locomotor stimulants; analysis of quantified
binding losses at Y335A and these behavioral measures showed a significant correlation.
Substances with low sensitivity to the Y335A mutation included JHW 007, a benztropine
analog which counteracts cocaine’s stimulant effect [128]. This raises the intriguing
possibility that preferential interaction with the inward-facing conformation of DAT as
determined in vitro, enables a compound to substitute for cocaine with reduced abuse
liability in vivo. It has also been shown that JHWO0O7 occupies DAT in vivo more slowly
than cocaine [128]. Thus, interaction of compounds with inward-facing DAT, a closed
conformation, could be contemplated to slow their on-rate; such a slower rate of onset of
action links the role of distinct conformational states with the rate theory of reinforcement
[129].

3.2. Amphetamine

Amphetamine and methamphetamine are two major amphetamine-like drugs that
predominantly release monoamine including serotonin, norepinephrine and DA by reverse
transport of DA through the DAT [24]. Although amphetamine has comparable effects in
neurons containing monoamines, it is the action of DA that is mainly implicated in
amphetamine-induced reinforcing and reward [130]. Several lines of evidences point to
mechanisms involving the DAT underlying amphetamine-mediated DA release [130].
Amphetamine-induced DA release can be prevented by the DAT inhibitors such as
nomifensine and cocaine [41, 131]. It has also been suggested that amphetamine-induced
DA efflux results from the translocation of amphetamine into the cells followed by a counter
movement of DA out to the extracellular compartment [41]. A typical model suggested by
Sulzer et al. (1995) is that amphetamine acts by elevating the cytoplasmic DA concentration,
and thereby alters the DA gradient across the plasma membrane, promoting reverse transport
of DA and DA release [24, 43]. In addition, a study using in vivo voltammetry showed that
the redistribution of DA from vesicles to the cytoplasm by the use of a reserpine-like
compound, Ro4-1284, does not increase extracellular DA (DA efflux) in slices from wild-
type animals; however, subsequent addition of amphetamine induces rapid release of DA
[132]. Thus, this study suggests that the interaction of amphetamine with the DAT is
required for the releasing action, but not the vesicle-depleting action, of amphetamine on
DA neurons [132]. In addition to the ability of amphetamine to induce DA release through
dopamine transporter reversal in a transporter-like pathway, it has also been proposed that
amphetamine induces DA efflux through a fast channel-like pathway, releasing DA with
timing and a magnitude akin to vesicular DA release [133].

Amphetamine acts as a substrate at the DAT through its structural similarity to DA [134],
and causes DA release in a concentration-dependent dual mechanism [135]. At low
concentration, amphetamine is transported by the DAT into the cytosol and increases the
intracellular binding sites of the DAT for DA, resulting in the exchange of extracellular
amphetamine by intracellular DA [94, 135]. When present at a higher extracellular
concentration, amphetamine, a highly lipophilic compound, may diffuse into the nerve
terminals through the plasmalemmal membrane [43, 133].

Amphetamine derivatives have common and distinct effects when compared with
amphetamine. Although a subtly greater DA release is induced by amphetamine than
methamphetamine in prefrontal cortex (PFC), no major differences for DA release in
striatum are observed between amphetamine and methamphetamine [43]. Results from in
vivo voltammetry studies show that cocaine and amphetamine decrease DAT function by
reduce DA clearance [136, 137]. It has been shown that inactivation of PKC blocks the
ability of amphetamine in induce DAT-mediated DA release [42]. Moreover,
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phosphorylation of the DAT was increased by in vitro treatment with methamphetamine in a
cell line and in rat striatal tissue by in vitro application or in vivo injection of
methamphetamine [104].

The function of the DAT has been shown to decrease even upon a single administration of
methamphetamine, although it is likely that loss of function in this scenario is recovered
within 24 hours. Multiple injections seem to down-regulate DAT function for an extended
period of time [138]. The loss of DAT function has been demonstrated to persist for up to 1
month after cessation [139], and even after methamphetamine has been removed from the
medium bathing synaptosomal preparations [140]. Western blot analyses indicated that the
decrease in DAT activity may not be attributed to loss of the transporter protein per se [141],
but to a modification of the protein or dysregulation of DAT function [138]. To this end, the
Fleckenstein group has demonstrated a methamphetamine-induced DAT oligomerization as
a result of the interaction between reactive quinones and cysteine containing the DAT.
Extracellular DA overflow and unsequestered intracellular DA form reactive quinones that
may further damage neuronal integrity, and further potentiate the inactivation of the DAT
[138, 142-144]. 1t could be thought that such DAT complexes held together by cross-linked
cysteine residues show reduced function or are non-functional, as opposed to the normally
occurring, physiologically relevant DAT oligomers in which cysteines in neighboring
promoters are not part of a disulfide bridge but are close enough to be cross-linked by
exogenously added Cu?* or Hg?*.

Several lines of evidences indicate that acute treatment with amphetamine and
methamphetamine not only reduces DAT function, but also results in DAT redistribution
away from the plasma membrane [65, 66, 105, 106, 145-147]. Amphetamine-induced down-
regulation does not require DAT transport recycling, but requires the translocation of
amphetamine to the intracellular pool [147]. Activation of insulin signaling, including PI3K
and Art, is essential for maintaining DAT cell surface expression and activity [50, 51].
Activation of PI3K and Art via the insulin signaling pathway prevents the amphetamine-
induced decrease in DAT cell surface expression [50, 51]. Moreover, stimulation of CaMKI|I
function is essential for amphetamine-induced DAT cell surface redistribution [148].
Amphetamine-stimulated DA efflux through the DAT requires PKC activation [42, 102,
149]. More recent studies suggest that DAT residues 587-596 are required for PKC-
mediated DAT downregulation [150] and for amphetamine-induced DAT sequestration
[151]. However, amphetamine-induced losses from the plasma membrane are not dependent
upon PKC activity, suggesting that amphetamine-mediated effects on DAT internalization
are independent from those governing PKC-sensitive DAT endocytosis [151].

In what quaternary form is DAT internalized by the action of amphetamine? Is there a
relationship between the oligomerization of DAT and its internalization? In hDAT
expressing HEK-293 cells, we have observed that amphetamine dissociates DAT oligomers,
shifting the distribution of the surface DAT towards a smaller ratio of oligomers to
monomers [101]. This has been seen with both cross-linking and co-immuniprecipitation
techniques. In conjuction with the reduction of the fraction of oligomerized DAT, the
amount of surface DAT was decreased. Blocking endocytosis with phenylarsine oxide or
sucrose counteracted these effects of amphetamine [101]. We entertain the model that the
DAT at the cell surface is distributed between oligomers and monomers, and that monomers
are internalized; amphetamine promotes the formation of monomers that then become
internalized, reducing the DAT’s presence at the surface. When endocytosis is prevented by
an exogenously added blocker, monomeric DAT formed by amphetamine remains at the
surface and re-associates to form oligomers. This scenario links oligomerization and
internalization in the effects of amphetamine. The resulting reduced surface density of DAT
will impact amphetamine action (both influx and efflux), but there may be additional
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functional effects of amphetamine as a result of the changed distribution of the DAT
between oligomers and monomers. It will be important to assess what the functional
differences are between oligomerized and monomeric DAT.

Nicotine exerts diverse psychopharmacologic effects and is the key component that mediates
tobacco smoking behavior [152-156]. Nicotine has been shown to modulate dopaminergic
neurotransmission mainly by enhancing DA release through acting as an agonist at nicotinic
acetylcholine receptors (nAChRs) located on dopaminergic cell bodies and terminals in both
the mesocorticolimbic and nigrostriatal systems [157-159]. nAChRs are composed of o (a2-
a10) and 8 (B2- R4) subunits, which assemble into pentameric structures [160]; however,
only a3-a7 and 32-R4 are expressed in DA neurons [161, 162]. The exact composition of
nAChR subtypes mediating nicotine-evoked DA release is controversial, although a4R2,
a6R2, adabl2R3, abR2R3 and ada5R2-containing NAChRs may be involved [163-165].
Although there is no evidence that nicotine can act directly on the DAT protein, several lines
of studies suggest a potential relationship.

In contrast to the stimulant drugs, nicotine induces an increase in DAT function by an
indirect mechanism. By in vivo voltammetry measurements one can obtain estimates of the
clearance rate of exogenously applied DA via the DAT [166, 167]. Using this technique,
Hart and Ksir (1996) first reported that a single dose of nicotine enhanced DA clearance in
rat NAc, suggesting that nicotine regulates extracellular DA concentration via the DAT [30].
Nicotine-induced increases in DA clearance would result in decreases in extracellular DA
concentrations, thus tending to compensate for the nicotine-induced enhancement of DA
release. Mecamylamine, a nonselective and noncompetitive nAChR antagonist, [168, 169]
inhibited the nicotine-induced increase in DA clearance in the NAc [30], indicating nAChR
mediation of the response. Nicotine dose-dependently increases DA clearance in mPFC and
striatum [32]. Interestingly, in mPFC, a U-shaped nicotine dose-response relationship was
observed for DA clearance, with a dose of 0.14 mg/kg of nicotine (base form) producing a
maximal response in the range of nicotine doses tested from 0.03 to 0.3 mg/kg. However,
the nicotine dose-response curve in striatum is monophasic, with a dose of 0.3 mg/kg
producing a maximal response [32]. These results suggest a regional difference in nicotine
dose-response relationship in striatum and mPFC.

NAChR modulation of DAT function is also supported by results showing that nAChR
activation by acute and chronic nicotine augments amphetamine-induced reverse transport
of DA by DAT (“DA release”) in slices of rat PFC, but not striatum [31, 170]. In an in vitro
superfusion design, nicotine and other nicotinic receptor agonists, including epibatidine,
cytisine, and A85380 enhanced 10 uM amphetamine-stimulated DA release in PFC slices in
an assay buffer without added calcium [31]. The enhancement of amphetamine-induced DA
release by nicotine was concentration-dependent and was fully reversed by nicotinic
receptor antagonists DHRE and mecamylamine, suggesting that nAChRs modulate DAT
function [31]. Thus, in addition to stimulating DA release from presynaptic terminals,
nAChRs modulate DAT function to regulate extracellular DA concentration. DA release
(exocytotic) stimulated by nicotine is calcium-dependent and transporter-mediated DA
release is calcium-independent [171, 172]. The DAT, like other monoamine transporters, is
a Na*/Cl~-dependent plasma membrane transporter. Activation of NAChRs is known to
open voltage-dependent Na* channels and causes depolarization of nerve terminals.
Nicotine-mediated enhancement of amphetamine-stimulated [3H]DA release was blocked by
tetrodotoxin, a sodium channel blocker [170]. DA uptake by the DAT is electrogenic
(bringing negative charge into the cell) and therefore abolishing the internal positive charge
at the plasma membrane by depolarization would counteract rather than promote DA uptake.
However, depolarization by nicotine is followed by activation of several signaling pathways,
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which are thought to be involved in regulating DAT function [40]. Consonant with a role for
signaling pathways, nicotine enhancement of amphetamine-stimulated [°H]DA release was
abolished by chelation of endogenous calcium and inactivation of PKC, contributing to the
modulation of the DAT [170].

Nicotine is not itself a competitor nor a substrate for the transporter, as in vitro exposure to
nicotine does not directly alter [BH]DA uptake into striatal synaptosomes [173] and nicotine
itself does not bind to a site on DAT protein [174]. However, acute systemic nicotine (0.8
mg/kg, base, s.c., 15 and 30 min post-injection) administration increased the maximal
velocity of [H]DA uptake into PFC synaptosomes with no change in K, [296]. The
nicotine-induced increase in the [3H]DA uptake in PFC was due to an increase in DAT cell
surface expression and a reduction of intracellular DAT protein [296]. Also, mecamylamine
completely blocked the nicotine-induced increase in the [3H]DA uptake and DAT cell
surface expression, suggesting that nAChR plays a role in the trafficking-dependent effect of
nicotine on DAT function in PFC. In contrast, acute nicotine administration produced a
small, but significant increase in the [3H]DA uptake in rat striatum, which was not
accompanied by an increase in cell surface DAT expression [175]. In addition, a recent
study reported that the a4 nAChR subunit knockout mice show a decrease in [3H]DA uptake
into striatal synaptosomes compared to wild type mice, suggesting that a4 subunit is related
to regulation of DAT function [176].

3.4. Others Drugs of Abuse

3.4.1. Methylphenidate—Methylphenidate (MPH), also known as Ritalin, is a widely
used treatment for children and adolescents with ADHD [177]. MPH also has some abuse
liability because of its stimulant properties [178, 179]. MPH is an indirect DA agonist that
binds to the DAT [180] and, thereby, blocks the inward transport of DA into the presynaptic
terminal which results in increased extracellular DA levels [177, 181, 182]. Clinical studies
show a higher striatal DAT density in patients with ADHD [183] and a significantly
decreased specific binding of [Tc?®™]TRODAT-1 to hDAT in adults with ADHD after MPH
treatment [184, 185]. MPH and cocaine have a similar in vitro affinity for the rat DAT
(rDAT) [86], and clinical positron emission tomography studies report that MPH and
cocaine also have similar in vivo affinity for the hDAT in human brain [181, 186, 187].
Nevertheless, the abuse of MPH in humans is substantially lower than that of cocaine [86].
In addition to pharmacokinetic characteristics contributing to rate of onset of action, and
drug properties determining its pharmacological profile of transporter selectivity [188], other
reasons, as described next, can be advanced to explain the differences between MPH and
cocaine actions on the DAT.

Results from in vitro studies show that rat striatal transport of DA is inhibited in a
competitive manner by MPH [189] and amphetamine [190, 191]. In the same brain region,
the mechanism of inhibition for cocaine has been reported as uncompetitive [190, 191], or
competitive [192]. Both the interaction of MPH and cocaine with the DAT may involve
arginine residues [189, 193, 194]. Neither MPH nor cocaine affects DA release, suggesting
that, similar to cocaine, MPH is not a substrate analogue at the DAT [189]. However, in
contrast to observations for cocaine, no alterations in [2H]DA uptake into rat striatal
synaptosomal preparation are observed upon in vitro exposure to MPH [145] or following
systemic MPH administration [140]. Furthermore, in LLC-PK1 cells stably expressing rat
DAT, MPH does not affect [2H]DA uptake and has no effect on PKC activator-induced
down-regulation of DAT function, whereas mazindol, a DAT antagonist, as cocaine, inhibits
both [BH]DA uptake and the PKC-mediated decrease in DAT function [103]. In addition to
impacting the DAT, MPH indirectly affects DA transport by the vesicular monoamine
transporter-2 (VMAT-2). For instance, MPH administration increases [?H]DA uptake into
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nonmembrane-associated vesicles purified from lysates of striatal synaptosomes [195, 196].
These phenomena are due to a redistribution of VMAT-2-containing vesicles within nerve
terminals away from membranes and into the cytoplasm [195]. Importantly, a recent study
shows that MPH increases DA transport into the membrane-associated vesicles rather than
transport into cytoplasmic vesicles [197]. Therefore, MPH enhances DA transmission
through its effects on both DAT and VMAT-2.

3.4.2. Ethanol—Ethanol has been shown to affect mesocorticolimbic dopaminergic
neurotransmission through increasing the firing rate of DA neurons [198, 199], and thereby
elevating DA release in the NAc [198, 200-203]. These effects of ethanol on the DA system,
at least in part, mediate its rewarding and reinforcing activity [202, 204, 205]. A large
number of evidence indicate that alcohol addiction are linked to DAT function and
expression [206, 207]. For instance, increased [12°1]RTI-55 binding was observed in
ethanol-preferring monkeys, suggesting that DAT densities might be a phenotypic marker of
alcohol preference in vulnerable monkeys [208]. Decreased ethanol preference and
consumption were found in female DAT knockout mice [209]. Results from a site-directed
mutagenesis study show that DAT mutants G130T or 1137F display potentiation of the
effect of ethanol on DAT function [210]. Since depressed patients are more prone to alcohol
misuse, the Wistar-Kyoto rats were studied as an animal model of depressive behavior for
effects of chronic ethanol consumption. Compared to Wistar control rats, there was
increased [3H]JGBR12935 binding in dopaminergic brain areas [211].

To date, acute and chronic ethanol studies have shown a potential link between DAT and
ethanol; however, controversial results have been observed. Microdialysis studies found that
acute systemic administration of ethanol increases DA levels [201, 212, 213]. Different
studies have reported that a single injection of ethanol can cause an increase [214, 215],
decrease [216, 217], or no change [200, 201, 218] on DA uptake capacity. Since ethanol is
given systemically in these studies, it is not clear whether ethanol has the ability to directly
alter DAT function. One study shows that in vitro exposure to ethanol (10-100 mM)
enhances DAT-mediated [3H]DA uptake and transporter-associated currents Xenopus
oocytes expressed hDAT in a time- and concentration-dependent manner [219]. This
potentiation of DAT function is accompanied by an increase in the number of functional cell
surface transporters, suggesting that ethanol alters DAT function and trafficking [219].
Recent studies show that acute systemic administration of ethanol does not alter DA uptake,
measured by in vivo microdialysis and in vitro voltammetry in DAT knockout mice [220]
and rats [221], suggesting that the acute ethanol dose not interact with the DAT to produce
its effects. In contrast to acute effects of ethanol, chronic ethanol exposure enhanced DA
uptake rates in monkey striatum [222]. Alcohol vapor inhalation animal models have been
employed to characterize the effects of long-term alcohol exposure [222, 223]. Using such a
rat model, Budygin et al. (2007) reported that ethanol vapors for 10 days enhanced DA
uptake in the accumbal and striatal slices, measured by fast-scan cyclic voltammetry [224].
Since chronic alcohol exposure can lead to increased extracellular DA levels [203], the
enhanced DA uptake could be a compensatory response of the DA system to increased DA
signaling [224]. Thus, the enhanced DA uptake induced by chronic alcohol exposure may
not be explained by a direct interaction of alcohol with the DAT, but rather by an increased
number of the DATS.

3.4.3. Opioids—Several lines of studies have demonstrated that significant levels of kappa
opioid receptors (KORs) are co-expressed in the NAc axons with DATS [225] and synaptic
vesicles [226], suggesting that the KOR is directly involved in the presynaptic release and/or
reuptake of DA. Acute administration of selective KOR agonists inhibits basal and drug-
evoked increases in extracellular DA levels in the NAc, suggesting that KOR activation
increases DA uptake [202, 227-229]. The selective KOR antagonist nor-binaltorphimine
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blocks the KOR agonist-induced increase in DA uptake and markedly increases basal
extracellular DA levels [228, 230]. Furthermore, KOR knockout mice exhibit higher basal
extracellular DA levels [231]. In contrast, repeated administration of U-69593, a selective
KOR agonist, produces a dose-related decrease in DA uptake, whereas repeated cocaine
increases DA uptake [73, 228]. These results demonstrate that KOR activation modulates
DAT function in the NAc in a manner opposite to that of cocaine. Repeated U-69593 also
decreased [12°1]RTI-55 binding to DAT but not did not decrease total DAT
immunoreactivity [228]. Chronic treatment with U-69593 significantly enhances the
amphetamine- [229, 232] and cocaine-induced increase in DA extracellular levels [233].

The stimulatory effects induced by several psychostimulants are inhibited by co-
administration of KOR agonists. For instance, pre-treatment or co-administration of KOR
agonists blocks cocaine- and amphetamine-induced increased levels of DA in NAc and
striatum [228, 234-236]. The KOR agonist stimulation in the NAc blocks the behavioral
effects of psychostimulant drugs, such as cocaine and amphetamine [229, 236]. These
effects of KOR on modulation of DAT function and DA release have been promoted to an
implement that KOR agonists may be useful in treating drug addiction [237, 238]. The
mechanism underlying the effects of repeated KOR agonists administration on the regulation
of DAT function and DA release has been suggested to be related to adaptative changes in
D2 autoreceptor function following repeated KOR agonist treatment [229, 232]. This
interpretation is supported by previous results from in vivo voltammetry studies showing
that blockade of D2 DA receptors by locally applied raclopride (a D2 DA receptor
antagonist) decreased DA clearance in PFC [75] and by results from D2 receptor knockout
mice showing a decreased DAT function in striatum [75] (see also section 2.2). Indeed,
repeated administration of U-69593 induced alterations in D2 receptor expression and
function in the NAc and striatum, but it was dependent on the schedule and timing of drug
exposure [239]. Therefore, the adaptative changes in D2 receptors induced by repeated KOR
agonists may alter the sensitization of dopaminergic neurons that lead to an augmented
response to psychostimulants with an increase in DA transmission.

Morphine has been reported to increase DA release in the terminal areas of mesolimbic DA
neurons [240]. The effect of morphine on the DA release is thought to be mediated via p-
opioid receptors on GABAergic neurons in the substantia nigra and ventral tegmental area
[241, 242]. p-opioid receptor agonists inhibit GABA release, and thus the GABAergic
inhibition of DA ergic neurons is decreased, resulting in the enhancing firing of DAergic
neurons. Systemic administration of morphine enhanced locomotor activity in mice [243]
and conditioned place preference in rats [244].

4. INDIVIDUAL DIFFERENCES IN DAT FUNCTION IN RESPONSE TO
PSYCHOSTIMULANTS

4.1. Individual differences in DAT function and expression

One focus of addiction research is the identification of neural substrates underlying
individual differences in vulnerability to develop compulsive drug-seeking behaviour. In
animal models, the locomotor response to a novel environment is predictive of individual
differences in the behavioral effects of psychostimulants [245]. The high- and low-responder
test in which rats are characterized as either high responders (HRs) or low responders (LRs)
based on locomotor activity elicited in an inescapable novel environment is the most well
studied [246]. Compared to LRs, HRs are more sensitive to amphetamine-induced increases
in activity [246-250] and to acquisition of amphetamine self-administration [246, 250-252].
Since inescapable novelty involves a stress component independent of reward [253], it is
important to use a novelty test that does not activate the stress axis. This may be
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accomplished by using a free-choice novelty test in which rats are given a choice between a
novel object or place and a familiar object or place, and the amount of time spent with the
novel stimulus is recorded. Rats classified as high in novelty place preference (Hi-NPP)
show greater amphetamine-conditioned place preference compared to rats classified as low
in novelty place preference (Lo-NPP) [251]; however, no difference in amphetamine self-
administration is obtained [251, 252, 254]. This latter test may represent a better animal
model of the novelty seeking trait that has been shown to be an important heritable trait in
nonhuman primates and human drug abusers [255-257].

Individual differences in response to novelty based on inescapable or free-choice novelty
tests have been shown to be predictive of the basal functional DAT expression [34, 258,
259]. Compared with LRs, HRs show greater velocity of exogenous DA uptake in NAc,
assessed by using the rotating disk electrode voltammetry [258], suggesting that alternations
in DA transmission in the NAc may partly mediate the locomotor response of an animal to a
novel environment. A recent study extends these findings by showing that, in contrast to the
increased DAT function in NAc, HRs show a decrease in the maximal velocity of [BH]DA
uptake into PFC synaptosomes [34]. These contrasting findings indicate that there is a
reciprocal relationship between DAT function in PFC and NAc in HRs and LRs.
Interestingly, there was an inverse relationship between DAT function and the behavioral
response to inescapable novelty and to novelty place preference, i.e. whereas activity in
inescapable novelty was correlated negatively with DAT function, novelty preference was
correlated positively [34]. These results suggest that individual differences in PFC DAT
function are associated with individual differences in the behavioral response to novelty. In
addition, DAT knock-down mice (expressing 10% of wild-type DAT levels) display
hyperactivity and impaired response habituation activity in a novel environment, compared
to wild-type mice [260]. This may provide insights into the mechanism by which an altered
DAT function is associated with impaired fundamental behavioral process such as response
habituation.

The clearance efficiency of the DAT is governed by the transport rate of individual
transporters, the number of transporters on the neuronal cell surface, and the modulation of
cell surface transporter expression [44, 47]. The alterations in DA function in NAc and PFC
in the behavioral phenotypes were not accompanied by changes in total number of
transporters as measured by [H]WIN 35, 428 binding (i.e. the sum of nonfunctional
transporters in intracellular membranes and functional transporters in the plasma
membranes) [34, 259]. However, studies from biotinylation assay reveal that the decrease in
PFC DAT function in HRs is associated with a decrease in cell surface expression of the
DAT and an increase in intracellular DAT in the PFC [34]. Moreover, based on the novelty
place preference test, the decrease in DAT function in PFC from Lo-NPP is associated with
a decrease in cell surface expression of DAT in PFC. Thus, these findings demonstrate that
there are inherent individual differences in DAT expression and localization that may
underlie the differential behavioral responses to novelty.

Individual differences in the response to inescapable novelty also predicted drug effects in
modulating DAT function. Compared with LRs, HRs show greater cocaine-induced
inhibition of DA uptake in the NAc, assessed by quantitative microdialysis [259]. Acute in
vivo nicotine administration has been shown to increase DA release and DAT function. In
experiments applying inescapable novelty, nicotine increased Vpnay for [SBH]DA uptake in
PFC from HRs but not from LRs [34]. The nicotine-induced enhancement of DAT function
was accompanied by an increase in DAT cell surface expression in PFC. In contrast, in
experiments testing novelty place preference, nicotine increased the Vpmay for [BH]DA uptake
in PFC from Lo-NPPs but not from Hi-NPPs, and was associated with an increase in DAR
cell surface expression in PFC [34].
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Another characterization of individual differences in the response to psychostimulants is the
magnitude of an animal’s behavioral response to the initial drug exposure [261, 262]. A
typical animal model in these studies is the classification of outbred male Spague-Dawley
rats into low or high cocaine responders (LCRs or HCRs, respectively) based on the median
split of their locomotor response to a single dose of cocaine (10 mg/kg, i.p) [263, 264]. The
animals with activity scores below the median split were defined as LCRs, while those with
scores above it are HCRs. Using in vivo electrochemical recording techniques, studies show
greater basal DAT activity in NAc core and greater cocaine-induced inhibition of DA
clearance in both NAc and striatum from HCRs compared to LCRs [263]. Throughout both
LCRs and HCRs, the cocaine-induced inhibition of DA clearance in the NAc was positively
correlated with cocaine-induced changes in locomotor activity [263]. Individual differences
in cocaine- or amphetamine-induced behavioral stimulation could be due to individual
variability in changes in DAT function and trafficking induced by the psychostimulants. In
the case of cocaine, DAT function may reflect trafficking effects. In contrast, we speculate
that individual differences in DAT responses to amphetamine involve differential effects on
DAT function and trafficking in opposite direction. Thus, amphetamine (0.5, 1.0 and 5.0
mg/kg, i.p)-treated rats were again classified based on the median, and were described as
ABs (amphetamine response below median) or AAs (amphetamine response above median)
[265]. With this paradigm, individual differences in behavioral activation were not as
pronounced as with cocaine. Also, no differences for the synaptosomal [3H]DA uptake and
[3H]WIN 35,438 binding in striatum were observed between ABs and AAs, and individual
amphetamine-induced locomotor activity and individual [BH]DA uptake were not correlated.
It is possible that the lack of clear individual differences in DAT function and behavioral
response to amphetamine are the result of an effect on transporter function counteracted by
an opposite effect on trafficking.

The classification as LCRs and HCRs and differences in cocaine-induced behavior were no
longer apparent 1 week after initial cocaine injection [266]. This finding may be result of
differences in brain levels of cocaine mediating the behavioral differences observed between
LCRs and HCRs following acute cocaine injection. However, no difference in brain cocaine
levels in either NAc or striatum was found between LCRs and HCRs 30 min after cocaine
administration, whereas the concentration of cocaine in the striatum was significantly higher
than that measured in NAc [266]. Another possible explanation for this finding is the
existence of difference in total number of transporters in LCRs, compared HCRs. The
maximal binding sites of [BH]JWIN 35,428 and DAT affinity for cocaine in the NAc was not
different between LCRs and HCRs [265, 266]. However, the [SH]WIN 35,428 binding
measures total cellular transporters and would not detect differences in cell surface DATS
between LCRs and HCRs. Recently, DAT trafficking has been shown to be regulated by
exposure to psychostimulant drug, including cocaine and amphetamine [65, 99, 100, 267].
Specifically, studies show that DAT function and expression can be altered in behavioral
phenotypes following acute nicotine administration [34]. Thus, an inherent difference in
basal DAT function and expression could exist in LCRs and HCRs, which may contribute to
individual differences in the response to cocaine.

Repeated administration of psychostimulants is a widely used experimental paradigm to
model the progression of behavioral and neurochemical changes leading to compulsive drug
seeking behaviors [268-270]. It is important to determine whether long-lasting adaptations
in DAT function contribute to cocaine-induced locomotor sensitization. With repeated
administration of cocaine (10 mg/kg, daily), locomotor sensitization developed in LCRs, but
not in HCRs, which was paralleled by an increased ability of cocaine to inhibit DA
clearance in NAc from LCRs and by a lack of change in cocaine-induced inhibition of DA
clearance [264]. These studies demonstrate that increased DAT inhibition by cocaine is
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associated with locomotor sensitization and that DAT serves as a primary cellular target for
mediating both initial and sensitized locomotor responsiveness to cocaine.

4.2. Differences in DAT and environmental enrichment

Convergent evidence suggests that environmental factors contribute to individual
vulnerability to drugs of abuse [271-274]. In an environmental animal model, rats are raised
in one of two different conditions: an enriched condition (EC) containing novel objects and
social partners, or an impoverished condition (1C) without objects and partners. This animal
model can help identify environmental factors that may alter individual vulnerability to drug
abuse. EC rats display less locomotor activity in an inescapable novel environment,
compared to IC rats [275-282]. EC rats enter a novel compartment, manipulate novel objects
and habituate to novel stimuli more rapidly than IC rats [281, 283, 284], suggesting inherent
differences in basal locomotor activity and behavioral response to novel stimuli between EC
and IC. Environmental enrichment contributes to individual differences in vulnerability and
responsiveness to abused drugs. EC rats show reduced amphetamine-induced hyperactivity
and decreased amphetamine self-administration [285], and exhibit less sensitivity to
behavioral effects of nicotine compared to IC rats [286]. Thus, environmental enrichment
may provide beneficial plays in reducing the psychostimulant effects of these drugs.

Environmental stimulus-induced alterations in the behavioral response to psychostimulants
have been suggested to be mediated, at least in part, by differential modulation of
dopaminergic neurotransmission [276, 287]. Within the dopaminergic system, the DAT is a
potential candidate for regulation by environmental stimuli, possibly involved in on the
observed increase in resistance to psychostimulant drugs. We first determined whether
environmental enrichment differentially alters the effects of GBR 12935 administration, a
selective DAT inhibitor on locomotor activity and sensitization [35]. Activity of EC rats
following vehicle injection was lower than that for I1C rats, which is in agreement with
previous reports [275-282] showing that EC rats exhibit lower basal levels of activity
compared to IC rats. Additionally, EC rats showed a greater, dose-dependent GBR 12935-
induced increase in activity compared to IC rats, which is consistent with the previous
results showing a greater activity in response to acute amphetamine in EC rats rather than in
IC rats [276, 278]. Since GBR 12935 selectively inhibits DAT function, agreement between
the result with GBR 12935 and the previous reports with amphetamine [276, 278] suggests
that DAT is an important presynaptic target protein that may be modulated by environmental
enrichment. Indeed, our in vivo and in vitro studies indicated that basal DAT function was
diminished in mPFC from EC rats relative to IC rats [34, 35]. Therefore, environment-
induced neuroadaptive changes in DAT function is the most likely attributable to the
differences in the basal locomotor activity and the behavioral response to stimulant drugs
between EC and IC rats.

Studies of drug-naive rats found that the maximal velocity of [2H]DA uptake in
synaptosomes prepared from the mPFC from EC rats was decreased compared to IC rats,
with no differences between EC and IC rats for NAc and striatum [35]. Also, no differences
between EC and IC rats were found in [3H]GBR12935 binding density, which reflects both
cell surface and internalized DAT [35]. We therefore considered the possibility that there
was a reduction in cell surface expression of DAT protein in EC compared to IC rats
preferentially in the mPFC. Thus, we next employed cell surface biotinylation assay to
determine cell surface expression of DAT in mPFC, NAc and striatum from EC and IC rats
[33]. In this study, the cell surface expression of DAT in mPFC was decreased in EC
compared to IC rats, without changes in total DAT immunoreactivity. This finding is
consistent with the magnitude of the previously observed decrease in the maximal velocity
for [3BH]DA uptake in mPFC from EC rats. The mechanism by which environmental
enrichment reduces DAT cell surface expression may involve regulation of intracellular
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signaling cascades. For example, activation of PKC by phorbol esters and inhibition of
mitogen-activated protein kinase or PI3K have been shown to decrease cell surface DAT
expression in cell systems and in brain [40]. Taken together, these results suggest the
possibility that exposure to novelty during development activates neural systems in the
mPFC that subsequently may alter cell signaling cascades leading to a decrease in cell
surface DAT expression and function in this brain region.

Environmental enrichment-induced decreased cell surface expression of the DAT in mPFC
could compensate for regulatory effects of psychostimulant drugs on DAT function and
trafficking. Environmental enrichment has been shown to alter behavioral effects of nicotine
[279, 286]. Nicotine has been shown to regulate DAT function and expression in vivo [30,
32] and in vitro [31]. Recent study using in vivo voltammetry shows that environmental
enrichment decreases the basal DA clearance (dynamic DAT function) in mPFC, compared
to IC rats [34]. This finding is consistent with the previous in vitro study showing decreased
Vmax Of [SH]DA uptake in the same brain region [35]. Furthermore, following acute
systemic nicotine administration, nicotine-induced enhancement of DA clearance in the
mPFC was increased in EC rats, but not in IC rats, suggesting that enrichment augments
nicotine-induced increase in DAT function. Since DAT function and cell surface expression
in mPFC was decreased in EC rats compared to IC rats, it appears that the effect of nicotine
on cell surface DAT in mPFC was greatly increased in EC rats rather than in IC rats.
Alternatively, the greater proportion of cell surface DAT relative to intracellular DAT in
mPFC in IC under control conditions may have prohibited DAT trafficking to the cell
surface in response to nicotine.

Differential expression or function of D2 DA receptors in mPFC in EC and IC may also
contribute to enrichment-induced differences in DA clearance following nicotine or saline.
Although there are some inconsistent reports, the majority of studies indicate that
stimulation of D2 receptors increases DAT function [288]. Stimulation of D2 receptors with
quinpirole increases DA clearance in in vivo voltammetry studies and increases DA uptake
in in vitro studies [71, 73], whereas inhibition of D2 receptors by raclopride decreases DA
clearance in voltammetry studies [72]. Nicotine increased DA release in mPFC [170, 289,
2901, and increases in extracellular DA concentrations would be expected to stimulate D2
receptors, which could then augment DAT function indirectly. It remains to be determined if
nicotine differentially augments DA release in mPFC in EC and IC, which could result in
differential stimulation of D2 receptors in the mPFC or if enrichment alters mPFC D2
receptor function. Indeed, research from positron emission tomography imaging reported
that the availability of D2 receptors was significantly increased in the monkeys in social
housing group, but not in an individual housing condition [291]. This difference in the
amount of D2 receptors was associated with differences in sensitivity to cocaine’s
reinforcing effects.

Evidences from other studies using adult C57BL/6 mice raised in an enriched environment
for only two months show significant decreases in DAT binding and DAT mRNA levels in
the nigrostriatal system, compared to the mice raised in a standard condition [292, 293].
These studies also show that enriched mice display less sensitivity to novelty environment
and are less responsive to cocaine when compared with the mice from the standard housing
condition [292]. In addition, enriched mice show increased expression of BDNF mRNA
levels in striatum compared to the standard mice [292]. The trophic factor activity of BDNF
on DA neurons [294] may play a role in DAT downregulation and in subsequent resistance
to cocaine.
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5. CONCLUSIONS

Drug addiction presents a significant public health concern. It is now considered a brain
disease, as predispositional brain conditions likely underlie the initial effects of early
exposure to drugs of abuse, and because sequelae from repeated drug use are considered to
precipitate long-term changes in brain processes that alter subsequent drug effects. A large
number of studies over the last two decades have demonstrated the critical importance of
DA in the behavioral pharmacology and addictive properties of abused drugs. In as far as
there is co-morbidity between depression and drug abuse, it is relevant to note that there is a
resurgence of interest in the DAT as a major target for treatment of depression [295]. The
DAT is also a major target for drugs of abuse in the category of psychostimulants, playing a
primary role in their reinforcing and behavioral-stimulant effects in animals and humans.
MPH, a drug used for treating ADHD, can also be a psychostimulant drug of abuse, and
interacts in important ways with the DAT. Other drugs of abuse such as nicotine, ethanol,
and heroine or morphine, interact with the DAT in more indirect ways. Despite the different
ways in which drugs of abuse can affect DAT function, one evolving theme in all cases is
regulation of the DAT at the level of surface expression. Acute and long-term changes in the
amount of the DAT at the cell surface emerge as the crucial mechanisms in the effects of
drugs of abuse. It is therefore important to understand the precise mechanisms that underlie
the regulation of DAT function and expression. An extensive literature demonstrates that
DAT function is dynamically regulated by multiple intracellular and extracellular signaling
pathways and several protein-protein interactions. Also, a growing literature indicates that
DAT expression is regulated through the removal (internalization) and recycling of the
protein from the cell surface. However, the precise interactions between these regulating
factors still remain to be demonstrated. In addition to considering the pharmacology of drugs
of abuse at the DAT, one needs to take into account that many abused drugs directly or
indirectly affect DAT function and expression through different mechanisms. Furthermore,
recent studies demonstrate that individual differences in response to novel environments and
psychostimulants can be predicted based on individual basal functional DAT expression.
Environmental enrichment appears to produce a degree of protection against drug abuse
through altering DAT function and expression. Although current knowledge of multiple
factors regulating DAT activity has greatly expanded, many aspects of this regulation
remain to be elucidated. A better understanding of the effects of abused drugs in regulating
DAT activity will enable efforts to (i) develop new medications for dependence on drugs for
which there is no treatment available at this point in time, i.e. cocaine and amphetamine, (ii)
improve existing medications for the treatment of dependence on drugs such as nicotine or
opioids, or (iii) enhance medications targeting the DAT for smoking cessation (buproprion)
or treatment of complex psychiatric diseases such as ADHD (MPH) and depression
(buproprion, novel triple uptake inhibitors) [269].
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Calcium calmodulin-dependent kinase 11

Cyclic adenosine-monophosphate
2p-carbomethoxy-3p-(4-fluorophenyl)-tropane or WIN 35,428
Dopamine

Dopamine transporter

Enriched condition

Extracellular signal-regulated kinase
1-(2-[bis(4-Fluorophenyl)methoxy]ethyl)-4-(3-phenylpropyl)piperazine
1-[2-(Diphenylmethoxy)ethyl]-4-(3-phenylpropyl)piperazine
High cocaine responders

High novelty place preference

High responders

Impoverished condition
N-(n-butyl)-(bis-fluorophenyl)methoxytropane

Kappa opioid receptors

Michaelis-Menten constant for half saturation of uptake
Low cocaine responders

Low novelty place preference

Low responders
2-(4-Morpholinyl)-8-phenyl-4H-1-benzopyran-4-one
Mitogen-activation protein kinase
2beta-carbomethoxy-3beta-(4-chlorophenyl) tropane
Methylphenidate

Medial prefrontal cortex

Nucleus accumbens

Nicotinic acetylcholine receptors
N-methyl-d-glucamine

Prefrontal cortex

Phosphatidylinositol 3-kinase

Protein kinase A

Protein kinase C

12-O-Tetradecanoylphorbol 13-acetate

Protein phosphotase

2-hydroxy-2-ethyl-3-isobutyl-9,10-dimethoxy-1,2,3,4,6,7-
hexahydrobenzo[alpha]chinolizin hydrochloride
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RTI-82 3bata-(p-chlorophenyl)tropane-2batacarboxylic acid, 4'-azido-3'-
iodophenylethyl ester
™ Transmembrane
U69593 [(+)-(5alpha,7alpha,8bata)-N-methyl-N-[7-(1-pyrrolidinyl)-1-
oxaspiro[4.5]dec-8-yl]benzeneacetamide
VMAT Vesicular monoamine transporter
V max Maximal uptake velocity.
WIN 35,428 2B-carbomethoxy-3p-(4-fluorophenyl)-tropane or CFT
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Fig. 1.

Two-dimensional representation of dopamine transporter topology based on LeuT structure.
Twelve transmembrane domains are shown with helically unwound regions in the first and
sixth domain; extracellular and intracellular loops include helical portions (e2, €3, e4a, e4b,
and i1, 15, respectively) (see [122]). The residues mutation of which are discussed in the
text are shown in colored circles: W84 in TM1b, red; D313 in TM®6a, red; and Y335 in
TM6b, green. The respective conformationally biased mutants are W84L and D313N
(outward facing, [123]), and Y335A (inward facing, [126]).
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