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Classic Studies on the Interaction of Cocaine and the Dopamine Transporter
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Department of Neuroscience, University of Pittsburgh, Pittsburgh, PA, USA

The dopamine transporter is responsible for recycling dopamine after release, Inhibitors of the dopamine transporter, such as
cocaine, will stop the reuptake of dopamine and allow it to stay extracellularly, causing prominent changes at the molecular,
cellular, and behavioral levels, There is much left to be known about the mechanism and site(s) of binding, as well as the effect
that cocaine administration does to dopamine transporter—cocaine binding sites and gene expression which also plays a strong
role in cocaine abusers and their behavioral characteristics, Thus, if more light is shed on the dopamine transporter—cocaine
interaction, treatments for addiction and even other diseases of the dopaminergic system may not be too far ahead, As today’s
ongoing research expands on the shoulders of classic research done in the 1990s and 2000s, the foundation of core research
done in that time period will be reviewed, which forms the basis of today’s work and tomorrow’s therapies,
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INTRODUCTION

Dopamine (DA) is a neurotransmitter that projects to
many regions of the brain and originates in the substantia
nigra and the ventral tegmental area (VTA). Physiologi-
cally, DA is involved in many important functions, includ-
ing movement, cognition, and reward. In fact, a disruption
of, or injury to the dopaminergic system in the brain and
deficit of DA has been shown to lead to many predictable
symptoms. Parkinson’s disease (PD)-like symptoms can
appear, such as bradykinesia and tremor, and there is a
marked change in cognitive function and mood, similar to
schizophrenia, depression, and dementia."” Levels of ex-
tracellular DA are affected by the activity and regulation
of the dopamine transporter (DAT), which is located at the
presynaptic nerve terminal and recycles extracellular DA
back into the presynaptic neuron, whereupon it may be re-
packaged into synaptic vesicles by the vesicular mono-
amine transporter or degraded by enzymes such as mono-
amine oxidase (MAQ) or catechol-O-methyl transferase.
This reusing of DA is a key step for regulation, and many
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pharmacological methods to treat a lack or abundance of
DA have been targeted at DAT itself. For example, the
drug Ritalin (methylphenidate) is a potent blocker of DAT,
thus increasing the concentration of DA in the ex-
tracellular space and increasing the probability of DA of
binding to its receptor(s) and causing the desired effect.”
Another chemical that blocks DAT and other monoamine
transporters3'6) is cocaine,” a potent and highly addictive
drug, which was commonly abused in the 1980s and
1990s (and still is today). Cocaine too blocks DAT and in-
creases the availability of DA, thereby causing symptoms
of increased DA —elevated energy and arousal.”'” In ad-
dition, cocaine increases DA in the VTA, which is widely
known as one of the reward centers of the brain." ™ Thus,
cocaine gives rise to an experience of pleasure and reward.
It is thought that this pleasure and reward is a major mech-
anism as to why cocaine is an extremely addictive drug
and why users find cocaine addicting.M) Cocaine is also
thought to be addictive because of its dose-dependent ac-
tion on DAT; greater cocaine levels yield even greater ex-
tracellular DA levels, leading to yet a greater feeling of
pleasure and reward in the brain." In order to understand
cocaine’s interactions and effects on DAT, we must first
start from the basic function and pharmacology of DAT,
expand on how cocaine interacts with DAT, and then look
at the effects elicited by cocaine use (and abuse) from the
perspective of DAT regulation.

@ This is an Open—Access article distributed under the terms of the Creative Commons Attribution Non—Commercial License (http://creativecommons org/licenses/by—nc/4.0)
which permits unrestricted non—commercial use, distribution, and reproduction in any medium, provided the original work is properly cited,
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MAIN SUBJECTS

Structure, Function, and Pharmacology of DAT

DAT is a specific marker for dopaminergic neurons be-
cause it is uniquely expressed on neurons that use DA as a
neurotransmitter. DAT exists in the plasma membrane as
an oligomeric complex'®"® and is made up of twelve
transmembrane regions (TMR), with loops between
TMRs (including a particularly large extracellular one be-
tween TMRs 3 and 4). TMRs 9-12 and/or 1-3 may be in-
volved with the interaction of DA during reuptake.
However, the DAT antagonist cocaine has been found
based on site-directed mutagenesis studies to bind to dif-
ferent regions of DAT, having affinity for TMRs 5-8. 1920
Fig. 1 demonstrates the structure of DAT.*?

The structure of DAT and its relationship with cocaine
can reveal quite a lot about cocaine’s addictiveness. The
implications for having different substrate and agonist
binding sites are that there may be little competitive bind-
ing and that cocaine can exert its effects even in the pres-
ence of normal DA (its binding would not be controlled by
DA but by itself only). These theories may explain the po-
tency of the cocaine-induced response as well as its
addictiveness.”

Interestingly, another aspect of addiction has been sug-
gested to be attributed to the clustering of DAT molecules.
Giros et al.™ reported that clustering the molecules in-
creases reuptake efficiency. The study associates the clus-
tering to the bonding of neighboring TMRs 2 and 9. This
finding implies that if many or all of these uptake re-
ceptors would be blocked, then there would be a large in-
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Fig. 1. Structure of the human dopamine transporter. Colored
circles denote amino acids shown molecularly to interact with
dopamine and/or the cocaine analog WIN35428 with the
backbone (orange) or side chains (red). Reproduced from
Beuming et al?® (Nat Neurosci 2008;11:780-789) with permission.

crease in extracellular DA because of the severely reduced
efficiency of reuptake. Keeping this in mind, we can thus
see from a molecular basis that chronic usage of cocaine
(or other DAT blockers) can be a powerful substance for
addiction.

Many of DAT’s chemical interactions can be used to
mimic certain neuropathologies. In addition to cocaine,
the substance 6-hydroxydopamine also exerts its toxic ef-
fects by entering neurons through DAT, thus leading to se-
lective destruction of dopaminergic neurons and provid-
ing a relatively good model of PD.

Other instances of DAT’s chemical interactions have
been discovered by accident throughout the course of
time. A well-known example of this case is 1-meth-
yl-4-phenylpyridinium (MPP+). In the 1980s, heroin
users in California were suddenly coming down with
PD-like symptoms. Scientists made efforts to determine
what was causing this illness and hoped that whatever was
causing the illness may be linked to the pathophysiology
of PD. What scientists found was that the heroin was con-
taminated by a substance called 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine, better known as MPTP.
MPTP would cross the blood-brain barrier and get into the
neuron through DAT and interact with MAO to make a
chemical called MPP +. MPP + would then go on to in-
teract with complex I of the mitochondrial electron trans-
port chain, poisoning it. Thus, the neuron would experi-
ence a deficit in adenosine triphosphate. In addition, in-
hibiting complex I causes the formation of oxygen free
radicals, which then go on to interact with nitric oxide and
form the powerful peroxynitrite free radical. The dop-
aminergic DAT+ cell would then go on to initiate apopto-
sis and thus cause PD-like symptoms.”>>” Interestingly,
addition of the neuronal nitric oxide blocker 7-nitrin-
dazole to neurons with MPP+ treatment results in neuro-
protection and decreased neuron loss, likely due to the in-
hibition of nitric oxide production and interference of per-
oxynitrite-based cell damage.30) Moreover, DAT —/—
knockout mice did not show effects of MPTP poisoning,”"”
thus suggesting that DAT is an essential component of the
sequence of events that leads to apoptosis. Cocaine itself
was shown by Mayer et al ? to block DAT, MPTP intake,
and MPP + -based cell damage.

Despite the intriguing number of recent studies being
done on pharmacological manipulations of DAT, we know
relatively little about the molecular basis of DA trans-
location. There have been many residues that have been
implicated in DAT reuptake function. One promising ex-
ample of the actual reuptake function of DAT has been
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postulated to be mediated by prolines located in the trans-
porter,33) causing mobility of the substrate and shuttling it
into the neuron. In addition, another study has reported
critical involvement of charged amino acids in the TMR as
facilitating DA reuptake.’” Other reports have suggested
the involvement of Asp79 (TMR 1); Ser351, Ser354, Ser357,
and Ser’™ in TMR 7; as well as Serm, Serm, and Phe™ in
TMR 11.**? Our awareness of DAT structure and function
would certainly benefit from more studies in the future.

Much of what we know about DAT function comes
from studies in which DAT structure and/or function has
been changed by some method. To begin with, it is known
that DAT is dependent on Na+/Cl — symport into the cell
and is reversible if ionic gradients are reversed.””** These
studies suggest that DA reuptake is driven, at least parti-
ally, by the energy from Na+ and Cl— concentration
gradients. Furthermore, DAT’s direction of activity (DA
influx or efflux) is dependent on the direction of Na+ and
Cl— ion flow (thus being directly dependent on whether
the bulk of ions are intra- or extracellular).

DAT function has also been shown to be changed by
phosphorylation. Protein kinases such as the isoforms of
protein kinase C (PKC) can phosphorylate DAT on N-ter-
minal sites, perhaps also regulated by protein phos-
phatases.””*” This causes a decrease of functional DATSs
(as seen also with serotonin transporters [SERTs]) on the
cell membrane and thus a reduction in DA influx.**"
Other important regulatory mechanisms for DAT involve
their interactions with various proteins.”” Thus we see an
important regulation of DAT that may serve as an activ-
ity-dependent mechanism of DA recycling.

The DAT-Cocaine Interaction

The interaction between cocaine and the DAT is an im-
portant one that has implications for homeostatic neuro-
transmitter balance as well as addiction and behavior. The
interaction is the result of the high affinity (K; anywhere
between 0.2 to 0.6 « M) interaction between cocaine and
DAT.>*"® The high affinity interaction as well as co-
caine’s addictiveness implies that the blockade of DAT by
cocaine is quite an efficient one. Fig. 2 illustrates a pro-
posed mechanism of DAT interaction with a cocaine
analog.zz)

Many cocaine-DAT interaction sites have been elu-
cidated by the binding of the cocaine analog, 3 3 -
(4-1Zsiodophenyl)-tropane—2-carboxylic acid methyl ester
(["*I]RTI-55). There is an extremely high affinity be-
tween [IZSI]RTI-S 5 and DAT, and so it has been the focus

. . . . . . 53-57
of use for revealing even minor cocaine binding sites.”””

These weak interactions may play a substantial role in the
high affinity of cocaine-DAT binding and efficient DAT
inhibition.

Binding of DAT inhibitors to the DAT in isolated cells
has many requirements, one of which is the presence of a
target Na+ concentration between 20 and 50 mM.> This
study scrutinized individual and isolated cells and con-
trolled their environment’s Na-+ concentration, thus
pointing out that the results of the study are true for iso-
lated cells in non-physiological conditions. From a phys-
iological standpoint, neurons are bathed in fluid that is
much richer in Na+. Indeed, the neuron in vivo has inputs
coming in from not only Na+, but also other anions, para-
crine signaling, and/or neurotransmission; all of these are
theoretically able to change the responsiveness of a neu-
ron for Na+ and allow cocaine to bind. Since cocaine has
such a strong effect even in humans, it must bind to the
DAT regardless of the increases sodium concentration.
The important thing to be mentioned here is that Na+ is
capable of altering DAT-DAT inhibitor binding, and any
fluxes in Na+ would also change the affinity/binding of
cocaine for the DAT.

In an effort to explain this result, the authors of Chen et
al’™ point out that Na+ could induce a change in DAT
conformation and thus alter binding of DAT inhibitors
such as cocaine. The study shows that Na+ causes a

™8

Fig. 2. Proposed interaction between the cocaine analog
WIN35428 and the dopamine fransporter. Selected interactions
include the fertiary amine of WIN35428 and Asp’® (1), the 2 8-
methylester moiety of WIN35428 and Tyr'® (5), and WIN35428's
fluoride atomic interaction with the nitrogen in Asn'®’ (6). Repro-
duced from Beuming et al?® (Nat Neurosci 2008;11:780-789) with
permission.
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change in DAT conformation such that the binding of mul-
tiple DAT inhibitors is energetically favorable. In addi-
tion, cocaine specifically can bind to DAT with greater af-
finity in the presence of Na+. Therefore, there is no direct
evidence that Na-+ can act on cocaine itself, but it rather
acts on DAT, thereby impacting many of DAT’s pro-
tein-protein interactions, signaling molecules, and in-
hibitors (a widespread influence).

Based on site-directed mutagenesis studies, the region
in which cocaine binds to DAT is thought to be anywhere
between TMRs 5-8;'**" however, another study argues
that TMR 6 is the critical link between the cocaine and
DAT interaction.”” Cocaine may cover TMR 6, thus
blocking the part of the DAT that is responsible for chang-
ing conformation and allowing DA translocation into the
synaptosome. Thus, pharmacologically blocking TMR 6
may revert the effects of cocaine on dopaminergic neurons.

In addition to specific regions of DAT that cocaine is
thought to bind to, there have been many studies relating
binding and effector sites for cocaine to single amino
acids.”"* All over the DAT protein, several amino acids
have been shown to be critical to the binding and action of
cocaine. Asp’’ (located in TMR 1) has been shown®*** to
be important for cocaine binding and recognition; fur-
thermore, mutating Asp’~ (extracellular loop between
TMRs 5 and 6) changes selectivity for cocaine analogs,
thus highlighting the role of aspartate in having an inter-
action of cocaine in more than one instance.’>*”

In addition, other amino acid mutations result in differ-
ent effects with respect to cocaine and other substrate
binding. Like mutating Asp3 ", mutating Trp555 (extracellular
loop between TMRs 11 and 12) also changes DAT’s se-
lectivity for cocaine analogs.67) However, mutation of
Lys264 (intracellular loop between TMRs 4 and 5) de-
creases affinity for cocaine as well as DA uptake.68) This
can be juxtaposed with the mutations of Phe'** and Phe™*
(TMRs 3 and 9, respectively), which result in a decrease in
cocaine binding along with no changes in DA transport.ég)
Other instances’®*”® of mutations in single amino acids
yields a potential importance of Phe’® (TMR 1), Val'*?
(TMR 3), Tyr'>® (TMR 3), Tyr”> (TMR 4), Tyr’”* (TMR
5), and Phe™* (TMR 11). Collectively, these DAT muta-
tion studies suggest that function of DAT can be scruti-
nized even at the amino acid level, and that certain amino
acid function is critical to DAT function, cocaine binding,
and DA reuptake. Thus, if genetic mutations of DAT were
to occur by chance in organisms, their responsiveness to
cocaine and their natural regulation of DA in the ex-
tracellular space may be impaired. Even with the sub-

stantial amounts of data present on the effects of in-
dividual amino acids on cocaine and/or DA binding, it is
wise to take site-directed mutagenesis studies with
skepticism. Mutating even one amino acid can potentially
cause the entire conformation (and thus, the function) of
DAT to change, thus changing affinity and binding to DA
and/or cocaine.

Taken together, the DAT-cocaine interaction is an in-
tricate one. It is possible that cocaine may interact with
one region of DAT and cause a strong enough interaction
such that the protein is conformationally changed. This
would in turn cause more binding sites to be revealed,
eventually leading to multiple binding sites between DAT
and cocaine being uncovered and thus the blockage of DA
influx. Thus, it is possible that cocaine can act on many
DAT sites but the actual physiological binding sites would
depend on the order of binding. If true, identifying the co-
caine binding sequence may be a difficult task and would
require much research.

The molecular interaction between cocaine and the
DAT is vital to the effects of reward. DAT-knockout mice
still self-administer cocaine and show a conditioned place
preference for cocaine; this seems counterintuitive but is
thought to occur because of cocaine’s ability to inhibit
norepinephrine transporter (NET) and SERT and cause in-
creased extracellular DA.”>7” In addition, knocking out
DAT completely may result in a substantial imbalance in
the entire dopaminergic system of the brain®**" and even
compensation by other dopaminergic tributaries in the
brain.*™* To circumvent these problems as much as pos-
sible, a knock-in mouse line was created in one report by
a triple mutation in the DAT gene; the mice expressed a
functional DAT but were insensitive to cocaine.” The
DAT levels in the mice were not significantly changed
from their wild-type counterparts, and neurons from both
mice were capable of firing action potentials at the same
frequency. Moreover, the authors showed a functional
equivalency in D, receptors of both mice, further suggest-
ing the minimization of dopaminergic imbalance (as had
happened with DAT-knockout mice) in the knock-in mice.

It was found in the same report that cocaine sensitivity
was 89-fold lower in the knock-in mice as measured by
voltammetry, patch clamping, in vivo microdialysis, and
DA uptake assays. More importantly, there was no con-
ditioned place preference-based reward and no elevated
extracellular DA in the nucleus accumbens of cocaine-in-
sensitive mice, as well as no increased locomotor activity
upon cocaine administration.

Thus, the aforementioned report supports that cocaine
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must actually interact with and block DAT in order to elicit

its effects of reward and ultimately increase DA in the nu-

cleus accumbens. This is supported by voltammetry ex-
. 86,87) . Lo

periments and gives valuable in vivo data to support

the emerging cocaine-DAT interaction theory.

Physiological Interactions and Regulation of Cocaine
and DAT

Even though the DAT can be (and has been) pharmaco-
logically manipulated, the brain also has unique DAT reg-
ulatory mechanisms. If cocaine were to get into the brain,
its in vivo interactions with DAT would have effects at the
molecular, cellular, and behavioral levels. Thus, signaling
mechanisms that involve DAT and/or cocaine in some
way can be studied from multiple perspectives, some of
which will be examined in this section.

There is significant debate as to whether cocaine ad-
ministration decreases,88'94) increases,%'lm) or does not af-
fect'”>'® DAT-cocaine or DAT-cocaine analog binding
sites. In addition, Letchworth ez al.'” reported a decrease
in DAT mRNA levels in the substantia nigra and the VTA
but no change in DAT protein levels in the striatum. This
all indicates that there are many differences among in-
dividual reports. For example, many different dop-
aminergic areas of the brain are examined, such as the nu-
cleus accumbens, VTA, striatum, substantia nigra, and
basal ganglia.“o) Moreover, different cocaine levels, co-
caine analogs,m) intervals/frequency of cocaine ex-
posure, methods of measurement (autoradiography, in situ
hybridization, polymerase chain reaction, Western blot,
immunohistochemistry, etc.), and even methods of admin-
istration'* could all be possible explanations of incon-
sistent and debatable results.

Furthermore, many decreases in DAT binding sites for
cocaine or analogs were caused by withdrawal from co-
caine,**’"*" insinuating that the physiological DAT-co-
caine interaction mechanism and DAT binding sites may
be regulated by how much cocaine (or analog) is available
to a given DAT protein.

One thing that is more agreed upon is that the co-
caine-DAT binding mechanisms are indeed complex and
may be quite plastic and dynamic in their abilities to
quickly sense increased cocaine exposure and respond in
a prompt manner (by changing the binding affinities
and/or sites). This may partly underlie the powerful addic-
tion felt by cocaine addicts.

If indeed the cocaine-DAT binding does fluctuate be-
tween increased, decreased, and constant when they are
exposed to cocaine (or an analog), there are a few theories

that may explain the seemingly bewildering results. DAT
could potentially sensitize or desensitize in the presence of
cocaine, which would explain the increasing or decreasing
binding. This may be similar to sensitization after ex-
posure to morphine, leading to a rewarding effect."” In
fact, cocaine has long been shown to be involved with sen-
sitization in the central nervous system,m) on DA re-
ceptors,m”l ') and even on N-methyl-D-aspartate rece-
ptors.“6) Conversely, reports of cocaine-induced desensi-
tization are not as abundant."”

Despite the lack of these desensitization studies, a theo-
ry that may explain a decrease in DAT-cocaine binding af-
ter cocaine exposure relates to homeostasis.” In response
to cocaine exposure, increased amounts of extracellular
DA are present. This causes a homeostatic mechanism to
turn on that results in more DA being shuttled back into the
neuron(s). Theoretically, that mechanism could be de-
creased binding of cocaine and DAT; if true, it would ex-
plain why less binding of the two would cause a homeo-
static response to decrease extracellular DA after an
increase.

Elucidating why the aforementioned studies
ported no change in DAT-cocaine binding is a much more
difficult task. Perhaps the results were due to different re-
gions of the brain tested. Different dopaminergic regions
of the brain may need different levels of cocaine or differ-
ent frequencies of cocaine exposure in order to elicit a giv-
en effect, and if the amount/frequency of cocaine ad-
ministered is lower than this “threshold,” then no sig-
nificant difference in DAT-cocaine binding will be
recorded. Thus, it is possible that some methodological is-
sues cause the insignificant change in DAT-cocaine inter-
action after cocaine administration.

Having discussed the DAT-cocaine binding being af-
fected by cocaine, another aspect of the DAT-cocaine in-
teraction is the controlling of DAT gene expression by co-
caine administration. It is known that cocaine increases
DAT expression in dopaminergic areas of the brain,""*'*"
and well-known that abstinence of cocaine intake for a pro-
longed period of time decreases DAT levels,”!%122-120
Cocaine is also involved with DAT trafficking to the plas-
ma membrane.*”"!?7 Thus, similar to DAT-cocaine
binding, DAT gene expression is a constantly changing
system that is able to respond directly to cocaine levels
and adjust DAT levels.

Cocaine can also participate in signaling, resulting in
maintenance of DAT levels, further adding credence to its
role of increasing DAT expression. It is known that PKC
phosphorylates DAT, downregulates its activity, and caus-

102-108)
re-
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es it to be endocytosed.”*” The PKC activator phor-
bol-12-myristate-13-acetate (PMA) also increases DAT
phosphorylation and downregulation.”’lzg) However,
PMA-mediated PKC phosphorylation is known to be
blocked in the striatum by cocaine. ' As a result, cocaine
can also exert indirect effects to keep the level of DAT
high. These studies collectively suggest that cocaine stops
natural PKC-based regulation of DAT and offers a mecha-
nistic reason as to why sustained levels of DAT are seen in
cocaine abusers. It remains to be seen how and in what ca-
pacity cocaine affects PKC in other ways (and by other
mechanisms) that are unrelated to DAT. That cocaine
changes the dopaminergic system in so many ways and
mechanisms is better supported. This prompts the neces-
sity for more investigation in order to find out in what oth-
er ways, in addition to what has been shown, does cocaine
exert its powerful addictive effect.

The DAT-cocaine binding and cocaine-induced DAT
gene expression may collectively be regulated by proteins
that regulate DAT, thus adding another level of regulation
to DAT. DAT is known to be regulated by many proteins,
found through many different methods,”” such as
PICK-1,"" Hic-5,"” SNAP-25 (G. Torres, unpublished
observations), synuclein,m) the DA D> receptor,134’l35) and
others.**"*" Despite the growing number of DAT-interact-
ing proteins that are being found, discovery of more will
certainly bring new insights into their roles in disorders of
the dopaminergic system, as well as their functions in reg-
ulating the cocaine-DAT interaction.

Effects of the Cocaine—DAT Interaction

DAT is known to be involved in attention-deficit
(hyperactivity) disorder and PD;"""* in fact, DAT in-
hibitors have been shown to alleviate the symptoms of PD
in monkeys."” DAT knockout mice have abnormal social
interactions,'*” diminished olfactory discrimination,'*"
and even changes in immune response.m)

Cocaine’s powerful effects can be seen firsthand in co-
caine addicts. Those who abuse cocaine have been shown
to sustain their levels of DAT; aging naturally reduces the
levels of DAT, but this is not the case in cocaine
abusers.'*? Furthermore, cocaine has effects all over the
body, and thus finding a therapy to reverse the effects is
considered a very difficult task.'*” This further augments
the claim that the interaction between DAT and cocaine is
strong enough to create major long-lasting changes in the
entire body.

Despite the fact that it is not known how exactly cocaine
exerts its addiction, whether it is by sensitization of re-

114,115 . . .
ceptors ) and/or causing an increase in DAT gene ex-

pression,'"*"*" both would explain an addict’s incessant
craving for cocaine. In order to be sure about what really
goes on in the cocaine abuser’s brain, further studies must
be done in order to elucidate 1) more effects of cocaine on
the DAT, 2) how that interaction leads to addiction, and 3)
the mechanisms associated with the interaction.

It is important to note that the cocaine-DAT interaction
is mutually dependent; that is, the interaction would be far
from functional if cocaine or DAT were not present. In the
brain of a cocaine addict, cocaine and DAT would be com-
ing in contact with each other regularly; if the cocaine sup-
ply would be cut, the addict would experience strong with-
drawal symptoms. Thus, the effect of cocaine removal on
DAT can be readily seen. However, it is interesting to pon-
der the effects if DAT was removed; this was in fact done
in reports with DAT knockout mice.*"'* These mice were
reported to have been unresponsive to cocaine or amphet-
amine and showed neither DA release nor hyperlocomotion
upon administration with either of the two psycho-
stimulants. Despite the reported results, the studies have
been disputed. For instance, since cocaine acts on NET
and SERT, some degree of responsiveness to cocaine
and/or hyperlocomotion would be expected.75'79) This in-
dicates that without DAT, cocaine cannot exert its full ef-
fects (even when considering compensation by other
monoamine transporters); a functional and strong co-
caine-DAT interaction must involve both partners.

The ramifications of having such a mutual interaction
are that if one part is altered in even the slightest way, the
whole interaction falls apart. This can be taken advantage
of; if the DAT protein was mutated at a strategic place, co-
caine may not bind to it and cocaine self-administration
may stop.%) However, perhaps a more feasible option to
use, especially for real-world applications, is occupying
DAT with a ligand that is of higher affinity than
cocaine.'**"*¥ This was in fact done with the use of
(—)2 £ -propanoyl-3 £ -(4-tolyl)-tropane (PTT), which
has a very high affinity for DAT.'*® Rhesus monkeys treat-
ed with PTT showed a decrease in cocaine intake, suggest-
ing that the presence of PTT induced the lack of cocaine
intake in the monkey. Thus, the DAT-cocaine interaction
and ways to modify the interaction have generated much
interest in pharmacology and those attempting to make
treatments for cocaine abuse.

Another major effect of the strong cocaine-DAT inter-
action is its effect on behavior. Gulley ef al.'*” underscore
the profound impact that even one exposure to cocaine can
have on behavior. The transduction from drug intake to
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behavioral changes may be explained by cocaine increas-
ing the DAT numbers on the cell surface.*”'"*"**'*® The
different numbers of DAT proteins on the cell surface in
turn results in behavioral changes.lso) Accordingly, the be-
havioral changes may be more pronounced if more co-
caine is administered and more DATs are inserted into the
membrane.

Because the cocaine-DAT system is thought to work in
this manner, therapy for cocaine abusers may lie within
stopping cocaine-induced DAT transcription (and/or
translation). If this is done, there may be lower levels of
DAT proteins on the cell surface. Because there are less
DAT proteins to begin with, less have a chance to be occu-
pied with cocaine. Less DAT occupation would result in
less of a reported “high”,m) and may lessen the molecular
changes in the brain as well as the behavioral changes in
the addict.

The impact that the cocaine-DAT interaction has is crit-
ical for normal function, yet can be readily disturbed by
psychostimulants. The sequence of events that occur in
the neuron and brain, from cocaine exposure to behavioral
effects, have great effects on the function of the DAT, syn-
aptosome, neuron, and even the particular dopaminergic
region of the brain itself. Thus, developing a solution to al-
leviate behavioral (and even neuronal) effects may be
quite intricate and challenging; more research will be es-
sential to elucidate the effects of the cocaine-DAT inter-
action at the molecular, cellular, and behavioral levels.

Alternative Mechanisms for Cocaine Action

An intriguing studylsz) illustrated an alternative mecha-
nism by which cocaine may act on dopaminergic neurons.
The group used cyclic voltammetry to record DA release
from anesthetized murine caudate-putamen while stimu-
lated in the presence or absence of cocaine. While cocaine
expectedly resulted in more DA measured, the result was
different in another murine model used. Synapsin-knock-
out (SKO) mice lack synapsins I/II/II], the proteins that
are responsible for holding vesicles in the storage region
of an axon terminal. When stimulation was done with co-
caine on SKO mice, the DA release was found to be
decreased. This result suggested the role of cocaine in mo-
bilizing the dopaminergic vesicles that are in the storage re-
gion (normally anchored by synapsins) of the synaptosome.

Another set of experiments in the same report further
implicated the storage region as interacting with cocaine.
By adding @ -methyl-p-tyrosine, a DA synthesis blocker,
the readily-releasable pool of vesicles was soon elimi-
nated and DA efflux decreased. However, recovery of DA

efflux was seen upon cocaine administration, presumably
because of cocaine’s action on mobilizing the storage re-
gion’s vesicles. Furthermore, this effect was not seen in
SKO mice; even after cocaine addition, the DA efflux re-
mained low, thus further indicating the role that cocaine
plays in storage vesicle-mediated DA efflux.

According to the proposed mechanism, cocaine was
able to release the dopaminergic vesicles that are in the
storage region of the synaptosome. This would mean that
cocaine acted to stimulate DA release and then also main-
tain extracellular DA by blocking DAT with a high
affinity. Not only would this interaction explain cocaine’s
addiction, but also its ability to stimulate under many
conditions. Because cocaine’s action was independent of
the readily-releasable pool, cocaine could exert its stim-
ulatory effect even if a dopaminergic neuron has been
heavily stimulated (and has lost many of its read-
ily-releasable vesicles). Thus, cocaine may be more versa-
tile than originally thought, being able to affect the dop-
aminergic system even when it has been exhausted of its
readily-releasable vesicles by intense stimulation.

If indeed cocaine interacts with DAT and mobilizes the
storage pool, the impact of cocaine on dopaminergic neu-
rons must be altered yet again to consider another level of
cocaine potency. However, many questions left to be an-
swered, such as whether cocaine affects only dopaminergic
or catecholaminergic neurons in this manner, or how co-
caine can get into the synaptosome in the first place.

CONCLUSIONS AND FUTURE
CONSIDERATIONS

There is much exciting research going on with regards
to further characterizing the relationship of cocaine and
the DAT, with clinical consequences regarding psychiatric
disease and drug addiction. These are often seen as the
most paralyzing and debilitating conditions and cost
health care systems exorbitant sums of money every year.
The future brings promise; accordingly, this review high-
lights the classic studies of the 1990s and 2000s that help-
ed build our knowledge base on this topic to what it is to-
day, which in turn can lead to tomorrow’s therapies.

Cocaine and the DAT form a strong interaction that
translates into strong effects in the synaptic cleft, brain,
and behavior. Disorders of dopaminergic systems such as
PD and cocaine addiction will potentially benefit from
more research pertaining to the cocaine-DAT interaction.
There may be other significant interactions that cocaine
and/or DAT play a role in that may be of some interest, not
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only to dopaminergic system disorders. Indeed, an aim of
the future will be to get closer to determining all the pro-
teins that DAT interacts with, and how each interaction is
physiologically and functionally relevant to dopaminergic
neurotransmission and homeostasis, behavior, addiction,
and disorders of the dopaminergic system.

Venton et al."*” is an excellent example of the fact that
the cocaine-DAT interaction theory is constantly being re-
vised and re-revised. Similar to this study, more research
on cocaine’s interactions with dopaminergic neurons in
general could highlight the total and profound impact that
cocaine has; another primary objective of the future will
be to come closer to finding the full effects of cocaine on
the DAT, dopaminergic neurons, the brain in general, and
psychological behavior.
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