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dopamine transporter:
molecular stent hypothesis
Aldo A Rodriguez-Menchaca*†, Ernesto Solis Jr†, Krasnodara Cameron
and Louis J De Felice

Department of Physiology and Biophysics, School of Medicine, Virginia Commonwealth

University, Richmond, VA, USA

Correspondence
Louis J De Felice, Department of
Physiology and Biophysics,
School of Medicine, Virginia
Commonwealth University,
Richmond, VA 23298, USA.
E-mail: ljdefelice@vcu.edu
----------------------------------------------------------------

*Present address: Departamento
de Fisiología, Facultad de
Medicina, Universidad Autónoma
de San Luis Potosí, San Luis
Potosí, México.
†These two authors contributed
equally to this work.
----------------------------------------------------------------

Keywords
dopamine transporter; dopamine;
amphetamine; electrophysiology;
Xenopus oocyte expression
----------------------------------------------------------------

Received
27 June 2011
Revised
22 September 2011
Accepted
30 September 2011

BACKGROUND AND PURPOSE
Wherever they are located, dopamine transporters (DATs) clear dopamine (DA) from the extracellular milieu to help regulate
dopaminergic signalling. Exposure to amphetamine (AMPH) increases extracellular DA in the synaptic cleft, which has been
ascribed to DAT reverse transport. Increased extracellular DA prolongs postsynaptic activity and reinforces abuse and hedonic
behaviour.

EXPERIMENTAL APPROACH
Xenopus laevis oocytes expressing human (h) DAT were voltage-clamped and exposed to DA, R(-)AMPH, or S(+)AMPH.

KEY RESULTS
At -60mV, near neuronal resting potentials, S(+)AMPH induced a depolarizing current through hDAT, which after removing
the drug, persisted for more than 30 min. This persistent leak in the absence of S(+)AMPH was in contrast to the currents
induced by R(-)AMPH and DA, which returned to baseline immediately after their removal. Our data suggest that S(+)AMPH
and Na+ carry the initial S(+)AMPH-induced current, whereas Na+ and Cl- carry the persistent leak current. We propose that
the persistent current results from the internal action of S(+)AMPH on hDAT because the temporal effect was consistent with
S(+)AMPH influx, and intracellular S(+)AMPH activated the effect. The persistent current was dependent on Na+ and was
blocked by cocaine. Intracellular injection of S(+)AMPH also activated a DA-induced persistent leak current.

CONCLUSIONS AND IMPLICATIONS
We report a hitherto unknown action of S(+)AMPH on hDAT that potentially affects AMPH-induced DA release. We propose
that internal S(+)AMPH acts as a molecular stent that holds the transporter open even after external S(+)AMPH is removed.
Amphetamine-induced persistent leak currents are likely to influence dopaminergic signalling, DA release mechanisms, and
amphetamine abuse.

Abbreviations
AMPH, amphetamine; DA, dopamine; DAT, dopamine transporter; hDAT, human DAT; R(–)AMPH, levo (negative)
amphetamine; S(+)AMPH, dextro (plus) amphetamine
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Introduction
Cocaine and amphetamine profoundly influence dopaminer-
gic neurotransmission and therefore implicate the dopamine
(DA) transporter (DAT). In response to prolonged exposure to
these drugs, DAT reduces its capacity for DA transport
(Iversen, 2006; Samuvel et al., 2008). In contrast to the DAT
inhibitor, cocaine, amphetamine acts as a DAT substrate that
flows into cells through the transporter (Volz et al., 2007;
Erreger et al., 2008). Thus, cocaine and amphetamine both
increase extracellular DA by decreasing its uptake, but they do
so by entirely different mechanisms: whereas cocaine blocks
DA uptake, amphetamine replaces DA as a substrate, and, in
addition, amphetamine induces the release of DA into the
synaptic cleft (Iversen, 2006). In striatal slices, as one
example, amphetamine causes a gradual rise in extracellular
DA that lasts for over 30 min in normal mice, whereas no
analogous increase exists in -/- DAT mice (Giros et al., 1996).
Although DAT is required for the DA releasing action of
amphetamine, it is not needed for the vesicle-depleting
action of amphetamine; furthermore, in the absence of
amphetamine, cytoplasmic DA is considered to be insuffi-
ciently concentrated to reverse DAT, implying that AMPH
releases DA from vesicular stores before DA efflux (Jones et al.,
1998). In some cases, however, as in dendrodendritic autoin-
hibition, DAT block abolishes DA efflux in the absence of
AMPH (Falkenburger et al., 2001).

Because amphetamine releases DA from terminals in the
frontal lobe and limbic system, amphetamine may be used
clinically to treat medical conditions such as attention-deficit
hyperactivity disorder or narcolepsy (Burnette et al., 1996;
Fleckenstein et al., 2007). Therapeutic drugs such as Adderall
(dextro-amphetamine) are mixtures of racemic amphetamine
and dextro-amphetamine salts. Clinical manifestations asso-
ciated with the abuse of amphetamine or its precursors or
derivatives, such as phenethylamine or methamphetamine,
are well documented (Potkin et al., 1979; Romanelli and
Smith, 2006; Winslow et al., 2007).

Amphetamine is a homologue of phenethylamine and
the parent compound of a wide range of psychoactive deriva-
tives, from the N-methylated methamphetamine (METH) to
MDMA (3,4-methylenedioxy-N-methamphetamine), com-
monly known as ecstasy. Because DAT is the primary target
for AMPH, the DAT is most frequently implicated in the
reinforcing properties and abuse potential of AMPH (Sulzer
et al., 1993; 1995; Seidel et al., 2005). The reward and addic-
tion properties of AMPH apparently correlate with its ability
to increase extracellular DA levels by mechanisms as yet only
partially understood.

The principal mechanisms proposed for AMPH-induced
increases in extracellular DA are the facilitated exchange
model (Fischer and Cho, 1979), the DAT efflux channel and
reverse transport model (Kahlig et al., 2005) and the vesicular
depletion model, which is also called the weak-base model
(Sulzer et al., 1993; 1995). Reverse transport depends on
membrane depolarization, and thus the results reported here
have implications for this model. Here we suggest a mecha-
nism that results from our electrophysiological data and is
based on a novel action of S(+)AMPH. S(+)AMPH transport
and S(+)AMPH-induced current both depend on extracellular
Na+, which also carries part of the current. In our model,

hDAT transports S(+)AMPH into the cell where it becomes
available to bind hDAT at an internally accessible site.
S(+)AMPH binding to the internal site maintains hDAT in an
open state long after the removal of external S(+)AMPH. This
persistent open state defines a use-dependent ‘leak’ current,
which may be related to the previously described substrate-
independent leak (Sonders et al., 1997b), although this is
speculative at the present time. The leak in oocytes is present
in dopaminergic neurons from Caenorhabditis elegans
(Carvelli et al., 2004; 2008), and possibly in dopaminergic
neurons from rat (Ingram et al., 2002). Such leaks are a
general phenomena in monoamine transporter (DeFelice and
Goswami, 2007) and in other transport systems where they
are called ‘slips’ and assigned a natural function in native
cells (Nelson et al., 2002). Surprisingly, once hDAT has been
exposed to S(+)AMPH, subsequent exposure to DA also results
in a persistent leak. In an unclamped presynaptic terminal,
the persistent leak would depolarize the presynaptic mem-
brane and increase the likelihood of vesicular fusion and
dopamine release.

Methods

Expression of the human DAT in
Xenopus oocytes
Oocytes were harvested and prepared from adult Xenopus
laevis females following standard procedures (Machaca and
Hartzell, 1998; Iwamoto et al., 2006). We select stage V–VI
oocytes for cRNA injection within 24 h of isolation. cRNA
was transcribed in the pOTV vector (gift of Mark Sonders,
Columbia University) using Ambion mMessage Machine T7
kit (Ambion Inc., Austin, TX). Each oocyte was injected with
50 nL of 1 mg·mL-1 hDAT cRNA (final amount 50 ng)
(Nanoject AutoOocyteInjector, Drummond Scientific Co.,
Broomall, PA) and incubated at 18°C for 4–8 days in Ringer’s
solution supplemented with Na-pyruvate (550 mg·mL-1),
streptomycin (100 mg·mL-1), tetracycline (50 mg·mL-1) and 5%
dialyzed horse serum.

Two-electrode voltage clamp (TEVC)
Electrodes had resistances from 1–5 MW. Xenopus oocytes
expressing hDAT were voltage-clamped to -60 mV (unless
otherwise noted), and buffer was gently perfused until a
stable baseline was obtained. Then the experimental sub-
strates were perfused until stable currents were obtained for
the time periods indicated. In order to compare data from
different oocytes or after successive applications of a particu-
lar compound, we normalized data to an initial response to
10 mM DA.

Oocyte injection of S(+)AMPH
We injected a small volume of concentrated drug and calcu-
lated the final concentration by dilution in the oocyte
volume. For example, 50 nL of 0.5 mM S(+)AMPH injected
into an oocyte with an estimated volume of 1 mL (stage V–VI
oocytes are 1–1.2 mm in diameter) gave a 25 mM final con-
centration. Repeated injections at the same concentration, or
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a single injection at a higher concentration produced a range
of S(+)AMPH concentrations inside the oocyte from 0 to
180 mM.

Solutions
Extracellular (in mM): 120 NaCl, 7.5 HEPES, 5.4 K+ gluconate,
1.2 Ca2+ gluconate, pH 7.4 with KOH. For Na+-free solution,
120 NaCl is replaced with 120 mM N-methyl-D-glucamine
(NMDG)-Cl. Intracellular: 3 M KCl.

Results

Structures of dopamine and
amphetamine stereoisomers
Racemic amphetamine (AMPH) consists of equal amounts of
S(+)AMPH and R(–)AMPH. The AMPH stereoisomers share
similarity with the unique structure of dopamine (Figure 1).
Although DA, S(+)AMPH and R(–)AMPH have similar struc-
tures, they have markedly distinct effects on the human DAT
(hDAT) as regards inducing a current under voltage clamp
conditions in hDAT-expressing oocytes (Figure 3A).

Dopamine and S(+)AMPH differentially
affect hDAT
Xenopus oocytes expressing hDAT were exposed to DA or
S(+)AMPH (10 mM, -60 mV) for time periods ranging from 20
to 200 s (Figure 2). Addition of 10 mM DA elicited an inward
current from 10 to 70 nA at -60 mV, depending on the level
of hDAT expression. We confined ourselves to expression
levels in this range. When DA was removed, the DA-induced
current returned to baseline (Figure 2A) regardless of expo-
sure time. As with DA, brief exposures to 10 mM S(+)AMPH
(30 s or less) elicited currents that returned to baseline fol-
lowing S(+)AMPH removal. However, for exposure times
greater than 30 s, the current induced by 10 mM S(+)AMPH
persisted despite removal of external S(+)AMPH. Further-
more, the amplitude of the persistent current depended on
the length of exposure to S(+)AMPH (Figure 2B). S(+)AMPH-
induced persistent currents, also referred to as ‘shelf’ currents,

may last as long as 30 min (data not shown). We first discov-
ered the shelf current using a racemic mixture of AMPH,
which also induces a long-lasting persistent current after the
racemate is removed (data not shown). The relationship
between the amplitude of the shelf current and the duration
of S(+)AMPH exposure (normalized to the initial hDAT-
mediated peak current) shows that the shelf current ampli-
tude saturates as a function of S(+)AMPH exposure time
(Figure 2C). The existence of a shelf current after removal of
S(+)AMPH is dependent not only on the duration of
S(+)AMPH exposure but also on extracellular S(+)AMPH con-
centration. If the concentration of external S(+)AMPH was
increased from 10 to 30 mM, an exposure time that was too
brief to elicit a bona fide shelf current was now capable of
doing so (Figure 2D).

The current–voltage relationship of currents
induced by DA and S(+)AMPH
At -60 mV, 10 mM R(–)AMPH consistently induced a peak
current slightly less in magnitude than that induced by
10 mM DA, whereas 10 mM S(+)AMPH induced a slightly larger
current; these differences were less below -60 mV and more
noticeable above -60 mV (Figure 3B). Strikingly, R(–)AMPH
produced no authentic shelf current compared with
S(+)AMPH but, at -60 mV, the current always returned to its
pre-stimulus value (Figure 3A). However, after a sufficiently
long exposure time, S(+)AMPH induced a prominent shelf
current that was blocked by the hDAT inhibitor, cocaine
(Figure 3A). Cocaine also blocked the peak currents for DA,
R(–)AMPH and S(+)AMPH (not shown) and in all cases the
current returned to positive values compared with the pre-
stimulus baseline, as shown in Figure 3A. Thus, hDAT, like
other co-transporters in this family, can produce cocaine-
sensitive DA- and AMPH-induced currents and cocaine-
sensitive leak currents (Sonders et al., 1997a; Amara and
Sonders, 1998), to which we have now added the cocaine-
sensitive shelf current. As Na+ has a major role in the trans-
port of substrate by monoamine transporters (Nelson, 1998;
Rudnick, 1998b), we investigated its effect on the currents
induced by DA and S(+)AMPH. The peak currents induced by
10 mM DA, R(–)AMPH or S(+)AMPH were abolished when
external Na+ was replaced with NMDG (data not shown), and
the shelf current was dependent on Na+ (Figure 5). We gen-
erated I(V) curves for the initial current and shelf current
induced by DA, S(+)AMPH peak and S(+)AMPH shelf
(Figure 3B). The I(V) for DA bends downwards (towards
greater negative currents) at more positive potentials. This is
due to blockade of the endogenous leak current of the DAT
(Sonders et al., 1997a; Ingram and Amara, 2000), also found
in the 5-HT transporter (Galli et al., 1997) and NA transporter
(Galli et al., 1998). When external S(+)AMPH was present, the
I(V) curve shifted to the left (between -20 and 20 mV), pos-
sibly reflecting the co-conductance of Na+ and S(+)AMPH
cations. The shelf I(V) was further shifted to the left, implying
not only the absence of S(+)AMPH but also the probable
presence of Cl- ions, which are known to carry current in DAT
(Ingram et al., 2002; Carvelli et al., 2008)

S(+)AMPH operates on hDAT from the inside
Until now, we have applied S(+)AMPH externally and have
shown that an exposure time of 30–50 s or more (at 10 mM,

Figure 1
Structures of dopamine and enantiomers of amphetamine. Chemical
composition of dopamine, S(+)amphetamine and R(–) amphetamine
(labelled S(+)AMPH and R(–)AMPH, respectively), showing their
structural similarity.
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-60mV) activates the shelf current. Because of this relatively
long time to elicit an effect, and because increasing S(+)AMPH
concentration reduces the time required to activate a shelf
current (Figure 2D), we suspected that S(+)AMPH was being
transported into the cell to exert its effect internally. To test
this possibility, we injected S(+)AMPH into the oocyte to
obtain a range of internal concentrations (see Methods) and
correlated the internal concentration with the degree of per-
sistent leak current. Whereas a brief application (10 s) of
10 mM S(+)AMPH externally was insufficient to induce a shelf
current, injecting 10 mM S(+)AMPH into the oocyte induced a
prominent shelf current (Figure 4A). Remarkably, using exter-
nal DA instead of S(+)AMPH also resulted in a shelf current
after the internal injection of S(+)AMPH (Figure 4B, centre
trace), and increasing the internal S(+)AMPH (second injec-
tion in the same oocyte) generated a larger shelf current
(Figure 4B, rightmost trace). Injecting DA into the oocyte did
not have a similar effect on the external S(+)AMPH or DA
(data not shown). These data suggest that S(+)AMPH is a
use-dependent drug, and the ability to elicit the shelf current
depends on its accessibility to hDAT from the inside. Thus,
when hDAT has been previously exposed to S(+)AMPH, either
external S(+)AMPH or external DA has the potential to gen-
erate persistent currents, though for the same external and
internal concentrations, S(+)AMPH has a stronger effect

(Figure 4C). Following the protocol in Figure 4B, we methodi-
cally titrated internal S(+)AMPH by repeated injections at the
same concentration or higher concentrations in different
oocytes (see Methods). These data are pooled in Figure 4D,
which shows that for 10 mM external DA applied for 10 s, the
greater the internal S(+)AMPH concentration, the greater the
shelf current (the shelf current is plotted as a percentage of
induced current that has returned to baseline after removing
external DA). The DA-induced shelf current saturated at 80%
full recovery in the presence of internal S(+)AMPH, with a Hill
coefficient nH = 1.7 and k1/2 = 37 mM.

Internal S(+)AMPH is silent without external
S(+)AMPH and Na+

Based on our experiments, we formulated a model of the
S(+)AMPH-induced persistent current based on two gates in
the hDAT protein: an external gate operated by S(+)AMPH
and Na+ and blocked by cocaine, and an internal gate oper-
ated by S(+)AMPH (Figure 5). Previous work suggests that Na+

plays a regulatory role at the internal face of hDAT (Khosh-
bouei et al., 2003); however, this possibility was not explicitly
tested in the present study.

In stage 1 of Figure 5, we would expect hDAT to maintain
a small leak current even in the absence of substrate. This
endogenous leak, which can be revealed by cocaine, was

Figure 2
S(+)AMPH induces a persistent ‘shelf’ current through the human dopamine transporter (hDAT). (A) External DA (10 mM) induced a large inward
‘peak’ current at V = -60 mV that returned to baseline when DA was removed, regardless of DA exposure time. DA peak currents were normalized
to the briefest exposure time. (B) S(+)AMPH (10 mM) induced a similar inward peak current for exposures less than 30 s; however, for longer
exposure times, a current that we term ‘leak’ or ‘shelf’ remained long after S(+)AMPH had been removed, and the amplitude of the shelf was
proportional to the length of exposure. S(+)AMPH peak currents were normalized to the briefest exposure time. (C) Amplitude of the shelf current
relative to the initial peak current plotted against exposure time of external S(+)AMPH, compared with the corresponding DA currents (n = 4,
�SEM). (D) A relatively brief and initial exposure to S(+)AMPH (20 s.), which ordinarily would not produce a shelf current, did so if the
concentration of S(+)AMPH was increased from 10 to 30 mM. For the same exposure range of times and concentrations, neither DA nor S(+)AMPH
induced peak or shelf currents in mock-injected oocytes (data not shown).
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present even without prior exposure to substrate (Figure 3A
and Sonders and Amara, 1996); here we ignored this back-
ground leak and focused only on the substrate-induced cur-
rents. In our model, opening the outer gate requires both Na+

and S(+)AMPH. R(–)AMPH or DA also operate the outer gate.
Opening the gate generates the peak (or steady state) current
in phase 2, which is probably carried by Na+ and S(+)AMPH
cations, although Cl- is also implicated (see Figure 3B and
Ingram et al., 2002; Carvelli et al., 2008). As transport ensues,
the inner gate becomes exposed to S(+)AMPH and, once occu-
pied, remains open and holds the outer gate open, even
though external S(+)AMPH has been removed. This allosteric
action between the inner and outer gate acts as a molecular
stent that holds the transporter in an open state 3. The
molecular stent requires external Na+, and on removing
Na+ the current returns to baseline 4. However, merely

re-introducing Na+ does not restore the current 5; rather,
S(+)AMPH and Na+ must both be present to regenerate the
peak 6 and shelf 4 currents. Unless this dual condition is
fulfilled, internal S(+)AMPH is silent.

Discussion

In this work, we present a novel finding for the action of
S(+)AMPH on hDAT. Our results suggest a model in which
S(+)AMPH is transported into the cell through hDAT, where-
upon the drug has access to an internal site on the transporter
that induces a persistent ‘shelf’ current. Bound to the internal
site, S(+)AMPH induces a molecular stent in hDAT that holds
the transporter open long after external amphetamine is
removed. The internally accessibly site is in addition to an
external site for (S+)AMPH, which initiates the transport of
the drug to the inside. Structural and functional evidence
argue for one centrally located substrate binding site for neu-
rotransmitter transporters (Yamashita et al., 2005; Piscitelli
et al., 2010), while other data (Shi et al., 2008; Shan et al.,
2011; Zhao et al., 2011) support an additional site external to
the central site (see also DeFelice and Goswami, 2007; De
Felice, 2011). Figure 5 proposes two distinct functional sites
for S(+)AMPH: an exterior site, which along with Na+ opens
the pathway, and an internal site for S(+)AMPH (but not DA)
that keeps the pathway open, even though the external site
may be empty.

Regardless of the specific mechanism, the existence of the
shelf current has physiological consequences for synaptic
transmission. Previous results suggest the leak current would
depolarize the presynaptic membrane (Ingram et al., 2002;
Carvelli et al., 2004) and increase the probability of transmit-
ter release. Furthermore, once it is exposed to S(+)AMPH, the
presynaptic membrane would respond to DA abnormally for
as long as S(+)AMPH remains inside the terminal (30 min) at
a significant concentration (30 mM). S(+)AMPH is therefore a
use-dependent drug that pre-conditions hDAT to generate a
persistent leak when subsequently challenged with an endog-
enous transmitter, dopamine, or exogenous AMPH. The half-
life of AMPH inside cells is not well known (Seiden et al.,
1993), but it ranges from 2 h up to 12 h if measured from
body fluids (Mofenson and Greensher, 1975; Verstraete, 2005;
Verstraete and Heyden, 2005).

The persistent leak flows in the absence of external
S(+)AMPH or DA and must therefore be entirely composed of
co-transported ions, most likely Na+ and Cl-. We explicitly
tested the dependence of S(+)AMPH-induced currents on
external Na+, and the results are consistent with well-known
criteria for coupled co-transport (Gu et al., 1998; Rudnick,
1998a,b; Petersen and DeFelice, 1999). Near the resting
potential of most cells (-60 mV), the persistent leak current is
constant as long as the voltage is held constant. In adult
neurons, -60 mV is near the equilibrium potential of Cl-. A
depolarizing leak could represent the entrance of Na+ or the
exit of Cl-; however, near rest, the Na+ contribution would be
larger than the Cl- contribution, resulting in net depolariza-
tion, whereby the Na+ leak would diminish and the Cl- leak
would be enhanced. The net effect on actual neurons is dif-
ficult to predict. In two cases, however, a net depolarization

Figure 3
DA- and AMPH-induced currents. (A) At -60 mV, neither 10 mM DA
nor 10 mM R(–)AMPH induced a shelf but the current always return
to baseline after their removal. S(+)AMPH on the other hand induced
a prominent shelf current that was blocked by cocaine (10 mM). The
peak currents are approximately the same at -60 mV for 10 mM DA,
R(–)AMPH, or S(+)AMPH. Note that in the presence of 10 mM cocaine
the current returned to values positive to the initial baseline, indicat-
ing the presence of an endogenous leak current. (B) Baseline sub-
tracted I(V) curves for DA, S(+)AMPH peak and S(+)AMPH shelf. The
S(+)AMPH peak I(V) was shifted to the left above -60 mV compared
with the DA peak, consistent with the conductance of both Na+ and
S(+)AMPH through hDAT. The S(+)AMPH shelf I(V) was further
shifted to the left, consistent with the absence of S(+)AMPH and
presence of Cl- ions flowing through hDAT.
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was reported for dopaminergic neurons in tissue culture
(Ingram et al., 2002; Carvelli et al., 2004).

It is already known that DA acting on DAT elicits inward
currents through a channel-like mechanism that can depo-
larize dopaminergic neurons and increase their excitability
(Ingram et al., 2002; Carvelli et al., 2004; 2008). Ingram and
colleagues suggest that tonic activity excites dopaminergic
neurons by activating an uncoupled Cl- conductance medi-
ated by the DAT. In the Ingram et al. (2002) study, the effect
of DA or amphetamine on voltage-clamped DAT was tested
during external perfusion of the cells (corresponding to the
peak or steady-state current in our model). In addition to the
peak current, in which S(+)AMPH and DA both participate,
we have uncovered a persistent leak current, which as dis-
cussed above would prolong depolarization long after
amphetamine is removed. Prolonged depolarization of the
presynaptic membrane would therefore further increase the

excitability of neurons and the probability of neurotransmit-
ter release as postulated by Ingram et al. A full understanding
of this effect and its magnitude is at present unknown and
would require a complete knowledge of current generating
channels and receptors on the presynaptic membrane. In
particular, D2 dopamine receptors are known to be involved
in transmitter release (Schmitz et al., 2001). It has been sug-
gested that released dopamine may feed back onto D2 autore-
ceptors to depress neuronal activity (Sulzer and Galli, 2003).
In addition, AMPH may regulate hDAT indirectly by targeting
or modulating proteins that then affect DAT function. These
possible responses extend the range of synaptic states regu-
lated by neurotransmitters, to which the newly discovered
leak current will undoubtedly contribute to a more complete
understanding of amphetamine action.

The density of the DAT would also be a contributing
factor to the relative effect of DA- or AMPH-induced currents.

Figure 4
S(+)AMPH injection promotes the shelf current. (A) A brief application (10 s) of 10 mM external S(+)AMPH did not illicit a shelf current; however,
after injecting sufficient S(+)AMPH into the cell to elevate the internal concentration to 25 mM (see Methods), the same challenge induced a
prominent shelf current. (B) Dopamine, which ordinarily would not produce a shelf current (left trace), now induced a shelf current after its
removal in added after a similar 25 mM injection of S(+)AMPH (centre trace). Doubling the internal S(+)AMPH concentration resulted in the
generation of a larger shelf (right trace). Injecting DA into the oocyte had no similar effect on the responses to external S(+)AMPH or DA (data
not shown). (C) For the same external and internal concentrations, S(+)AMPH generated a stronger shelf current than DA. Following the same
protocol as in (B), we titrated internal S(+)AMPH by repeated injections into the same oocyte or single more concentrated injections in different
oocytes (see Methods). (D) Pooled data for 10 mM external DA applied for 10 s: the greater the internal S(+)AMPH concentration the greater the
DA-induced shelf current, that is, in the presence of internal S(+)AMPH, less of the DA-induced current was able to return to baseline after external
DA removal. For a DA challenge, the shelf current saturates at 80% full recovery, with a Hill coefficient nH = 1.7 and k1/2 = 37 mM.
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Rapid treatment of rat striatal synaptosomes with low doses
of amphetamine increases surface expression of the DAT.
Either dopamine or amphetamine increase surface DAT
within 10 s of substrate addition and steadily increase surface
DAT until removal 2 min later. In these experiments, exocy-
tosis of DAT was blocked with tetanus and botulinum neu-
rotoxins. These data demonstrate that dopamine and
amphetamine can rapidly increase surface DAT possibly to
respond rapidly during dopamine secretion (Furman et al.,
2009). However, it is also known that long-term exposure to
amphetamine can decrease surface DAT expression (Saunders
et al., 2000; Galici et al., 2003). Thus, the increase in surface
DAT occurs within a minute and has a fairly short life of a few
minutes, whereas longer treatments with AMPH, especially at
doses equal to or greater than 10 mM, cause down-regulation
of DAT. We believe that a decrease in surface hDAT is respon-
sible for the consistently observed decreased response to a
second application of S(+)AMPH, as seen in Figure 5A. Nev-
ertheless, even brief exposure to amphetamine, normally too
brief to elicit a shelf current, readily demonstrates a shelf
current after the cell had been previously exposed to
S(+)AMPH (pre-conditioning of the cell).

Persistent depolarizing currents following amphetamine
exposure would be relevant to any model of presynaptic
physiology and transmitter release. The resulting persistent
depolarization of dopaminergic neurons caused in particular
by S(+)AMPH, a component of street amphetamine and pre-
scription drugs, could play an important role in behavioural
effects, including craving, withdrawal and relapse, as well as
the pleasurable effects of amphetamine, such as hyperactivity
and euphoria.

Acknowledgements

We wish to recognize Prof Richard Glennon of VCU School of
Pharmacy, Department of Medicinal Chemistry, and Dr
Habibeh Khoshbouei of Meharry School of Medicine, Depart-
ment of Pharmacology for contributions to this work. This
research was supported by NIH 1RC1DA028112-01 (LJD) and
DA026947-01A1 (HK).

Conflict of interest

The authors of this article have no conflict of interest.

References
Amara SG, Sonders MS (1998). Neurotransmitter transporters as
molecular targets for addictive drugs. Drug Alcohol Depend 51:
87–96.

Burnette WB, Bailey MD, Kukoyi S, Blakely RD, Trowbridge CG,
Justice JB Jr (1996). Human norepinephrine transporter kinetics
using rotating disk electrode voltammetry. Anal Chem 68:
2932–2938.

Carvelli L, McDonald PW, Blakely RD, DeFelice LJ (2004).
Dopamine transporters depolarize neurons by a channel
mechanism. Proc Natl Acad Sci USA 101: 16046–16051.

Figure 5
Model for S(+)AMPH-induced, hDAT-mediated peak and shelf cur-
rents. (A) Phase 1: the baseline current at V = -60 mV in external
physiological solution containing Na+. Phase 2: the 10 mM S(+)AMPH-
induced peak current in Na+, nominally between 10 and 25 nA. Phase
3: the shelf current (persistent leak current), which remains after
removing external S(+)AMPH. At fixed voltage, the shelf amplitude
depends on exposure time and concentration of external S(+)AMPH.
Phase 4: replacing Na+ with NMDG introduces a shift in baseline that
we removed from the figure (dashed line); however, re-introducing
Na+ during phase 4 (phase 5) does not restore the shelf current but
returns the current to the original baseline [S(+)AMPH has been
transported into the cell during phase 2]. Phase 6: reintroducing
external S(+)AMPH in the presence of Na+ induces a new peak
current. Note that the second application of S(+)AMPH is normally
too brief to elicit a shelf current; however, S(+)AMPH is already
present inside the cell from the first application. The new peak is
smaller than the first peak, possibly due to hDAT internalization.
Finally, after removing S(+)AMPH for the second time, the shelf
current again manifests itself. (B) The ‘ + ’ symbols stand for Na+ ions,
and the ‘open squares’ stand for S(+)AMPH) or in some experiments
DA. The hatched transporter indicates internal occupancy by
S(+)AMPH and a long-lasting ‘molecular stent’ configuration. The
numbers above each state of the transporter correspond to the traces
in (A). Transition (a) opens the top and bottom gates, which for brief
external S(+)AMPH exposures would close. Transition (b) occurs after
longer exposures and S(+)AMPH has built up inside to the extent that
the inner S(+)AMPH site remains occupied and holds both gates open
(molecular stent hypothesis), even in the absence of external
S(+)AMPH. Transition (c): removing external Na+ closes the outer
gate, which does not reopen without external Na+ and S(+)AMPH
both present (transitions d and e), rendering the transporter capable
of (and indeed more prone to) forming the molecular stent (transition
f), because internal S(+)AMPH is still present.
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