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The psychostimulants p-amphetamine (AMPH) and meth-
amphetamine (METH) release excess dopamine (DA) into the
synaptic clefts of dopaminergic neurons. Abnormal DA re-
lease is thought to occur by reverse transport through the DA
transporter (DAT), and it is believed to underlie the severe
behavioral effects of these drugs. Here we compare structurally
similar AMPH and METH on DAT function in a heterologous
expression system and in an animal model. In the in vitro
expression system, DAT-mediated whole-cell currents were
greater for METH stimulation than for AMPH. At the same volt-
age and concentration, METH released five times more DA than
AMPH and did so at physiological membrane potentials. At
maximally effective concentrations, METH released twice as
much [Ca®*], from internal stores compared with AMPH.
[Ca®*], responses to both drugs were independent of membrane
voltage but inhibited by DAT antagonists. Intact phosphoryla-
tion sites in the N-terminal domain of DAT were required for
the AMPH- and METH-induced increase in [Ca®>*]; and for the
enhanced effects of METH on [Ca®*], elevation. Calmodulin-
dependent protein kinase II and protein kinase C inhibitors
alone or in combination also blocked AMPH- or METH-in-
duced Ca?* responses. Finally, in the rat nucleus accumbens, in
vivo voltammetry showed that systemic application of METH
inhibited DAT-mediated DA clearance more efficiently than
AMPH, resulting in excess external DA. Together these data
demonstrate that METH has a stronger effect on DAT-mediated
cell physiology than AMPH, which may contribute to the
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euphoric and addictive properties of METH compared with
AMPH.

The dopamine transporter (DAT)? is a main target for psy-
chostimulants, such as p-amphetamine (AMPH), metham-
phetamine (METH), cocaine (COC), and methylphenidate
(Ritalin®). DAT is the major clearance mechanism for synaptic
dopamine (DA) (1) and thereby regulates the strength and
duration of dopaminergic signaling. AMPH and METH are
substrates for DAT and competitively inhibit DA uptake (2, 3)
and release DA through reverse transport (4—9). AMPH- and
METH-induced elevations in extracellular DA result in com-
plex neurochemical changes and profound psychiatric effects
(2, 10-16). Despite their structural and pharmacokinetic simi-
larities, a recent National Institute on Drug Abuse report
describes METH as a more potent stimulant than AMPH with
longer lasting effects at comparable doses (17). Although the
route of METH administration and its availability must con-
tribute to the almost four times higher lifetime nonmedical use
of METH compared with AMPH (18), there may also be differ-
ences in the mechanisms that underlie the actions of these two
drugs on the dopamine transporter.

Recent studies by Joyce et al. (19) have shown that compared
with bp-AMPH alone, the combination of p- and L-AMPH in
Adderall® significantly prolonged the time course of extracel-
lular DA in vivo. These experiments demonstrate that subtle
structural features of AMPH, such as chirality, can affect its
action on dopamine transporters. Here we investigate whether
METH, a more lipophilic analog of AMPH, affects DAT differ-
ently than AMPH, particularly in regard to stimulated DA
efflux.

METH and AMPH have been reported as equally effective in
increasing extracellular DA levels in rodent dorsal striatum
(dSTR), nucleus accumbens (NAc) (10, 14, 20), striatal synap-
tosomes, and DAT-expressing cells in vitro (3, 6). John and

3 The abbreviations used are: DAT, human dopamine transporter; AMPH,
p-amphetamine; METH, methamphetamine; COC, cocaine; DA, dopamine;
NAc, nucleus accumbens; dSTR, dorsal striatum; CaMKII, calmodulin-de-
pendent protein kinase Il; KN93, 2-[N-(2-hydroxyethyl)]-N-(4-methoxyben-
zenesulfonyl)Jamino-N-(4-chlorocinnamyl)-N-methylbenzylamine; KN92,
inactive analog 2-[N-(4-methoxybenzenesulfonyl)Jamino-N-(4-chlorocin-
namyl)-N-methylbenzylamine; BIM, bisindolylmaleimide I; PKC, protein
kinase C; YFP, yellow fluorescent protein; ANOVA, analysis of variance;
FITC, fluorescein isothiocyanate.
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Jones (21), however, have recently shown in mouse striatal and
substantia nigra slices, that AMPH is a more potent inhibitor of
DA uptake than METH. On the other hand, in synaptosomes
METH inhibits DA uptake three times more effectively than
AMPH (14), and in DAT-expressing COS-7 cells, METH
releases DA more potently than AMPH (EC;, = 0.2 um for
METH versus EC5, = 1.7 um for AMPH) (5). However, these
differences do not hold up under all conditions. For example, in
a study utilizing C6 cells, the disparity between AMPH and
METH was not found (12).

The variations in AMPH and METH data extend to animal
models. AMPH- and METH-mediated behavior has been
reported as similar (22), lower (20), or higher (23) for AMPH
compared with METH. Furthermore, although the maximal
locomotor activation response was less for METH than for
AMPH at a lower dose (2 mg/kg, intraperitoneal), both drugs
decreased locomotor activity at a higher dose (4 mg/kg) (20). In
contrast, in the presence of a salient stimuli, METH is more
potent in increasing the overall magnitude of locomotor activ-
ity in rats yet is equipotent with AMPH in the absence of these
stimuli (23).

The simultaneous regulation of DA uptake and efflux by
DAT substrates such as AMPH and METH, as well as the
voltage dependence of DAT (24), may confound the inter-
pretation of existing data describing the action of these
drugs. Our biophysical approaches allowed us to signifi-
cantly decrease the contribution of DA uptake and more
accurately determine DAT-mediated DA efflux with milli-
second time resolution. We have thus exploited time-re-
solved, whole-cell voltage clamp in combination with in vitro
and in vivo microamperometry and Ca®>" imaging to com-
pare the impact of METH and AMPH on DAT function and
determine the consequence of these interactions on cell
physiology.

We find that near the resting potential, METH is more effec-
tive than AMPH in stimulating DAT to release DA. In addition,
at efficacious concentrations METH generates more current,
greater DA efflux, and higher Ca®" release from internal stores
than AMPH. Both METH-induced or the lesser AMPH-in-
duced increase in intracellular Ca*>* are independent of mem-
brane potential. The additional Ca®>* response induced by
METH requires intact phosphorylation sites in the N-terminal
domain of DAT. Finally, our in vivo voltammetry data indicate
that METH inhibits clearance of locally applied DA more effec-
tively than AMPH in the rat nucleus accumbens, which plays an
important role in reward and addiction, but not in the dorsal
striatum, which is involved in a variety of cognitive func-
tions. Taken together these data imply that AMPH and
METH have distinguishable effects on DAT that can be
shown both at the molecular level and in vivo, and are likely
to be implicated in the relative euphoric and addictive prop-
erties of these two psychostimulants.

MATERIALS AND METHODS

Reagents and drugs were purchased from Sigma unless oth-
erwise noted.
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Cell Lines and Cell Culture

The cell lines used in this study have been characterized pre-
viously (25-29). Briefly, a fluorescently tagged DAT was con-
structed by fusing the C terminus of the coding region of
enhanced yellow fluorescent protein (YFP) from pEYFP-N1
(Clontech) to the N terminus of the human synthetic DAT
cDNA, thereby creating the fusion construct YFP-DAT. Unless
stated otherwise, YFP-DAT refers to YFP-tagged wild type
DAT. This construct was subcloned into a bicistronic expres-
sion vector (30) modified to express the synthetic DAT from a
cytomegalovirus promoter and the hygromycin resistance gene
from an internal ribosomal entry site (pciHyg), as described
previously (25, 28). EM4 cells, a HEK 293 cell line stably trans-
fected with macrophage scavenger receptor (31), were trans-
fected with YFP-DAT using Lipofectamine (Invitrogen), and a
stably transfected pool (DAT cells) was selected in 250 ug/ml
hygromycin as described previously (25, 28). Cells were grown
in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum at 37 °C and 5% CO,. Our previous
studies have shown that addition of the N-terminal YFP tag
does not alter the ability of the transporter to produce sub-
strate-induced currents (25). In the YFP-DAT background,
Ser-2, Ser-4, Ser-7, Ser-12, and Ser-13 were simultaneously
mutated to alanine or aspartate in the YFP-S/A-DAT and YFP-
S/D-DAT constructs, respectively (26). The mutant constructs
were generated, confirmed, and expressed stably as described
above. Our electrophysiological setup is equipped with the
Nikon TE-2000U wide field microscope and filters that allow us
to select cells for recording with maximum YFP signal and
therefore human DAT expression. Parental nontransfected
EM4 cells were used for control experiments. The EM4 cell line
provides an appropriate parental background for studying DAT
function because of the absence of DA uptake (32, 33) and the
lack of substrate-induced whole-cell currents (25).

In Vitro Electrophysiology

Whole-cell Currents—Before recording from parental or sta-
bly expressing cells, cells were plated at 10° per 35-mm culture
dish. Attached cells were washed three times with external
solution at room temperature. The external solution contained
130 mm NaCl, 10 mm HEPES, 34 mwM dextrose, 1.5 mm CaCl,,
0.5 mm MgSO,, and 1.3 mm KH,PO, adjusted to pH 7.35 with a
final osmolarity of 290 mosm. For measurement of the mem-
brane potential as a function of external KCl, the osmolarity of
the external solutions was controlled by decreasing the dex-
trose concentration in the external solution. The pipette solu-
tion for the whole-cell recording contained the following: 120
mMm CsCl, 0.1 mm CaCl,, 2 mm MgCl,, 1.1 mm EGTA, 10 mm
HEPES, and 30 mMm dextrose plus 2 mm DA (when specified in
the text)) adjusted to pH 7.35. The final osmolarity was 270
MOSM.

Previously, we have demonstrated that DAT activity
increases intracellular Na™* and that a high concentration of
Na™ in the recording pipette increases DA efflux (25). Thus, to
amplify DA efflux and to maintain an approximately constant
Na™ concentration inside the cell, the concentration of NaCl in
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the pipette solution was increased to 30 mw in the presence or
absence of 2 mm DA as specified in the text.

Patch electrodes were pulled from quartz pipettes on a
P-2000 puller (Sutter Instruments, Novato, CA) and filled with
the pipette solution. Whole-cell currents were recorded using
an Axopatch 200B (Molecular Devices, Sunnyvale, CA) with a
low-pass Bessel filter set at 1,000 Hz. Current-voltage relations
were generated using a voltage step (500 ms) protocol ranging
from —100 to +60 mV separated by 20 mV from a holding
potential of —20 mV. Data were recorded and analyzed off-line
using pCLAMP 9 software (Molecular Devices).

Amperometry—We monitored DA efflux simultaneously
with whole-cell recording using an amperometric electrode
(depicted in Fig. 3A). This amperometric carbon fiber electrode
(ProCFE, Dagan Corp.), connected to a second amplifier (Axo-
patch 200B, Molecular Devices, Sunnyvale, CA), was attached
to the plasma membrane of the cell and held at +700 mV, a
potential greater than the redox potential of DA. The diameter
of the carbon fiber electrode was 5 wm. An oxidative (ampero-
metric) current-voltage relationship was generated as above.
Unlike the usual amperometric calibration, which requires
conversion to concentration, we report the current directly
without considering the effective volume. Thus, our require-
ments are a defined base line, and our data represent a lower
limit to the DA efflux, because some transmitter is lost to the
bulk solution as described previously (25, 26).

Conversion of Amperometric Current to [DA]

Assume an electrode-gathering volume of 0.1 wm?® that
within this volume [DA] is constant for 1 ms and that one DA
ion converts to 1 electron. Then 1 pA implies 0.625 X 10* DA
molecules flow into the assumed volume in 1 ms. Under these
assumptions, 1 pA converts to 100 um DA and 0.01 pA converts
to 1 uMm DA. The amperometric currents were low pass filtered
at 100 Hz. Data were recorded and analyzed off-line using
pCLAMP 9 software. An upward deflection in the amperomet-
ric currents corresponds to an outward flux of DA. At the “on”
of the voltage step, for voltages more positive than —40 mV, the
amperometric electrode recorded an oxidation current (posi-
tive). This positive current is indicative of DA efflux. At the “off”
of the voltage step, the amperometric current relaxed to base
line. The on and off of the voltage step are defined by the verti-
cal arrows in Fig. 3A, right panel. Moving the carbon fiber away
from the patch caused the oxidative response to become
smaller and slower. Furthermore, as expected for DA oxidation,
the oxidative response diminished when we reduced the carbon
fiber voltage to +300 mV and disappeared completely on fur-
ther reduction.

For both whole-cell current and amperometry recordings,
the DAT-mediated DA efflux was isolated by subtracting the
current produced in the presence of cocaine from the base-line
current (current produced in the absence of METH or AMPH).
The METH- and AMPH-induced DA efflux were defined as the
current recorded in the presence of the substrates (METH or
AMPH), minus the current recorded after addition of cocaine
to the bath with substrate still present. The steady-state current
at a particular voltage was calculated as the average current
during the final 100 ms of each potential tested. Plotting the
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steady-state current against the test voltage generated current-
voltage (I(V)) relationships.

In Vivo Chronoamperometry

In vivo clearance of locally applied DA was measured in out-
bred male Sprague-Dawley rats (n = 52, mean weight = 262 =
10 g; Charles River Laboratories, Wilmington, MA) using elec-
trochemical methods described in detail elsewhere (34, 35).
Animals were housed on a 12-h light/dark cycle (lights on at
0600 h) with ad libitum food and water. All animal-use proce-
dures were in strict accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care and Use Com-
mittee at the University of Colorado, Denver.

Recording electrodes, calibrated in vitro for their response to
DA, consisted of a single 30-um diameter Nafion-coated car-
bon fiber. A calibrated electrode was attached to a single-barrel
pipette loaded with 200 mm DA, 100 mm ascorbic acid (pH 7.4).
Rats were anesthetized with urethane (1.25-1.5 g/kg, intraperi-
toneal), and electrode/pipette assemblies were lowered under
stereotaxic control into a single location (1.5 mm anterior, 2.2
mm lateral with respect to bregma) in either dSTR (3.8-
4.9 mm ventral with respect to the brain surface) or NAc (6.5—
8.0 mm ventral) (36). An Ag/AgClreference electrode was low-
ered just anterior to the interaural line into the cerebral cortex.
Chronoamperometric measurements were made using an
IVEC-10 system (Quanteon, LLC, Lexington, KY), which
applied square-wave pulses of 0.00—0.55 V (with respect to
reference) at a frequency of 5 Hz. Resulting oxidation (and
reduction) currents were digitally integrated, and changes in
DA oxidation signals were expressed quantitatively based on
the in vitro calibration.

For all in vivo chronoamperometry experiments, the back-
ground current was set to zero prior to pressure-ejecting DA
(10-22 p.s.i. for 0.1-4.0 s) at calibrated volumes (96 £ 10 nl).
For a given assembly, an ejection volume was chosen that
resulted in signal amplitudes of 1.0-3.7 um. Ejections were
made at 5-min intervals, and a base line was established when
signal amplitude varied by =15% for two consecutive applica-
tions. Volumes were monitored for consistency during each DA
application and were not altered within a given experiment.
After measures of base-line DA clearance (DAT function) were
obtained, rats were injected with either 1 or 5 mg/kg AMPH or
METH (intraperitoneal) 1 min prior to £ = 0. DA ejections were
continued at 5-min intervals for 60 min. All recording sites
were confirmed histologically.

Two signal parameters were analyzed from the DA oxidation
currents as follows: maximal signal amplitude (4,,,,,) and signal
time course (Tg,; the time for the signal torise to A, and then
decay by 80%). Each data set was normalized by obtaining a
mean value for parameters during the two-point base-line
period, setting this value to 100%, and expressing all data as a
percentage of this base-line value.

Intracellular Calcium Mobilization

Cells stably expressing YFP-DAT, YFP-S/A-DAT, YFP-S/D-
DAT, or parental nontransfected EM4 cells were plated on glass
bottom microwell dishes (MatTek Corp., Ashland, MA) 48 h
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before the experiments. Cells were loaded with the cell-per-
meant, Ca®>"-sensitive dye Fura 2-AM (5 um) (Molecular
Probes, Carlsbad, CA) for 30 min at 37 °C, washed three times
in external solution, and acclimated to room temperature for 10
min. The dishes were mounted on an inverted Nikon TE2000E
microscope at room temperature. Images were collected using
a 40X, 1.3 NA, oil immersion Plan Fluor objective lens, and a
side-mounted CoolSNAPHQ, camera. Fluorescence was mon-
itored using dual excitation wavelengths (340/380 nm) and a
single emission wavelength (510 nm). Fluorescence at 340 nm
indicates dye bound to Ca*>*, whereas that at 380 nm corre-
sponds to free dye. Basal readings were taken for 60 s before
addition of METH or AMPH (10 uMm). In some experiments
cells were incubated with either COC (10 um), thapsigargin (2
uM), or CdCl, (2 mm) for 5 min before stimulation of the cells
with AMPH or METH. Nikon Elements Advanced Research
imaging software (Nikon Instruments) was used for automated
collection of images at ~1-s intervals over a 5-min period. Dur-
ing this time, cells maintained a healthy morphology.

Images of cells expressing YFP-DAT were taken with a FITC
HyQ filter cube before and after the addition of METH or
AMPH. Only cells expressing detectable YFP-DAT signals were
included in the analysis. Average fluorescence measurements
were determined using Nikon Elements software. Data are
expressed as the ratio of bound:free (340/380 values) Fura
2-AM fluorescence intensities after background subtraction.
For time-matched statistical analysis, the Ca®" levels were nor-
malized to the average fluorescence intensities (340/380 values)
of basal values (first 60 images).

As a positive control for cell viability and for FURA-2 AM
function, 5 um ionomycin was added at the termination of all
calcium mobilization assays. More than 95% of the cells
exhibited a rapid increase in internal Ca®>" in response to
ionomycin, and only ionomycin-sensitive cells were
included in the analysis.

Statistical Analysis

The data are expressed as mean values * S.E. For most of the
results, GraphPad Prism 4 was used to determine statistical
significance. ANOVA with post hoc Newman-Keuls was used
for the statistical comparison of more than two means. The
two-tailed, unpaired Student’s ¢ test was applied when two
means were compared. The in vivo chronoamperometry results
were analyzed using three-way ANOVA (SigmaStat) followed
by Tukey post hoc analysis.

RESULTS

Quantification of DA T-induced Depolarization in HEK Cells—
First, we investigated the electrogenic properties of DAT (24)
and the impact of the leak current on membrane potential by
comparing DAT-expressing cells with nontransfected parental
cells. The cells were held at —20 mV and stepped in 20-mV
increments from —100 to +60 mV. For the in vitro electrophys-
iology experiments, we empirically selected a holding potential
of —20 mV, which improves the integrity of the cells and keeps
them viable for up to 1 h. More negative holding potentials
produce significant background inward current, and by holding
at —20 mV and briefly probing more negative potentials, we
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FIGURE 1. Expression of DAT constitutively depolarizes cells. A, represent-
ative current-voltage (/(V)) relationships of DAT-mediated currents in DAT-
expressing cells (open squares) compared with /(V) relationships in parental,
nontransfected cells (closed circles). Cells were voltage-clamped with a whole-
cell patch pipette containing 30 mmNa* without DA present inside or outside
the cells (see “Materials and Methods”). Whole-cell currents were obtained by
stepping the membrane potential in —20 mV steps between —100 to +60
mV, from a holding potential of —20 mV. The I(V) curves were obtained after
subtracting currents in the presence of 10 um of the DAT inhibitor, cocaine
(see “Materials and Methods”). B, left panel shows the expansion of A near the
two reversal potentials. The /(V) curves were fit to polynomials (solid lines)
from the reversal potentials (n = 8-9). Right panel depicts bar graphs of the
mean resting potentials measured in DAT-transfected cells (—36.5 * 5.5) and
parental nontransfected cells (—56.3 = 4.7) p < 0.05.

more accurately assessed differences in AMPH- and METH-
stimulated effects on human DAT. Fig. 14 shows the current-
voltage relationships for parental versus DAT-expressing cells.
Both data sets are shown after subtraction of currents measured
in the presence of 10 um COC, a DAT inhibitor. Parental cells
displayed a COC-insensitive whole-cell current, whereas DAT-
transfected cells displayed a constitutive COC-sensitive
current.

The average values of the currents recorded from DAT-ex-
pressing cells versus parental cells were profoundly different. At
+60 mV, the current recorded in parental cells was 32.5 = 13.6
pA, n =9, whereas in DAT-expressing cells it was 118.9 = 30.7
pA, n = 8 (p < 0.05) (Fig. 14). At —60 mV, the current in
parental cells was —0.25 * 2.9 pA, n = 9, and in DAT-express-
ing cells it was —18.1 = 1.7 pA, n = 8 (p < 0.05) (Fig. 1A).
Interestingly, parental cells have a resting potential of —56.3 =
4.7 mV, whereas the resting potential in DAT-expressing cells
was —36.5 = 5.5 mV (p < 0.05) (Fig. 1B). Thus, even in the
absence of DA, the presence of DAT at the plasma mem-
brane of YFP-DAT-expressing cells depolarizes the cells.
This finding is consistent with the presence of a well charac-
terized endogenous DAT leak current in the absence of the
substrate (24).

JOURNAL OF BIOLOGICAL CHEMISTRY 2981



AMPH and METH Regulation of DAT

<
O DA inside e
B DA outside 140 o
100- o
| o &
<L |
5 P 60 N G
85@ ms = g
20 [
q B
T T T T T
400 il - 40 20 5q 20 40 60
(]
] 1 &
a 60 B
500 ms
8 M

FIGURE 2. Translocation of DA through DAT produces current. Cells were
voltage-clamped with a whole-cell patch pipette containing 30 mm Na™ with
or without 2 mm DA. Whole-cell currents were obtained by stepping the
membrane potential in —20-mV steps between —100 to +60 mV, from a
holding potential of —20 mV. The /(V) curves were obtained after subtracting
currents in the presence of 10 um cocaine (see “Materials and Methods”).
Insets show raw whole-cell currents when DA was added to the bath solution
(lower right) or pipette solution (upper left). The I(V) curve for 2 mm DA outside
the cells shows a dominant inward current (solid squares), and the I(V) curve
for 2 mm DA inside the cells shows a dominant outward current (open circles).

Direction of DAT-mediated, DA-induced Currents Depends
on Whether DA Is Inside or Outside the Cell—We found that
exposure of DAT-expressing cells to DA produces currents,
and that the direction of these currents differs when DA is pres-
ent inside versus outside the cells. As shown in Fig. 2, bath
application of 2 mm DA generated inward currents in DAT-
expressing cells (closed squares) consistent with previous find-
ings (24), and when DA was perfused into these cells via a
whole-cell pipette, it generated outward currents (open circles).
Both of these currents were inhibited by bath application of 10
uM COC, and neither of these DA-dependent currents was
detected in parental cells (data not shown). It is also of interest
that intracellular application of DA shifted the reversal
potential of the DAT-dependent currents to more negative
potentials, whereas extracellular (i.e. bath) application of DA
shifted the reversal potential to more positive potentials, con-
sistent with the direction of current.

METH Is More Effective than AMPH in Releasing DA—Ex-
tracellular levels of METH in the rat striatum, contingent on
the route, regimen, and dose of METH administration, could be
in the range of ~5 um (37-39). Thus, we compared the ability of
METH and AMPH to modify DAT-mediated whole-cell cur-
rents and DA efflux at multiple concentrations within this
range. We used a combination of patch clamp and amperome-
try, as shown schematically in Fig. 34 and described in detail
under “Materials and Methods.” The oxidative current has been
shown to be a quantitative measure of the release of DA in this
preparation (see “Materials and Methods”). The vertical arrows
in the right-hand panel of Fig. 3A indicate the on and off of
voltage steps in our protocol, and the representative traces in
this panel reflect changes in both whole-cell and oxidative cur-
rents. Stepping from a holding potential of —20 mV to more
positive voltages increased the oxidative currents (DA efflux).
Returning to the holding potential decreased the oxidative cur-
rents, which returned to base line. Fig. 3B demonstrates that at
a constant voltage of +60 mV METH was both more potent and
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FIGURE 3. At lower concentrations METH is more effective in releasing
DA. A, DAT-transfected cells were voltage-clamped, and simultaneously, an
amperometric electrode was placed on the cell membrane to monitor DA
release via oxidative current. DAT-mediated currents (whole-cell and oxida-
tive) were recorded by stepping the whole-cell electrode between —100 and
+60 mV from a holding potential of —20 mV. The amperometric electrode
was held at +700 mV to measure DA oxidation. An upward deflection repre-
sents DA efflux. B, DA efflux stimulated by 1,5, 10, 15, or 20 um AMPH or METH
when the membrane potential was held at +60 mV (p < 0.05).

more efficacious than AMPH in promoting DA release. Thus, 5
M METH under depolarizing conditions led to five times more
DA release than with 5 um AMPH (p < 0.05). At concentrations
above 10 uM, METH-mediated DA efflux decreased. It is pos-
sible that METH desensitizes the transporter at these higher
concentrations or activates systems with an ancillary inhibitory
effect on DA efflux. Future studies will be needed to examine
these possibilities. Because METH and AMPH were both max-
imally effective in releasing DA at 10 um, we used 10 um AMPH
and METH throughout the remainder of this study. Further-
more, 10 um AMPH has been extensively used to assess human
DAT-mediated functions, including changes in intracellular
Na™, DA efflux, and whole-cell currents (25-27, 33, 40).
Compared with AMPH, METH Stimulates More DA Efflux,
and It Does So at More Negative Membrane Potentials—Fig. 4A
demonstrates that 10 um METH evoked dramatically enhanced
outward currents compared with 10 um AMPH. METH-in-
duced current reversed at more negative membrane potentials.
METH-induced whole-cell currents reversed at —44.2 * 0.68
mV, whereas AMPH-induced current reversed at —17.5 = 2.08
mV (p < 0.05). The marked increase in whole-cell currents in
response to METH compared with AMPH was paralleled by
dramatic differences in oxidative currents, a measure of DA
efflux, evoked by these agents. METH produced a significantly
higher increase in DAT-mediated DA efflux at positive voltages
(p < 0.05) (Fig. 4A). Furthermore, similar to whole-cell cur-
rents, oxidative currents evoked by METH were initiated at a
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FIGURE 4. METH releases more DA from DAT-transfected cells. Experi-
ments were performed as described in Fig. 3 with the difference that we used
a fixed concentration of 10 um AMPH or METH. A, METH increases in DAT-
mediated whole-cell currents at all voltages compared with AMPH (p < 0.05).
Theright panel shows the expansion of A near the two reversal potentials fit to
polynomials (solid lines). METH-induced whole-cell current reversed at
—44.2 *+ 0.68 (thick line), whereas AMPH-induced current reversedat —17.5 =
2.08 (thin line) (n = 7-9, p < 0.05). B, METH mediates significantly greater DA
efflux compared with AMPH. The right panel depicts the expansion of B near
the two reversal potentials fit to polynomials (solid lines). For METH, the oxi-
dative currentinitiated at —58.38 = 0.8 (thick line), whereas the AMPH-medi-
ated oxidative current initiated at —38.42 = 0.3 (thin line) (n = 7-9 p < 0.05).

lower membrane potential, —58.38 * 0.08 mV for METH com-
pared with —38.42 = 0.03 mV for AMPH (p < 0.05) (Fig. 4B).
Thus, METH-mediated DA efflux far exceeded that following
AMPH stimulation, and the reversal potential for DA efflux was
significantly more negative for METH than AMPH. This find-
ing could be of considerable physiological importance, because
the onset of METH-induced DA efflux occurred nearer the
resting potential of neuronal cells (approximately —70 mV) and
thus required less depolarization compared with AMPH-in-
duced DA efflux.

In Rat NAc, METH Inhibits DAT-mediated DA Clearance
More Effectively than AMPH—The clearance of locally applied
DA, as measured with chronoamperometry in dSTR or NAc of
urethane-anesthetized rats, is largely mediated by DAT (41,
42). Here we found that inhibition of in vivo DA clearance in
NAc, as measured by increased DA clearance time (Ty,), was
similar following an intraperitoneal injection of 1 mg/kg
AMPH or METH but was significantly greater following 5
mg/kg METH than AMPH (Fig. 54). Three-way ANOVA
revealed a significant main effect of drug (F(1, 144) = 40.6, p <
0.001) and dose (F (1, 144) = 81.5,p < 0.001) and a drug X dose
interaction (F (11, 144) = 39.7, p < 0.001). Subsequent post hoc
Tukey tests revealed a significant difference between METH
and AMPH at 5 mg/kg (p < 0.001) but not at 1 mg/kg (p =
0.959). In contrast, the 1 mg/kg dose of AMPH or METH did
not alter DA signal amplitude (4,,,,), and 5 mg/kg of either

max.
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FIGURE 5. METH is a more effective inhibitor than AMPH of in vivo DAT
activity in rat NAc. Chronoamperometry was used to measure clearance of
DA, locally applied every 5 min, in NAc of urethane-anesthetized rats. Mean
values = S.E. for n = 4/group are shown and expressed as a percent of their
respective base-line values. Drugs (AMPH or METH, 1 or 5 mg/kg) were
injected intraperitoneally 1 min before time = 0. A, DA clearance time (Tg)
was increased to the same extent by 1 mg/kg AMPH or METH, but was
increased to a greater extent by 5 mg/kg METH than AMPH. B, DA signal
amplitude (A,,.,) was not altered by 1 mg/kg AMPH or METH and was
increased similarly by 5 mg/kg AMPH or METH.

drug increased A, to the same extent (Fig. 5B). Also, no sig-
nificant differences in AMPH- versus METH-induced changes
in DA clearance time (Ty,) were observed in dSTR with either
drug dose (supplemental Fig. 1). The lack of differences
between AMPH and METH on DA clearance time (Tg,) in
dSTR is significant because systemic AMPH or METH releases
DA in the nucleus accumbens and increases locomotor activity
(10). In addition, elevated DA in the nucleus accumbens is
essential to the development of drug addiction (43).

METH Stimulates a Greater Increase in [Ca®" ], Levels than
AMPH—Previously, we have shown that buffering [Ca®*],
abolishes AMPH-stimulated DA efflux, suggesting that
changes in [Ca®"], serve as an intracellular trigger for DAT-
evoked DA efflux (26). Consequently, we evaluated the impact
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FIGURE 6. METH causes greater increases in intracellular Ca%* than
AMPH. DAT-expressing cells exposed to METH (A) or AMPH (B) att = 0and 4s.
Basal fluorescence readings were taken for 60 s (~60 images) before stimu-
lation with either METH (10 um) or AMPH (10 um) as described under “Mate-
rials and Methods” ([Ca®*1,). G, internal free Ca?* ([Ca?*]) after adding 10 um
METH or AMPH (solid arrow) to the DAT-expressing cells; n = 97-151 cells
measured in 3-5 independent experiments (0.001 < p < 0.05). D, cocaine
pretreatment blocks the effect of METH and AMPH on [Ca®*],.

of METH versus AMPH on changes in [Ca®>"],. The top panels
in Fig. 6, A and B, are images of YFP-DAT-expressing cells at
time O (¢,) and 4 s after METH or AMPH were added (z,,) using
a FITC HyQ filter cube. The two bottom panels in Fig. 6, A and
B, are images of the same cells containing Fura-2, and they show
[Ca®"], levels at time O (#,) and 4 s after METH or AMPH were
added (¢,,). As shown in Fig. 6, A—C, METH produced more
than twice as great an increase in [Ca®>"], compared with
AMPH (p < 0.05, n = 97-151 measurements from 3 to 5 inde-
pendent experiments for each treatment). Thus, at their most
effective concentrations for DA release, METH elevated
[Ca®*], substantially more than AMPH. In both cases, these
changes were blocked by prior exposure to COC, indicating
that the increases in [Ca®>*]; were dependent on METH and
AMPH interactions with DAT (Fig. 6D) (1 = 90 cells in three
independent experiments).

AMPH- and METH-induced Elevation in [Ca®™ ], Are from
Internal Stores—We next determined whether elevations in
[Ca®>*], were from intra- or extracellular stores. Ca®>" release
from internal stores is eliminated by thapsigargin (44 —46),
whereas exposure to Cd*" blocks Ca®" channels at the plasma
membrane (47, 48), eliminating Ca®>* contribution from the
extracellular environment. As shown in Fig. 7A, pre-exposure
of DAT-expressing cells to 2 um thapsigargin abolished the
ability of both METH and AMPH to increase [Ca®*],. The addi-
tion of 5 uM ionomycin, a Ca®>* ionophore, to the bath solution
at the end of each experiment with thapsigargin produced a
rapid increase in [Ca®" ], (data not shown), indicating that elim-
ination of the Ca®" signal by thapsigargin was not because of
perturbed fluorophore functioning or altered cell viability (see
“Materials and Methods”), but indeed represented the role of
thapsigargin-sensitive intracellular Ca®>" pools in the METH-
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FIGURE 7. AMPH- and METH-mediated [Ca®"]; increase is derived from
thapsigargin-sensitive internal stores, not CdCl,-sensitive plasma mem-
brane calcium channels. A, representative experiment showing incubation
of DAT-expressing cells with 2 um thapsigargin (TG) eliminated the Ca**
response induced by both AMPH and METH; n = 30-57 cells recorded in 2-3
independent experiments for each condition. B and C are representative
experiments showing the presence of a non-subtype selective Ca?* channel
blocker (2 mm CdCl,) had no impact on METH-mediated increases (B, n = 106
in four independent experiments) or AMPH-mediated increases (C, n = 57 in
three independent experiments) in internal free Ca®* ([Ca®"])). Solid arrows
indicate addition of the stimulants. Values were normalized to the average
basal values ([Ca®"],) for each independent experiment.

and AMPH-elicited increase in intracellular Ca®>*. In contrast
to the effect of thapsigargin, pretreatment with 2 mm CdCl, did
not block the 10 um METH- (Fig. 7B) or AMPH-stimulated
(Fig. 7C) Ca*" responses.

In the experiments where the cells were treated with thapsi-
gargin, basal intracellular Ca®>" was not affected (data not
shown). However, 2 mm CdCl, introduced an upward drift in
the absence of stimulants in both parental and DAT-expressing
cells (data not shown). Therefore, in experiments where a
CdCl, effect was assessed, the values obtained for CdCl,-only
treatments were subtracted from the stimulus-induced Ca*"
response.

These results are consistent with previous reports that at
high concentrations of AMPH (e.g. 100 um) the increase of
[Ca®"], was independent of the presence of extracellular Ca®>*
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FIGURE 8. Membrane depolarization does not contribute to rise in
[Ca®™*],. A, top panel is an image of YFP-DAT-expressing cells at time zero (t,)
using a FITC HyQ filter cube. Middle and lower panels depict changes in inter-
nal free Ca®" ([Ca®"]), from a single representative experiment recorded at
0 s (middle panel) and ~10 s (lower panel, peak response) after stimulation
with 10 mm KCl. B, membrane potential changes as a function of external
[KCI]. Cells were patched in the whole-cell configuration, and the membrane
potentials were measured in varying levels of [KCI] (n = 3-5 cells for each KCI
concentration). External solutions were controlled for osmolarity (see under
“Materials and Methods”). C, representative quantitative increase in [Ca**];
after stimulation with 5, 10, 20, and 30 mm KCl as shown in B as a function of
time. The entire experiment was recorded for 5 min, and [Ca®*]; response was
only seen immediately after KCl addition. Values were normalized to the aver-
age basal values ([Ca®"],) for each independent experiment. D, bar graph
represents peak [Ca®"]; responses observed at ~10 s after stimulation with
varying KCl concentrations (n = 31-64 cells of three independent experi-
ments for each concentration) and compared with findings observed follow-
ing stimulation with 10 um AMPH or METH, p > 0.05 (see Fig. 6).

(26), and the results support the interpretation that, under the
conditions tested, AMPH and METH-induced elevations of
intracellular [Ca®>*] were derived almost exclusively from inter-
nal stores.

Membrane Depolarization Does Not Contribute to the
AMPH- or METH-induced Rise in [Ca®"]—Because AMPH
induces an appreciable Na*-dependent inward current that
increases [Na™], and depolarizes cells through a DAT-depend-
ent mechanism (25), it is possible that DAT-mediated depolar-
ization may contribute to the elevation of [Ca®"],. To test this
possibility directly, we generated a wide range of membrane
potentials by varying levels of external KCl ([KCl].,,), while
controlling extracellular osmolarity. Thus, we examined depo-
larization-induced changes in [Ca®"],. As shown in Fig. 8B, the
membrane potential of DAT-expressing cells varied smoothly
as a function of [KCl],,, (n = 3-5). Increasing [KCl].,, from 2.4
mM (control) to 5, 10, 15, 20, and 30 mm depolarized the mem-
brane by 2.46 = 0.35 mV, 7.72 = 1.46 mV, 9.55 = 0.61 mV,
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16.98 = 2.42 mV, and 29.70 = 1.41 mV, respectively. For com-
parison, the mean resting potential in the control condition
(without altered KCl,,) was —26.9 = 4.2 mV. As shown in Fig.
8,4, C and D, increasing [KCl],,, and thus incrementally depo-
larizing DAT-expressing cells caused some transient and local
changes in [Ca®"],, but these were small compared with the
changes seen in response to AMPH or METH under control
conditions (Fig. 8D). Relative to base line (before addition of the
drug), the [Ca®"], levels after bath application of 5, 10, 20, and
30 mm KCl were 0.013 =+ 0.0133, 0.18 £ 0.0808, 0.06 = 0.0275,
and 0.08 £ 0.029, respectively (Fig. 8, C and D). The small
increase (0.18-fold above base line) in [Ca®"]; after prolonged
bath application of 10 mm KCI was likely because of voltage-
activated Ca>* channels. Therefore, although DAT-mediated
DA efflux was voltage-dependent (25), depolarization did not
elevate [Ca®"]; to levels comparable with those induced by
AMPH or METH (Fig. 8D).

An Intact N-terminal Domain of DAT Is Required for the
AMPH- and METH-induced Increase in [Ca®" ], and for the
Enhanced Effects of METH on [Ca”*],—Cervinski et al. (49)
have shown that the N-terminal serines on rat DAT are
required for METH-induced DAT phosphorylation but not for
METH-induced down-regulation of the transporter, and that
removal of the first 22 residues of DAT containing the N-ter-
minal serine cluster prevents PKC-induced DAT phosphoryla-
tion but not its down-regulation or endocytosis. We have
shown that mutation of N-terminal serines (Ser-2, -4, -7, -12,
and -13) to alanine in DAT (referred to as S/A-DAT) blunts
AMPH-induced, DAT-mediated DA efflux, whereas mutation
to aspartate (referred to as S/D-DAT) restored the AMPH-me-
diated efflux without an additional increase from basal (26).
Nevertheless, both mutant structures are targeted properly to
the plasma membrane, possess normal substrate uptake,
cocaine binding, and transporter oligomerization (26, 50, 51).

Because our previous findings had demonstrated a decrease
in basal and AMPH-evoked DA efflux in S/A-DAT, it was of
interest to determine whether S/A-DAT affected METH- or
AMPH-stimulated elevations in intracellular Ca**. As shown
in Fig. 94, mutation of these five N-terminal serines to alanine
decreased both AMPH- and METH-induced [Ca®*], elevations
characteristic of the YFP-tagged wild type DAT-expressing
cells. Of considerable interest is that in S/A-DAT cells, there
was no significant difference between AMPH- and METH-
meditated increase in [Ca®"], Similar to our previous report
that S/D-DAT-expressing cells only restored the AMPH-medi-
ated DA efflux (26), the AMPH- and METH-mediated increase
in [Ca®>"], in S/D-DAT cells was similar to levels stimulated by
AMPH in wild type DAT cells (Fig. 94) (n = 60-147 cells in
three independent experiments). Therefore, N-terminal phos-
phorylation likely regulates DAT-mediated [Ca®"], increases,
consistent with other DAT functions (26, 49 —51).

PKC and CaMKII Are Required for AMPH- and METH-me-
diated Increase in [Ca®" |,—A large body of literature supports
regulatory roles for protein kinases and suggests that DAT
phosphorylation affects its function (52-60). Specifically,
Cervinski et al. (49) reported that METH (at the same dose used
in this study, 10 um) and AMPH (2 um), as well as protein kinase
C activation, stimulate rat DAT phosphorylation and decrease
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FIGURE 9. N-terminal phosphorylation sites of DAT are necessary for the
METH-mediated elevation of [Ca®*].. A, bar graph represents peak [Ca**];
responses observed following stimulation with 10 um AMPH or METH in YFP-
DAT, S/A DAT, and S/D DAT cells (#, *, p < 0.05 for METH- and AMPH-treated
groups, respectively, compared with other groups). B, cells were mock-pre-
treated or pretreated with 10 um kinase inhibitors (KN93, BIM, or both) for 10
min. The bar graph depicts percent change from maximum peak Ca**
response to 10 um METH or AMPH (¥, p > 0.05; #, p < 0.05) (n = 37-147 cells
of at least 2-3 independent experiments for each condition). Values were
normalized to the average basal values for each independent experiment,
and percent changes from maximum increase in peak Ca®" levels after the
addition of 10 um METH (B, left panel) or AMPH (B, right panel) are reported.

basal [PH]DA uptake. Therefore, we asked whether activation of
CaMKII and/or PKC was necessary for the Ca>* responses stim-
ulated by AMPH and METH. Incubation of FURA-2-loaded cells
with 10 um 2-[N-(2-hydroxyethyl)]-N-(4-methoxybenzenesul-
fonyl)]Jamino-N-(4-chlorocinnamyl)-N-methylbenzylamine
(KN93), a CaMKII inhibitor, or 10 um bisindolylmaleimide I
(BIM), a PKC inhibitor, for 10 min partially attenuated the
AMPH- and METH-mediated increase in intracellular [Ca>"],.
Moreover, the METH- or AMPH-mediated increase in intra-
cellular [Ca®"]; was blocked altogether when the cells were
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incubated with both inhibitors (Fig. 9B) (n = 93-127 cells in
two to three independent experiments) (p < 0.05). This is con-
sistent with previous findings that AMPH-induced DA efflux
was decreased by a CaMKII inhibitor, and METH-stimulated
DAT phosphorylation was decreased by BIM (49, 52, 55, 56,
61—-63) at the same dose (49) used in our study. The inactive
analog of KN93, 2-[N-(4-methoxybenzenesulfonyl)]amino-N-
(4-chlorocinnamyl)-N-methylbenzylamine (KN92) had no
effect on basal intracellular Ca®>" levels, or the AMPH- and
METH-stimulated changes in intracellular Ca** (data not
shown).

Differences in METH- and AMPH-evoked [Ca’" ], Are Not
Modulated by [DA]—It is possible that intracellular DA
changes DAT activity independent of N-terminal phosphoryl-
ation, thus altering AMPH- and METH-stimulated Ca%*
responses. Therefore, we measured Ca>" responses in YFP-
DAT cells when DA was present intracellularly. As shown in
Fig. 94, intracellular DA (2 mwm) did not restore the METH-
induced Ca®" response to that of wild type DAT-expressing
cells, nor did it alter the properties of AMPH-stimulated Ca*™"
response of the S/A-DAT-expressing cells (n = 49-56 cells in
three independent experiments for each group, p > 0.05).

Proposed Mechanism of the Differential Effects of AMPH and
METH on DAT—Our data support a model that METH inter-
acts with DAT to promote a significant increase in the amount
of DA efflux and Ca®>" release compared with the widely stud-
ied psychostimulant AMPH. Indeed, our present and past work
show that N-terminal phosphorylation is important for DA
efflux (26) and is needed for METH to elicit a greater release of
Ca®" from internal stores than AMPH. Recently, Foster et al.
(64) have shown that distinct subpopulations of DAT exist.
Importantly, these DAT populations exhibited different basal
phosphorylation levels, and phorbol 12-myristate 13-acetate
differentially stimulated phosphorylation of these DAT sub-
populations. Consistent with these findings, we have found that
unlike AMPH, METH-occupied DAT has a slower diffusion
rate and lower mobile fraction.* Our data show that the
removal of N-terminal phosphorylation sites (S/A-YFP-DAT)
restored the diffusion rate of METH-occupied transporter to
levels similar to control and AMPH-occupied levels, recapitu-
lating the results obtained from calcium experiments reported
here. These data taken together support a model that, via a
phosphorylation-dependent process, METH and AMPH could
target distinct subpopulations of DAT to stimulate a DAT-me-
diated increase in intracellular Ca®>* and DA efflux (Fig. 10).

DISCUSSION

This study provides a number of novel insights regarding the
differential impact of METH versus AMPH on DAT functions,
all of which could be molecular contributors to the addictive
potential of METH compared with AMPH. First, METH
evoked a greater efflux of DA via DAT than AMPH, and at a
lower membrane potential (Figs. 3 and 4). This greater effect of
METH on DAT function was paralleled in vivo, as revealed by
chronomicroamperometry in the nucleus accumbens (Fig. 5).
We have shown previously that DA efflux through DAT

“H. Khoshbouei and J. S. Goodwin, unpublished data.
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FIGURE 10. METH and AMPH target distinct populations of DAT to stimu-
late a DAT-mediated increase in [Ca®*]; and DA efflux. Multiple phospho-
rylation/conformation states of DAT could exist. Two examples of these pos-
sible DAT populations are shown here. AMPH targets population A to
stimulate DA efflux and [Ca®"]; release. METH targets population B of DAT
that is an activity-permissive population to stimulate DA efflux and [Ca®"];
release.

requires an increase in Ca>* (26). Interestingly, in this study we
found that METH evokes a greater increase in [Ca®"], than
AMPH (Fig. 6), although both agents elevated [Ca®"]; via
release of Ca®" from intracellular stores (Fig. 7) in a manner
that was independent of changes in membrane potential (Fig.
8). The markedly greater increase in [Ca®>*], evoked by METH
was entirely eliminated by mutation of the N terminus of DAT
to eliminate phosphorylation of the transporter at the N-termi-
nal region. The additive effects of PKC and of CaMKII inhibi-
tors to suppress METH and AMPH-evoked [Ca®"], suggest
that both catalysts were involved in substrate-activated [Ca®"],
elevations, but that sites in the N terminus of DAT must be
uniquely involved in the effects of METH and AMPH on this
system. These findings suggest that the N-terminal domain of
DAT contributes to the unique regulation of DAT and its func-
tions by these two agents.

Our data provide quantification of the currents generated by
forward (uptake) and reverse (efflux) translocation of DA
through DAT, and are based on our ability to measure DA-
induced currents under voltage clamp concurrently, as
reported previously for Xenopus oocytes (24). The properties of
DA-induced currents through DAT were dependent on
whether DA was inside or outside of the cell (Fig. 2). In agree-
ment with previous findings, outward movements of DA along
with co-transported ions generated currents, which increased
at depolarizing potentials (33). However, when DA was outside
the cells, inward currents increased at hyperpolarizing poten-
tials, an indication of DA uptake. Thus, the biophysical proper-
ties of DAT, including the direction of DA translocation (Fig. 2),
were regulated by membrane potential, which may account for
some of the published differences in the relative effects of
METH versus AMPH on this process, because membrane
potential was not always uniformly controlled in previous stud-
ies (5, 10, 14, 20-23).

Two independent states of DAT activity are likely involved in
DAT-mediated DA efflux as follows: a slow process and a rapid
(millisecond) burst of DA efflux through a channel-like mode of
DAT. Caenorhabditis elegans DA neurons (65, 66) and mouse
midbrain DA neurons (33) are consistent with an authentic
channel mode of DAT under physiological conditions. We pro-
pose that METH might enhance the frequency of channel-like
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activity in DAT, promoting higher levels of DAT-associated
currents (whole-cell and oxidative) detectable at more negative
membrane potentials (Fig. 4, A and B, left panels). The different
signaling pathways elicited by METH and AMPH must under-
lie the change in reversal potential seen in Fig. 4. However, the
exact differences between the conductance pathways caused by
these compounds are unknown at this time and are presently
under investigation.

The resolution of our detection system is an improvement
compared with previous studies, because it limits, although it
cannot completely eliminate, the simultaneous effect of DA
uptake, which diminishes our reported net DA efflux. An
underestimation of the total METH- and AMPH-mediated DA
efflux via the transporter occurs because some of the released
DA islost to the bulk solution, even in our time-resolved micro-
amperometry measurements.

Elevated DA in the nucleus accumbens is essential to the
development of drug addiction (43), and our in vitro studies
paralleled an in vivo measurement of DAT function in this
region of the brain. Our observation that systemic administra-
tion of 5 mg/kg METH resulted in a greater impact on DA
clearance than AMPH in the nucleus accumbens of rats (Fig.
5A) provides additional evidence for differences between these
two psychostimulants. Interestingly, we did not see these dif-
ferences in DAT clearance in the dorsal striatum. We may learn
in future studies that the interacting partners of DAT- or
METH-induced regulation of the N-terminal domain of DAT
differ in the nucleus accumbens and in the dorsal striatum,
leading to the profoundly greater effects of METH in one region
versus another. It is noteworthy that our in vivo voltammetry
findings are contradictory with a recent report by John and
Jones (21), who found a greater inhibition of DA uptake by
AMPH than METH. However, the experimental procedures
used in the two studies differ markedly. Perhaps most signifi-
cantly, prior to measuring clearance, we locally applied DA into
target regions of intact rat brain, whereas John and Jones (21)
used 100-Hz electrical stimulation to induce endogenous DA
release from mouse striatal slices. This study and the study by
John et al. (21) advance our understanding of psychostimulant
regulation of DAT. A recent report indicates that drugs with
efflux-promoting properties like METH and AMPH are more
effective at increasing extracellular DA levels than drugs such as
cocaine, which merely block the transporter (67).

We previously reported a requirement for [Ca*>*], for sub-
strate-induced DA efflux (26). Elevation in [Ca®*]; activates a
variety of intracellular kinases that can lead to DAT phospho-
rylation (57, 60, 68). We found that either a CaMKII inhibitor
(KN93) or a PKC inhibitor (BIM) attenuated AMPH- and
METH-mediated [Ca®"]; elevation, and that both inhibitors
were required to maximally inhibit substrate-induced increases
in [Ca®"],. These results are consistent with previous findings
that AMPH-induced DA efflux was decreased by a CaMKII
inhibitor (53), and METH-stimulated DAT phosphorylation
was decreased by a PKC inhibitor (49, 63). We extend those
studies by demonstrating that both kinases may be required to
optimally evoke elevations in [Ca®"], by DAT. The greater
increase in [Ca®"], by METH, and its reliance on the N termi-
nus of DAT, suggests that METH may enhance DAT-mediated
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DA efflux by differentially altering the interaction between the
DAT N-terminal domain and its interacting proteins (69). It is
possible that via a phosphorylation-dependent process, METH
and AMPH may target distinct subpopulations of the trans-
porter, differentially affecting DAT electrical activity, DA
efflux, and/or [Ca®>"], elevations (Fig. 10).

In summary, our studies have revealed mechanistic differ-
ences between METH- and AMPH-mediated changes in DAT
activity, DAT-mediated cellular responses, and DA clearance in
the nucleus accumbens. These differences may contribute to
the addictive properties of methamphetamine in particular,
and also provide insight for novel therapeutic approaches to
treat DAT-related drug addiction.
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