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Abstract
The dopamine transporter (DAT) substrates dopamine, d-amphetamine (AMPH), and
methamphetamine are known to rapidly and transiently reduce DAT activity and/or surface
expression in dorsal striatum and heterologous expression systems. We sought to determine if similar
substrate-induced regulation of DATs occurs in rat nucleus accumbens. In dorsal striatum
synaptosomes, brief (15-min) in vitro substrate pre-exposure markedly decreased maximal [3H]
dopamine uptake velocity whereas identical substrate pre-exposure in nucleus accumbens
synaptosomes produced a smaller, non-significant reduction. However, 45 min after systemic AMPH
administration, maximal ex vivo [3H]dopamine uptake velocity was significantly reduced in both
brain regions. Protein kinase C inhibition blocked AMPH’s down-regulation of DAT activity. DAT
synaptosomal surface expression was not modified following either the brief in vitro or in vivo AMPH
pre-exposure but was reduced after a longer (1-h) in vitro pre-exposure in both brain regions.
Together, our findings suggest that relatively brief substrate exposure results in greater down-
regulation of DAT activity in dorsal striatum than in nucleus accumbens. Moreover, exposure to
AMPH appears to regulate striatal dopamine transporters in a biphasic manner, with an initial protein
kinase C-dependent decrease in DAT-mediated uptake velocity and then, with longer exposure, a
reduction in DAT expression.
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The neurotransmitter dopamine (DA) plays an essential role in normal CNS functions such as
cognition, locomotion, and reward (Iversen and Iversen 2007). The duration and extent of DA
neurotransmission is largely limited by DA transporters (DATs) (Jaber et al. 1997). The DAT
is a member of the neurotransmitter:sodium symporter family, which also includes GABA,
norepinephrine, and serotonin transporters (Chen et al. 2004). DATs are localized to
dopaminergic neurons (Nirenberg et al. 1996), where they are functional when expressed on
the plasma membrane. In particular, DATs located within striatal brain reward circuitry help
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to mediate the psychostimulant actions of d-amphetamine (AMPH) and methamphetamine
(METH) (Koob and Nestler 1997; Wise and Bozarth 1987).

DAT function can be rapidly regulated by exposure to DAT substrates (e.g. DA, AMPH, and
METH), DAT inhibitors (e.g. cocaine), ligands for various presynaptic receptors (e.g. DA
D2 receptors), and several signaling systems (e.g. protein kinase C (PKC)) (for reviews see:
Gulley and Zahniser 2003; Mortensen and Amara 2003). Here, we focused on further
understanding the relatively rapid and transient down-regulation of DAT activity and cell
surface expression induced by its substrates. This has been shown to occur following their
initial uptake by DAT, inhibition/reversal of DAT, and ultra rapid up-regulation of DATs in
dorsal striatum (dSTR) and cells expressing cloned DATs (Fleckenstein et al. 1997; Saunders
et al. 2000; Chi and Reith 2003; Johnson et al. 2005; Kahlig et al. 2006; Boudanova et al.
2008). Although it may be counterintuitive why exposure to DAT substrates results in not only
increased DA in the synapse, but also down-regulation of DAT uptake activity, this latter effect
may be a protective mechanism since cytoplasmic DA can be toxic to neurons (Ziv et al.
1994).

Interestingly, two published studies have suggested that DAT activity may be differentially
regulated by substrates within subregions of striatum (Kokoshka et al. 1998; Gulley et al.
2002;). Specifically, systemic administration of METH decreased DAT activity measured ex
vivo in well-washed synaptosomes prepared from rat dSTR but not from nucleus accumbens
(NAc) (Kokoshka et al. 1998). Additionally, brief, rapidly repeated local application of DA
decreased in vivo DA clearance, consistent with loss of DATs, in rat dSTR but not in NAc
(Gulley et al. 2002). Since NAc has 40-60% fewer DATs than dSTR (Marshall et al. 1990), it
could be important for DATs in NAc to be more resistant to substrate-induced down-regulation.
However, whether this is the case and the explanation for this putative brain regional difference
are not known. The DAT protein is a single gene product, and to date only one regional
difference has been identified (i.e. glycosylation of DATs differs in rat dSTR and NAc) (Lew
et al. 1992). Although lack of N-glycosylation reduces DAT activity and surface expression,
it is not essential for DAT surface expression (Li et al. 2004). Post-translational modifications
and accessory proteins involved in DAT trafficking could also differ between dSTR and NAc,
but these have not been reported.

It is important to understand if DATs in dSTR and NAc differ in substrate-induced regulation
because this could contribute to the differential dopaminergic neuronal function reported for
these two brain regions. For instance, AMPH- and cocaine-induced increases in extracellular
DA are greater in NAc than in dSTR (Carboni et al. 1989; Cass et al. 1992; Kuczenski and
Segal 1992), but the vulnerability to the neurotoxic effects of METH is greater in dSTR than
in NAc (Haughey et al. 1999; Wallace et al. 1999). Furthermore, for psychostimulants (e.g.
AMPH, METH, and cocaine), dSTR and NAc are suggested to play differing roles in the
transition from initial drug use to drug addiction, with NAc being particularly important during
the early stages and dSTR being more important in the later stages (Everitt and Robbins
2005).

Therefore, the purpose of the present study was to compare directly the effect of relatively brief
in vitro pre-exposure to DAT substrates, with an emphasis on AMPH, on DAT uptake activity,
kinetics, and cell surface expression in synaptosomes prepared from rat dSTR versus NAc.
Since PKC has been previously shown to play a role in substrate-mediated regulation of DATs
in dSTR and cells expressing cloned DATs (Giambalvo 1992a,b; Vaughan et al. 1997; Zhang
et al. 1997; Zhu et al. 1997; Daniels and Amara 1999; Blakely and Bauman 2000; Chi and
Reith 2003), follow-up experiments were performed to assess if this was also the case in NAc
synaptosomes. Lastly, the effects of systemic administration of AMPH were compared on ex
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vivo DAT kinetics and surface expression to explore further regionally selective substrate-
induced DAT regulation.

Materials and methods
Animals

Research was performed in strict accordance with the NIH Guide for the Care and Use of
Laboratory Animals and was approved by the University of Colorado Denver Anschutz
Medical Campus Institutional Animal Care and Use Committee. Male Sprague-Dawley rats
(150-200 g; Charles River Laboratories, Wilmington, MA, USA) were used. Rats were housed
3-4 per cage and maintained on a 12-h light/dark cycle (lights on at 0600) with food and water
available ad libitum.

Materials
Drugs used included: AMPH (d-amphetamine sulfate salt), DA (dopamine hydrochloride), and
METH [(+)-methamphetamine hydrochloride] from Sigma-Alrich (St. Louis, MO, USA);
bisindolylmaleimide I hydrochloride (Bis-I) from EMD Chemicals (Gibbstown, NJ, USA);
and (−)-cocaine hydrochloride from National Institute on Drug Abuse (Research Triangle
Institute International, Research Triangle Park, NC, USA). Antibodies used included: mouse
monoclonal protein phosphatase 2A (PP2A) primary antibody from Santa Cruz Biotechnology
(Santa Cruz, CA, USA); mouse monoclonal DAT primary antibody, a generous gift from Dr.
Roxanne Vaughan (University of North Dakota, Grand Forks, ND, USA); and goat anti-mouse
horseradish peroxidase-conjugated secondary antibody from Bio-Rad Laboratories (Hercules,
CA, USA). [3H]DA (specific activity 39-60 Ci/mmol) was purchased from Perkin-Elmer Life
Sciences (Boston, MA, USA). EZ-Link sulfo-NHS-biotin and immobilized monomeric avidin
were purchased from Thermo Fisher Scientific (Pittsburgh, PA, USA). All other chemicals
were purchased from either Sigma-Aldrich or Thermo Fisher Scientific.

Preparation of Synaptosomes
Synaptosomes were prepared as previously described by Hoover et al. (2007). Briefly,
following decapitation, brains were rapidly removed from the rats and sectioned (700-1000
microns) with an ice-cooled Vibratome; dSTR and NAc were dissected out. Tissue was
homogenized in ice-cold phosphate buffer (3.3 mM NaH2PO4 + 12.7 mM Na2HPO4)
containing 0.32 M sucrose (pH 7.4) with a glass/Teflon homogenizer. For DAT biotinylation
experiments, the phosphate buffer also contained 1 mM EDTA, 1 μg/ml aprotinin, 1 μg/ml
leupeptin, 1 μg/ml pepstatin, and 0.1 mM aminoethyl-benzenesulfonyl fluoride hydrochloride.
The homogenate was centrifuged at 1,000g for 12 min at 4°C, and the resulting supernatant
was centrifuged at 12,500g for 15 min to isolate the P2 pellet (synaptosomes). The P2 pellet
was re-suspended either at 15 mg/ml (wet weight of tissue) in assay buffer (134 mM NaCl, 4.8
mM KCl, 1.3 mM CaCl2, 1.4 mM MgSO4, 3.3 mM NaH2PO4, 12.7 mM Na2HPO4, 11 mM
glucose, and 1 mM ascorbic acid, pH 7.4) for [3H]DA uptake experiments or at 100 mg/ml in
Krebs bicarbonate/CaCl2 buffer (in mM: 118 NaCl, 4.7 KCl, 1.2 KH2PO4, 1.2 MgSO4, 0.045
EDTA, 1.7 CaCl2, 25 NaHCO3, 10 glucose, 0.1 pargyline, 0.1 ascorbic acid, pH 7.4) for DAT
biotinylation experiments.

Synaptosomal tissue was then pre-incubated with either assay buffer (control) or drug at 37°
C (see Results for time periods and drug concentrations). Following pre-incubation, samples
were washed twice by centrifugation at 12,500g for 15 min at 4°C. The resulting P4 pellets
were re-suspended at the same concentrations as the P2 pellets, and uptake or biotinylation
assays were initiated. For ex vivo experiments, rats were injected with 2 mg/kg AMPH
(intraperitoneal, (i.p.)), decapitated after 45 min, and synaptosomes (P2 pellet) were made as
described above.
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[3H]DA uptake into synaptosomes
Synaptosomal tissue was pre-incubated with assay buffer containing 1 μM pargyline for 10
min at 37°C. Specific uptake of 0.5 nM [3H]DA was then measured for 3 min at 37°C as the
difference between uptake in the absence and presence of 100 μM cocaine. For kinetic analysis,
unlabeled DA (0, 10, 50, 100, 250, or 500 nM) was added concomitantly with the [3H]DA.
The assay was halted by placing the samples on ice and filtering through Whatman GF/C glass
microfiber filters with a cell harvester. The filters were washed 3 times with ice-cold 0.32 M
sucrose solution before being placed into 4 ml of scintillation cocktail. Radioactivity was
determined by liquid scintillation spectrometry. Sample protein concentrations were
determined using bovine serum albumin as the standard (Bradford 1976).

Cell surface biotinylation of DATs in synaptosomes
The method used is based on those published by Zhu et al. (2005), as modified by Hoover et
al. (2007). Synaptosomal tissue pooled from four rats was incubated with 2 mg/ml EZ-Link
sulfo-NHS-biotin in 1X phosphate buffered saline (PBS)/Ca/Mg buffer (in mM: 138 NaCl, 2.7
KCl, 1.5 KH2PO4, 9.6 Na2HPO4, 1 MgCl2, 0.1 CaCl2, pH 7.3) for 60 min at 4°C with continual
shaking. The free sulfo-NHS-biotin was removed by incubation with 1 mM glycine in PBS/
Ca/Mg buffer (pH 7.3) for 10 min on ice and centrifugation at 8000g for 4 min at 4°C. The
pellet was re-suspended in 0.1 mM glycine in PBS/Ca/Mg buffer (pH 7.3) and centrifuged at
8000g for 4 min at 4°C and re-suspension and centrifugation was repeated one more time. The
pellet was then re-suspended and incubated in 0.1 mM glycine in PBS/Ca/Mg buffer (pH 7.3)
for 30 min at 4°C with continual shaking. The samples were centrifuged at 8000g for 4 min at
4°C, and then the pellets were re-suspended in PBS/Ca2+/Mg2+ buffer and centrifuged again.
The re-suspension and centrifugation steps were repeated two more times. The resulting pellets
were lysed with 1% Triton X-100 buffer (10 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA,
1% Triton X-100, 1% Na deoxycholate, 0.1% sodium dodecyl sulfate (SDS)) for 30 min at 4°
C. Total lysates were centrifuged at 20,000g for 30 min at 4°C, and the supernatant was
incubated with 100 μl freshly prepared monomeric avidin beads overnight at 4°C with continual
shaking. Biotinylated proteins were eluted with Laemmeli buffer (62.5 mM Tris, pH 6.8, 20%
glycerol, 5% β-mercaptoethanol, 2% SDS). Total, biotinylated, and non-biotinylated samples
were prepared for Western blot analysis by adding sample buffer (except for biotinylated
sample; 62.5 mM Tris, pH 6.8, 2% SDS, 10% glycerol, 5% β-mercaptoethanol, 0.1%
dithiothreitol (DTT), trace of bromophenol blue), heating for 5 min at 75°C, and storing at
−20°C until use.

Western blot analysis of synaptosomes
7.5 μl of the total and non-biotinylated samples and 10 μl of the biotinylated sample were
separated by 7.5% SDS-polyacrylamide gel electrophoresis and transferred to a polyscreen
polyvinylidene difluoride transfer membrane (Perkin-Elmer Life Sciences, Boston, MA, USA)
using the Mini Trans-Blot Cell apparatus (Bio-Rad Laboratories, Hercules, CA, USA). After
transfer, membrane blots were blocked for 60 min at 22°C in 5% nonfat dry milk in 0.1%
Tween-20/Tris-buffered saline/ (TTBS; 140 mM NaCl, 20 mM Tris, pH 7.6, 0.01% Tween
20). After blocking, membranes were incubated with an antibody directed against DAT or
PP2A overnight at 4°C. The next day, membranes were rinsed in TTBS, incubated with goat
anti-mouse horseradish peroxidase-conjugated secondary antibody for 2 h at 22°C, and rinsed
again with TTBS. Blots were then developed with Supersignal Pico Chemiluminescent
Substrate using either a film developer or the FluorChem SP Imager (Alpha Innotech, San
Leandro, CA) and analyzed using the gel analyzer function in ImageJ (Rasband, NIH,
Bethesda, MD, USA).

Since protein quantitation assays were not performed on the samples, the area under the curve
values were normalized. This was done by determining the percent of the sample loaded onto
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the gel (i.e. 2.5% (7.5 μl/300 μl), total samples; 13.3% (10 μl/75 μl), biotinylated samples).
The percentage of the total sample was then normalized to the biotinylated sample, resulting
in a correction factor of 5.3 for the total samples; and the area under the curve value for each
sample was multiplied by its correction factor.

Data analysis
Data are presented as mean ± standard error of the mean (SEM), with N = number of animals.
The time courses of drug-induced alterations in [3H]DA uptake were analyzed by two-way
repeated measures analysis of variance (RMANOVA); paired t-test post hoc tests were
performed only if the interaction between treatment and time reached significance. The
concentration-response and PKC experiments were analyzed by one-way RMANOVA
followed by Fisher LSD post hoc tests (SigmaStat 2.03, San Jose, CA). Affinity (Km) and
maximal transport velocity (Vmax) values were estimated by nonlinear regression analysis
using Prism software (GraphPad, La Jolla, CA) and analyzed by paired t-tests (SigmaStat).
Biotinylation samples were analyzed as percent biotinylated/total by paired t-tests (SigmaStat).
Significant differences were defined as those with p < 0.05.

Results
Regulation of DAT activity by brief in vitro DAT substrate pre-exposure in rat dSTR and NAc
synaptosomes

To investigate whether relatively brief pre-exposure to DAT substrates differentially regulates
DATs in synaptosomes prepared from rat dSTR or NAc, the temporal and concentration
characteristics of pre-incubation with AMPH, DA, or METH were examined on subsequent
specific [3H]DA uptake into the well-washed synaptosomes. As expected, in controls, dSTR
[3H]DA uptake was higher (by 54%) than in NAc. In dSTR synaptosomes, pre-incubation with
20 μM AMPH, 10 μM DA or 10 μM METH significantly reduced DAT-mediated uptake
activity by an average of 53%, 33%, or 52%, respectively, compared to control (Fig. 1). Similar
results were seen with 20 μM AMPH, 10 μM DA or 10 μM METH in NAc synaptosomes
(decreased by 50%, 45%, or 46%, respectively, compared to control) (Fig. 1). Two-way
RMANOVA showed a main effect of drug treatment in both brain regions [dSTR: AMPH:
F(1,3) = 98.7, p < 0.01; DA: F(1,3) = 15.3, p < 0.05; METH: F(1,3) = 21.2, p < 0.05 and NAc:
AMPH: F(1,3) = 79.2, p < 0.001; DA: F(1,3) = 12.8, P < 0.05; METH: F(1,3) = 38.4, P < 0.01].
However, since this effect was not consistently time-dependent nor was there a consistent
interaction between treatment and time, post hoc analysis was not conducted. Pre-incubation
for 15 min was chosen for use in further analyses. Concentration-response studies and one-
way RMANOVA with Fisher LSD post hoc tests revealed that in dSTR synaptosomes, a 15-
min pre-incubation with all tested concentrations of AMPH or DA (3 – 60 μM) significantly
decreased [3H]DA uptake by 27-60% [F(3,6) = 12.7, p < 0.01] or 45-65% [F(3,9) = 10.6, p <
0.01], respectively, compared to control (Fig. 2). Comparable significant results were observed
with all concentrations of AMPH or DA tested in NAc synaptosomes (decreased by 27-47%
[F(3,6) = 8.0, p < 0.05] or 31-51% [F(3,9) = 8.8, p < 0.01], respectively, compared to control)
(Fig. 2).

Next, analyses of DAT kinetic parameters were performed. AMPH was used as a prototypic
DAT substrate to determine if substrate-induced decreases in [3H]DA uptake were due to
decreased Vmax and/or Km and if these were regionally specific. Pre-incubation of
synaptosomes prepared from dSTR with 20 μM AMPH for 15 min significantly reduced DAT
Vmax in the washed synaptosomes by 78%, with no change in Km (Fig. 3a, Table 1). The results
in NAc synaptosomes after similar AMPH pre-incubation were more variable, and AMPH-
induced reductions in Vmax were smaller (Fig. 3b). Overall in NAc, no significant changes in
either DAT Vmax or Km were observed, compared to control (Table 1). Moreover, paired t-
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tests revealed that there were significant differences between dSTR and NAc in the percentages
of AMPH-induced changes in both Vmax (78% versus 32%, respectively) and Km (32% versus
215%, respectively) values.

Involvement of PKC in AMPH-induced down-regulation of DAT activity in rat dSTR and NAc
synaptosomes

Next, we investigated whether the AMPH-induced down-regulation of DAT activity was
blocked by first pre-incubating synaptosomes with the PKC inhibitor Bis-I (1 μM) for 5 min,
prior to pre-incubation with AMPH (20 μM; 15 min). In synaptosomes prepared from both
dSTR and NAc, AMPH significantly reduced DAT activity (one-way RMANOVA; [dSTR:
F(3,6) = 389.2, p < 0.001 and NAc: F(3,6) = 15.2, p < 0.01], and Bis-I blocked both of these
AMPH-induced decreases (Fig. 4).

Effect of brief in vitro DAT substrate pre-exposure on DAT cell surface expression in rat dSTR
and NAc synaptosomes

To determine if the decrease in Vmax induced by pre-incubation with AMPH (20 μM; 15 min)
was due to a reduction in DATs in the plasma membrane, DAT cell surface biotinylation assays
were performed. [3H]DA uptake assays were also performed in the synaptosomal tissue to
verify the viability of the preparation and that AMPH had indeed reduced DAT activity, as
observed previously. These assays confirmed that uptake following AMPH pre-incubation was
decreased by 42% in dSTR and by 23% in NAc, versus respective controls (data not shown).
In controls, cell surface DATs were found to be similar in the two striatal subregions: 17 ± 3%
(dSTR; biotinylated/total) and 17 ± 3% (NAc). However, no change in cell surface expression
of DATs was observed after pre-incubation with 20 μM AMPH for 15 min in synaptosomes
prepared from either dSTR or NAc (Fig. 5). Western blots were also probed with PP2A, an
intracellular protein, to confirm the integrity of the synaptosomes and quality of the
biotinylation assays. PP2A was not detected in the synaptosomal samples containing
biotinylated proteins indicating that the synaptosomes were not “leaky” and that the
biotinylation reaction was restricted to cell surface proteins (data not shown).

Ex vivo analysis of AMPH-induced regulation of DAT kinetic parameters and cell surface
expression in rat dSTR and NAc synaptosomes

Next, we examined DAT kinetic parameters and cell surface expression in synaptosomes
prepared from dSTR and NAc of rats 45 min after a 2 mg/kg AMPH (i.p.) injection. Based on
previous studies in our lab (Briegleb et al. 2004), this dose of AMPH primarily increases
locomotor activity of rats, with maximal behavioral activation reached at approximately 45
min. Ex vivo [3H]DA uptake assays revealed that systemic administration of AMPH
significantly reduced DAT Vmax by 61% and 52%, with no change in Km, in synaptosomes
prepared from dSTR and NAc, respectively (Fig. 6a,b; Table 2). However, similar to the in
vitro AMPH pre-incubation results (Fig. 5), no change in cell surface expression of DATs in
either dSTR or NAc synaptosomes was observed 45 min after the systemic treatment with
AMPH (Fig. 6c,d).

Regulation of DAT activity and cell surface expression by longer in vitro DAT substrate pre-
exposure in rat dSTR and NAc synaptosomes

Since neither a 15-min in vitro pre-exposure to AMPH nor a 45-min in vivo pre-treatment with
AMPH altered DAT surface expression, we investigated whether a longer (1-h) in vitro pre-
exposure to DAT substrates would alter both DAT activity and cell surface expression in
synaptosomes prepared from rat dSTR and NAc. [3H]DA uptake, measured in washed striatal
synaptosomes after 1 h of pre-exposure to 20 μM AMPH, was significantly reduced by 74%
in dSTR and 50% in NAc, compared to control (data not shown). Interestingly, after this longer
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in vitro pre-exposure to AMPH, cell surface expression of DATs in dSTR synaptosomes was
significantly decreased by 37%, compared to control (Fig. 7). In agreement with Chi and Reith
(2003), we also observed a significant reduction in cell surface DATs in dSTR synaptosomes
after a 1-h pre-incubation with DA (100 μM; decreased by 49%, compared to control) (Fig. 7).
Significant decreases in DAT cell surface expression were also observed in NAc synaptosomes
after a 1-h pre-incubation with both 20 μM AMPH (decreased 25%, compared to control) and
100 μM DA (decreased 22%, compared to control) (Fig. 7).

Discussion
We utilized primarily AMPH as a prototypic DAT substrate to examine whether DAT
substrates regulate striatal DAT function and trafficking in a regionally specific manner. Our
results confirm that relatively brief in vitro pre-exposure of rat dSTR synaptosomes to DAT
substrates like AMPH resulted in a marked decrease in Vmax for [3H]DA uptake but that
identical in vitro pre-exposure in NAc synaptosomes produced a smaller, non-significant
reduction in the DAT-mediated Vmax. In contrast, following systemic injection of AMPH, the
DAT-mediated Vmax was significantly reduced in both dSTR and NAc synaptosomes. Thus,
while substrate-induced DAT regulation was more readily observed in dSTR than in NAc,
there was not an absolute regional difference. Moreover, mechanisms in addition to trafficking
appear to play a significant role in this relatively rapid substrate-induced regulation because
DAT cell surface expression was not modified following either brief in vitro or in vivo AMPH
pre-exposure but was significantly reduced after a longer in vitro pre-exposure.

Rapid regulation of DAT activity by DAT substrates in rat dSTR versus NAc synaptosomes
Our results in rat dSTR synaptosomes pre-incubated in vitro with DA, AMPH and METH
showed that even relatively brief exposure (≥ 5 min) to relatively high concentrations (≥ 3
μM) of these DAT substrates markedly reduced [3H]DA uptake activity. Likewise, a 15-min
pre-exposure to 20 μM AMPH decreased DAT Vmax without altering its Km. It is unlikely that
this reduction in DAT function was due to residual drug being present during the [3H]DA
uptake assays because the synaptosomes were washed twice prior to the assays. Furthermore,
a similar reduction in DAT Vmax was seen in dSTR synaptosomes prepared from rats pre-
treated with 2 mg/kg (i.p.) AMPH for 45 min. Because of competition between AMPH and
[3H]DA for DAT, if residual AMPH were present, the kinetic analyses would have been
expected to show a lower DAT affinity, which they did not. Additionally, in striatal
synaptosomes made from rats pre-exposed to 15 mg/kg METH, Fleckenstein et al. (1997)
continued to observe decreased [3H]DA uptake even when brain METH levels were negligible.
Our findings agree with several previous reports in which reduced DAT activity was seen after
pre-incubation with various concentrations of AMPH, DA, or METH (1-100 μM) for a range
of times (5-60 min) in striatal synaptosomes or cells expressing cloned DATs (Fleckenstein
et al. 1997; Saunders et al. 2000; Chi and Reith 2003).

In NAc synaptosomes, in vitro pre-incubation with substrates produced an overall significant
effect on DAT-mediated uptake in our temporal and concentration studies. However, analysis
of kinetic parameters in NAc showed no significant changes in DAT Vmax or Km. Additionally,
there were significant differences in the magnitudes of AMPH-induced changes in DAT
Vmax and Km between dSTR and NAc. However, a significant reduction in DAT Vmax was
observed in NAc synaptosomes prepared from rats treated acutely with AMPH (2 mg/kg, i.p.;
45 min). The discrepancy between our in vitro and ex vivo results may reflect better viability
of the synaptosomes in the later experiments because of shorter tissue preparation times,
resulting in less experimental variability. Alternatively, the ex vivo experiment should more
closely mimic the in vivo situation with intact neuronal circuits present during the drug
exposure. Additionally, precisely how treatment of rats with 2 mg/kg AMPH for 45 min
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corresponds to the in vitro pre-incubation of synaptosomes with 20 μM AMPH for 15 min, in
terms of substrate-induced DAT down-regulation, is not known. In any case, the regional
differences we observed (dSTR>NAc) in the ability of DAT substrates to regulate DAT activity
are similar to those reported by Kokoshka et al. (1998) and Gulley et al. (2002).

Mechanisms underlying rapid regulation of DAT activity by DAT substrates in rat dSTR and
NAc synaptosomes

DAT substrate-induced reductions in DAT Vmax are thought to be due, at least in part, to
decreased DAT cell surface expression. This has been shown in a number of studies using cells
expressing cloned DATs ( Saunders et al. 2000; Chi and Reith 2003; Kahlig et al. 2006;
Boudanova et al. 2008), as well as in rat striatal synaptosomes (Chi and Reith 2003; Johnson
et al. 2005). Here, we used rat synaptosomes containing endogenously expressed DATs
because they allow for regional comparisons, namely between dSTR and NAc. We detected
no change in cell surface DATs after either a 15-min in vitro or 45-min in vivo pre-exposure
to AMPH. In agreement, no change in DAT cell surface expression was seen in rat striatal
synaptosomes pre-incubated with 3 μM AMPH for 2.5-30 min using a biotinylation assay
similar to ours, although a rapid and transient (<1 min) AMPH-induced increase in surface
DATs was observed (Johnson et al. 2005). These findings of a lack of down-regulation could
reflect a limitation in the sensitivity of the cell surface biotinylation assay in synaptosomes
and/or a “basement” effect (i.e., control surface DAT was only ~15% of total DAT). An
argument against this conclusion, however, is the fact that we have previously shown that DAT
cell surface expression in striatal synaptosomes is significantly decreased after a 15-min pre-
incubation with protein tyrosine kinase inhibitors (Hoover et al. 2007). Also, Chi and Reith
(2003) found that a 1-h in vitro pre-exposure with 100 μM DA decreased DAT surface
expression by 21-27% in rat striatal synaptosomes. Likewise, after a 1-h in vitro pre-exposure
with 100 μM DA, as well as with 20 μM AMPH, we observed significant decreases of 37-49%
in cell surface expression of DATs in dSTR synaptosomes. Although smaller (22-25%),
significant reductions in cell surface expression of DATs were also seen in NAc synaptosomes
with both AMPH and DA after the longer pre-exposure time. Taken together, these findings
suggest that acute DAT substrate-induced regulation of DATs may occur biphasically, i.e.
relatively brief exposure (15-45 min) may selectively decrease DAT kinetic activity whereas
longer exposures (>1 h) may alter both DAT activity and trafficking. Interestingly, similar
biphasic regulation of the serotonin transporter, which is in the same family of neurotransmitter
transporters as DAT, has previously been observed (Jayanthi et al. 2005; Steiner et al.,
2008).

It is not known how or why DAT substrates produce greater DAT down-regulation in dSTR
versus NAc, but a potential mechanistic difference between the two brain regions could involve
differential activity of PKC. Initially, AMPH appears to regulate DAT uptake function through
a PKC-dependent mechanism. In agreement with many studies (Giambalvo 1992a,b; Vaughan
et al. 1997; Zhang et al. 1997; Zhu et al. 1997; Daniels and Amara 1999; Blakely and Bauman
2000; Chi and Reith 2003), we found that pre-treatment of the synaptosomes with the PKC
inhibitor Bis-1 abolished the AMPH-induced decrease in DAT activity in both dSTR and NAc
synaptosomes. In addition, AMPH and METH-induced N-terminal phosphorylation of DAT
is PKC-dependent (Foster et al. 2002; Cervinski et al. 2005). Furthermore, AMPH-induced
DA efflux, which involves a change in DAT conformation from “outward facing” to “inward
facing”, requires DAT phosphorylation (Khoshbouei et al. 2004; Kahlig et al. 2005; Sulzer
2005; Kniazeff et al. 2008). More DATs in the “inward facing” conformation would likely
reduce [3H]DA uptake. Although our data indicate that the decreased DAT uptake activity
resulting from brief pre-exposure to AMPH is PKC-dependent in both regions, future
experiments are needed to elucidate if PKC-induced DAT phosphorylation and altered DAT
conformation are involved, and if so, how they might differ between dSTR and NAc.
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More prolonged AMPH exposure may decrease DAT function by altering DAT surface
expression via either a PKC-dependent or -independent mechanism. In this regard, a recent
study found that in PC12 cells transfected with human DAT, AMPH-mediated decreases in
DAT cell surface expression were not dependent on PKC activation (Boudanova et al. 2008).
One possible PKC-independent mechanism by which AMPH could alter DAT trafficking is
through the activation of Ca2+/calmodulin-dependent kinase II and subsequent inactivation of
Akt (Garcia et al. 2005; Wei et al. 2007). Interestingly, longer time periods of AMPH exposure
(at least 30 min) are needed to fully employ this signaling pathway (Wei et al. 2007).
Alternatively, AMPH-induced alteration of DAT trafficking could still be a PKC-dependent
mechanism involving activation of Nedd4-2 and subsequent DAT ubiquitination leading to
increased DAT internalization (Sorkina et al. 2006). Future experiments are needed to
determine which mechanism(s) is(are) occurring in rat striatal synaptosomes and how these
mechanisms may differ between dSTR and NAc.

Conclusions
Our findings suggest that relatively brief exposure to high concentrations of substrates results
in a greater down-regulation of DAT-mediated uptake in dSTR than in NAc. In addition,
exposure to AMPH appears to regulate striatal DATs in a biphasic manner, with an initial PKC-
dependent decrease in DAT-mediated uptake velocity and then, with longer exposure, a
reduction in DAT surface expression.
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Abbreviations used

AMPH amphetamine

Bis-I bisindolylmaleimide I hydrochloride

DA dopamine

DAT dopamine transporter

dSTR dorsal striatum

DTT dithiothreitol

i.p. intraperitoneal

Km affinity

METH methamphetamine

NAc nucleus accumbens

PBS phosphate buffered saline

PKC protein kinase c

PP2A protein phosphatase 2A

RMANOVA repeated measures analysis of variance

SDS sodium dodecyl sulfate
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SEM standard error of the mean

TTBS 0.1% Tween-20/Tris-buffered saline

Vmax maximal transport velocity
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Fig. 1.
Temporal characteristics of the effect of in vitro pre-incubation with DAT substrates on [3H]
DA uptake into synaptosomes prepared from rat dSTR or NAc. After pre-incubation of
synaptosomes with (A) 20 μM AMPH, (B) 10 μM DA, or (C) 10 μM METH for 5, 15, or 30
min and subsequent drug wash out, specific uptake of 0.5 nM [3H]DA was measured (see
Methods for details). Mean value ± SEM shown for N = 4 per treatment and brain region. In
both brain regions, two-way RMANOVA showed a main effect of drug treatment, but not a
main effect of time or a treatment-time interaction.
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Fig. 2.
Concentration characteristics of the effect of in vitro pre-incubation with DAT substrates on
[3H]DA uptake into synaptosomes prepared from rat dSTR or NAc. After pre-incubation of
synaptosomes with either (A) 6, 20, or 60 μM AMPH or (B) 3, 10, or 30 μM DA for 15 min
and subsequent drug wash out, specific uptake of 0.5 nM [3H]DA was measured. Mean value
± SEM shown for N = 3-4 per treatment and brain region. * p < 0.05 versus dSTR control; †
p < 0.05 versus NAc control; Fisher LSD post-hoc tests.
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Fig. 3.
Decreased DAT Vmax in synaptosomes prepared from dSTR, but not from NAc, following in
vitro pre-incubation with 20 μM AMPH for 15 min. Representative results are shown from
analysis of DAT kinetic parameters in synaptosomes prepared from (A) dSTR or (B) NAc.
After drug wash out, specific uptake of 0.5 nM [3H]DA uptake + unlabeled DA (0, 10, 50, 100,
250, or 500 nM) was measured. Group results are given in Table 1.
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Fig. 4.
Blockade by the PKC inhibitor Bis-I of AMPH-induced down-regulation of [3H]DA uptake
into synaptosomes prepared from rat dSTR or NAc. After pre-incubation of synaptosomes with
1 μM Bis-I for 5 min and 20 μM AMPH for an additional 15 min and subsequent drug wash
out, specific uptake of 0.5 nM [3H]DA uptake was measured. Mean value ± SEM shown for
N = 3 per treatment and brain region. * p < 0.05 versus dSTR AMPH; † p < 0.05 versus NAc
AMPH; Fisher LSD post-hoc tests.
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Fig. 5.
No change in DAT cell surface expression induced by in vitro pre-incubation with AMPH in
synaptosomes prepared from rat dSTR or NAc. After pre-incubation of synaptosomes with 20
μM AMPH for 15 min, biotinylation assays were performed. Total (T) and biotinylated (B)
samples were probed for the presence of DAT using Western Blot analysis (see Methods for
details). (A) Representative western blots. (B) Group results. Mean value ± SEM shown for N
= 4 per treatment and brain region. No significant differences by paired t-test.
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Fig. 6.
Decreased ex vivo DAT Vmax, but no change in DAT cell surface expression, in synaptosomes
prepared from dSTR or NAc 45 min after treatment of rats with 2 mg/kg AMPH (i.p.). (A, B)
For kinetic analysis specific [3H]DA uptake was measured as in Fig. 3. Representative curves
for (A) dSTR and (B) NAc. Group results are given in Table 2. (C, D) Cell surface expression
was measured by biotinylation assays as in Fig. 5. (C) Representative western blots. (D) Group
results. Mean value ± SEM shown for N = 4 per treatment and brain region. No significant
differences by paired t-test.
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Fig. 7.
Reduced DAT cell surface expression induced by a longer, 1-hr in vitro pre-exposure with
AMPH or DA in rat dSTR and NAc synaptosomes. After pre-incubation of synaptosomes
prepared from dSTR or NAc with 20 μM AMPH or 100 μM DA for 1 hr, biotinylation assays
were performed as in Fig. 5. (A) Representative western blots. (B) Average of all trials. Mean
value ± SEM shown for N = 4-5 per treatment. * p < 0.05 versus respective control; paired t-
test.
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Table 1

Effect of a 15-min in vitro pre-incubation with 20 μM AMPH on DAT kinetic parameters in rat dSTR or NAc
synaptosomes

Condition Vmax (pmol/min/mg protein) Km (nM)

dSTR, Control 76 ± 9.2 160 ± 32

dSTR, AMPH 17 ± 2.5* 110 ± 11

NAc, Control 57 ± 11 200 ± 42

NAc, AMPH 39 ± 4.6 430 ± 110

N = 6 per condition and brain region.

*
p < 0.05 versus dSTR control; paired t-test.
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Table 2

Effect of systemic pre-treatment with AMPH (2 mg/kg, i.p.) on DAT kinetic parameters measured ex vivo 45
min later in rat dSTR or NAc synaptosomes

Condition Vmax (pmol/min/mg protein) Km (nM)

dSTR, Control 46 ± 4.5 57 ± 4.5

dSTR, AMPH 18 ± 1.0* 35 ± 8.2

NAc, Control 18 ± 3.6 81 ± 21

NAc, AMPH 8.7 ± 1.9† 120 ± 30

N = 4-5 per condition and brain region.

*
p < 0.05 versus dSTR control

†
p < 0.05 versus NAc control; paired t-test.
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