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Abstract
In previous in vivo voltammetry studies, acute nicotine administration increased striatal dopamine
clearance. The current study aimed to determine whether nicotine also increases [3H]dopamine
uptake across the time course of the previous voltammetry studies and whether dopamine transporter
trafficking to the cell surface mediates the nicotine-induced augmentation of dopamine clearance in
striatum. Rats were administered nicotine (0.32 mg/kg, s.c.); striatal synaptosomes were obtained 5,
10, 40 or 60 min later. Nicotine increased (25%) the Vmax of [3H]dopamine uptake at 10 and 40 min.
To determine whether the increase in Vmax was due to an increase in dopamine transporter density,
[3H]GBR 12935 (1-(2-[bis(4-fluorophenyl)methoxy]ethyl)-4-(3-phenylpropyl)piperazine
dihydrochloride) binding was performed using rat striatal membranes; no differences were found
between nicotine and saline control groups at 5, 10 or 40 min post-injection, indicating that nicotine
did not increase striatal dopamine transporter density; however, [3H]GBR 12935 binding assays
determine both cell surface and intracellular dopamine transporter. Changes in cellular dopamine
transporter localization in striatum were determined using biotinylation and subfractionation
approaches; no differences between nicotine and saline control groups were observed at 10 and 40
min post-injection. These results suggest that the nicotine-induced increase in dopamine uptake and
clearance in striatum may occur via a trafficking-independent mechanism.
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1. Introduction
Nicotine is accepted to be the alkaloid in tobacco primarily responsible for nicotine dependence
(Clarke, 1987;Pomerleau and Pomerleau, 1992). Activation of nicotinic receptors by nicotine
results in an increase in the extracellular concentration of dopamine, which is thought to
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mediate the rewarding effects of nicotine and maintain tobacco use in dependent individuals
(Corrigall et al., 1992;Koob, 1992;Stolerman and Jarvis, 1995). Acute administration of
nicotine increases dopamine release from its presynaptic terminals in the striatum in a
concentration-dependent manner (Andersson et al., 1981;Dwoskin et al., 1999;Kaiser et al.,
1998;Ksir et al., 1995;Pontieri et al., 1996;Rowell et al., 1987;Vezina et al., 1992;Westfall et
al., 1983). Synaptic dopamine concentrations are regulated by the dopamine transporter, which
transports extracellular dopamine into the presynaptic terminal. The dopamine transporter is a
major target for psychostimulant drugs, e.g., cocaine and amphetamine (Horn, 1990). The
dopamine transporter has been shown to be regulated by constitutive internalization and
recycling (i.e., trafficking) involving transporter phosphorylation and protein-protein
interactions (Kahlig and Galli, 2003;Loder and Melikian, 2003;Melikian, 2004;Torres et al.,
2003;Zahniser and Doolen, 2001).

Psychostimulant drugs and second messengers alter dopamine transporter function and
trafficking (Garcia et al., 2005;Gnegy et al., 2004;Kahlig et al., 2004,2006;Holton et al.,
2005;Sorkina et al., 2005). For example, data from in vivo voltammetry studies indicate that
cocaine and amphetamine act at the dopamine transporter to decrease dopamine clearance
(Cass et al., 1993;Zahniser et al., 1999). In contrast, data from in vivo voltammetry studies
show that nicotine increases the clearance of exogenously applied dopamine in rat striatum,
nucleus accumbens and medial prefrontal cortex (Hart and Ksir, 1996;Middleton et al.,
2004). Dopamine transporter surface expression in cell expression systems is also acutely
sensitive to amphetamine and cocaine, which decreases and increases dopamine transporter
surface levels, respectively (Daws et al., 2002;Kahlig et al., 2004,2006;Little et al.,
2002;Saunders et al., 2000;Zahniser and Sorkin, 2004). Nicotine and amphetamine both evoke
[3H]dopamine release from superfused rat striatal slices, albeit via different mechanisms.
(Corrigall et al., 1992;Koob, 1992;Stolerman and Jarvis, 1995). Previous results show that in
vitro exposure to nicotine does not alter [3H]dopamine uptake into striatal synaptosomes (Carr
et al., 1989;Zhu et al., 2003); however, the effect of systemic nicotine administration on [3H]
dopamine uptake into striatal synaptosomes and on dopamine transporter trafficking has not
been determined.

Thus, the present study used cell surface biotinylation and subfractionation approaches to
determine whether systemic administration of nicotine alters [3H]dopamine uptake into rat
striatal synaptosomes and alters the cellular localization of the dopamine transporter in
striatum. The ability of nicotine to modulate dopamine transporter function, and thereby
extracellular dopamine concentration, may have physiological importance with regards to
nicotine enhancement of cognitive processes such as attention, learning and memory, as well
as important clinical relevance with respect to schizophrenia and drug abuse. Therefore,
understanding nicotine-induced regulation of dopamine transporter function may provide
further insight into the mechanism of nicotine action.

2. Materials and methods
2.1. Materials

Antibodies recognizing rat dopamine transporter (sc-1433; goat polyclonal antibody), calnexin
(sc-11397; rabbit polyclonal antibody); β-actin (sc-7210; rabbit polyclonal antibody) and
protein phosphatase 2A (PP2A; sc-6110; goat polyclonal antibody) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Rabbit anti-goat antibody was purchased from Dako
Cytomation (#Z 0454; Carpinteria, CA). Horseradish peroxidase (HRP) conjugated goat anti-
rabbit antibody was purchased from Bio-Rad (Hercules, CA). (+)Methamphetamine
hydrochloride, GBR 12909 (1-(2-[bis(4-fluorophenyl)methoxy]ethyl)-4-(3-phenylpropyl)
piperazine dihydrochloride), nicotine ditartrate and nomifensine maleate were purchased from
Sigma Chemical Co. (St. Louis, MO). Sulfosuccinimidobiotin (sulfo-NHS-biotin) and
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immunoPure immobilized monomeric avidin gel were purchased from Pierce Biotechnology,
Inc. (Rockford, IL). [3H]Dopamine (3,4-ethyl-2 [N-3H] dihydroxyphenylethylamine; specific
activity 31 Ci/mmol) and [3H]GBR 12935 ([propylene-2,3-3H] (1-[2-diphenylmethoxy)
ethyl]-4-(3-phenylpropyl)-piperazine); specific activity 43.5 Ci/mmol) were purchased from
New England Nuclear (Boston, MA). D-Glucose was purchased from Aldrich Chemical Co,
Inc. (Milwaukee, WI). All other chemicals were purchased from Fisher Scientific (Pittsburgh,
PA).

2.2. Animals
Male Sprague-Dawley rats were obtained from Harlan Laboratories (Indianapolis, IN) and
were housed with free access to food and water in a colony room in the Division of Laboratory
Animal Resources at the University of Kentucky. Animal handling procedures were approved
by the Institutional Animal Care and Use Committee (IACUC) at the University of Kentucky
and were performed in accordance with the 1996 version of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

2.3. Synaptosomal [3H]dopamine uptake
[3H]Dopamine uptake assays were conducted using a previously published method (Zhu et al.
2003). Separate groups of rats were injected with nicotine (0.32 mg/kg, free base weight, s.c.)
or saline. Nicotine dose was chosen based on previous studies from our laboratory showing
that nicotine (0.32 mg/kg, s.c.) increased dopamine clearance (~60%) in striatum in vivo
(Middleton et al., 2004). In the current study, separate groups of rats (treatment and control)
were killed at 5, 10, 40 or 60 min post-injection. Thus, striata from the saline control groups
were time-matched to the nicotine injection for the nicotine treatment groups. Striata were
homogenized in 20 ml of ice-cold 0.32 M sucrose solution containing 5 mM sodium
bicarbonate (pH 7.4) with 16 passes of a Teflon pestle homogenizer (clearance, 0.015 in).
Homogenates were centrifuged (2,000 g, 4 °C, 10 min), and resulting supernatants were
centrifuged (20,000 g, 4 °C, 15 min). Pellets were resuspended in 2.4 ml of ice-cold assay
buffer (125 mM 10 mM glucose, 25 NaCl, 5 mM KCl, 1.5 mM MgSO4, 1.25 mM CaCl2, 1.5
mM KH2PO4, mM N-[2-hydroxyethyl]piperazine-N′-[2-ethanesulfonic acid] (HEPES), 0.1
mM ethylenediaminetetraacetic acid (EDTA), 0.1 mM pargyline and 0.1 mM L-ascorbic acid,
saturated with 95% O2/5% CO2, pH 7.4). Striatal synaptosomes (20 μg protein in 50 μl) were
incubated in an oxygenated environment for 5 min at 34 °C. Subsequently, one of ten [3H]
dopamine concentrations (1 nM – 5 μM) was added to each tube. Total assay volume was 500
μl. Nonspecific [3H]dopamine uptake was determined in the presence of 10 μM nomifensine.
Incubation continued for 10 min at 34 °C and was terminated by the addition of 3 ml of ice-
cold assay buffer containing pyrocatechol (1 mM), followed by immediate filtration through
Whatman GF/B glass fiber filters (presoaked with 1 mM pyrocatechol for 3 h). Filters were
washed 3 times with 3 ml ice-cold buffer containing 1 mM pyrocatechol using a Brandel cell
harvester (Model MP-43RS; Biochemical Research and Development Laboratories Inc.,
Gaithersburg, MD). Radioactivity was determined by liquid scintillation spectrometry (Model
B1600TR, Perkin-Elmer Life Sciences, Downers Grove, IL). Protein concentrations were
determined with bovine serum albumin as the standard (Bradford, 1976). At each of the time
points after nicotine administration, aliquots of synaptosomes were incubated with the same
range of [3H]dopamine concentrations for 10 min, and then [3H]dopamine uptake was
terminated by dilution and filtration. Thus, the duration of the in vitro uptake assay was
consistent across the time points studied. Kinetic parameters (Vmax and Kt ) for [3H]dopamine
uptake were determined using GraphPad Prism software (GraphPad Prism, version 3.0;
GraphPad Software, San Diego, CA).
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2.4. [3H]GBR 12935 binding
[3H]GBR 12935 binding assays were performed using striata obtained from groups of rats
injected with nicotine (0.32 mg/kg, s.c.) or saline and killed 5, 10 or 40 min post-injection.
Thus, striata from the saline control groups were time-matched to the nicotine injection for the
nicotine treatment groups. Striata were obtained and stored at −70 °C until assay. Striata were
homogenized with a polytron homogenizer (setting 40; Tekmar, Cincinnati, OH), in 10
volumes of ice-cold assay buffer (118 mM NaCl, 4.8 mM KCl, 2.5 mM CaCl2, and 1.2 mM
MgSO4, pH 7.5). Homogenates were incubated at 37 °C for 5 min, placed on ice and centrifuged
(25,000 g, 20 min, 4 °C). Pellets were resuspended in 10 volumes of ice-cold Milli-Q water,
incubated at 37 °C for 5 min and centrifuged (25,000 g, 20 min, 4 °C). Pellets were resuspended
in 10 volumes of ice-cold 10% assay buffer and incubation, and centrifugation steps were
repeated twice. Final pellets were stored in 10% assay buffer at −70 °C. Upon assay, pellets
were resuspended in 20 ml assay buffer. Samples (250 μl) consisting of 100 – 140 μg of
membrane protein and a range of [3H]GBR 12935 concentrations (0.1–35 nM) in assay buffer
containing 50 mM Tris were incubated for 90 min at 4 °C. Nonspecific binding was determined
in the presence of 10 μM GBR 12909. Reactions were terminated by dilution of the samples
with 3 ml of ice-cold 20 mM Krebs-HEPES buffer followed by immediate filtration through
Whatman GF/B glass fiber filters presoaked for 2 h in 0.5% polyethylenimine using the Brandel
harvester. Filters were rinsed 3 times with 3 ml of ice-cold 20 mM buffer and transferred to
vials, and scintillation cocktail (4 ml) was added. Radioactivity was determined using a Tri-
Carb 2100 TR liquid scintillation analyzer (PerkinElmer Life Sciences). Protein concentrations
were determined as previously described. Kinetic parameters (Bmax and Kd) of [3H]GBR 12935
binding were determined using GraphPad Prism software, version 3.0.

2.5. Biotinylation and immunoblotting assay
For the determination of cell surface and intracellular levels of dopamine transporter protein
in striatal synaptosomes, surface biotinylation and immunoblot analysis was performed as
described previously (Apparsundaram et al., 1998;Melikian et al., 1996;Ramamoorthy et al.,
1998;Zhu et al., 2005). To provide a positive control for the current study, dopamine transporter
cell surface expression was determined in a separate group of rats administered
methamphetamine (5 mg/kg, salt weight, s.c.) or saline. Striata were obtained 30 min following
injection of methamphetamine or saline, and synaptosomes were prepared as described above
for the [3H]dopamine uptake assays. To determine the ability of nicotine to alter cell surface
and intracellular levels of dopamine transporter protein, assays were performed using striata
obtained from groups of rats injected with nicotine (0.32 mg/kg, s.c.) or saline and killed 10
or 40 min post-injection. The previous study showed that Vmax for [3H]dopamine uptake was
increased at these time points. As in the previous experiments, striata from the saline control
groups were time-matched to the nicotine injection for the nicotine treatment groups.

Impermeant biotinylation reagent, sulfo-NHS-biotin, was used for the isolation of plasma
membrane proteins. Dopamine transporter protein was identified using polyclonal dopamine
transporter antibody (Taubenblatt et al., 1999;Salvatore et al., 2003;Vaughan et al., 1997).
Samples of striatal synaptosomes (500 μg total protein) were incubated for 1 h at 4 °C with
continual shaking in 500 μl of 1.5 mg/ml sulfo-NHS-biotin in phosphate buffered saline/Ca/
Mg buffer (138 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 9.6 mM Na2HPO4, 1 mM
MgCl2, 0.1 mM CaCl2, pH 7.3). After incubation, samples were centrifuged (8,000 g, 4 min,
4 °C). To remove free biotinylation reagent, the resulting pellet was resuspended in 1 ml of
ice-cold 100 mM glycine in phosphate buffered saline/Ca/Mg buffer and centrifuged (8,000
g, 4 min, 4 °C). Resuspension and centrifugation steps were repeated. Final pellets were
resuspended in 1 ml of ice-cold 100 mM glycine in phosphate buffered saline/Ca/Mg buffer
and incubated with continual shaking for 30 min at 4 °C. Samples were centrifuged (8,000 g,
4 min, 4 °C), and resulting pellets were resuspended in 1 ml ice-cold phosphate buffered saline/
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Ca/Mg buffer and centrifuged again. Resuspension and centrifugation steps were repeated
twice to remove excess glycine. Final pellets were lysed by sonication for 2–4 s in 300 μl Triton
X-100 buffer (10 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1.0% Triton X-100, 1 μg/ml
aprotinin, 1 μg/ml leupeptin, 1 μM pepstatin, 250 μM phenylmethysulfonyl fluoride) followed
by incubation and continual shaking for 20 min at 4 °C. Lysates (300 μl) were centrifuged
(21,000 g, 20 min, 4 °C). Remaining supernatant was incubated with continuous shaking in
the presence of monomeric avidin beads in Triton-X100 buffer (100 μl/tube) for 1 h at 22–24
°C. Samples were centrifuged (17,000 g, 4 min, 4 °C), and supernatants containing non-
biotinylated proteins (intracellular) were stored at −20 °C. The resulting pellets containing
biotinylated proteins (cell-surface) were resuspended in 1 ml of 1.0% Triton X-100 buffer and
centrifuged (17,000 g, 4 min, 4 °C), and the pellets were resuspended and centrifuged two
times. Final pellets consisted of biotinylated proteins adsorbed to monomeric avidin beads.
Biotinylated proteins were eluted by incubating with 50 μl Laemmli buffer (62.5 mM Tris-
HCl, 20% glycerol, 2% sodium dodecyl sulfate, 0.05% β-mercaptoethanol and 0.05%
bromophenol blue, pH 6.8) for 20 min at 22–24 °C. Intracellular and cell surface fractions were
stored at −20 °C.

Samples (intracellular and cell surface fractions) were thawed and subjected to gel
electrophoresis and Western blotting as previously described (Melikian et al. 1994;Salvatore
et al. 2003;Zhu et al., 2005). Briefly, proteins were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis for 90 min at 150 V and transferred to Immobilon-P transfer
membranes (Cat # IPVH00010, 0.45 μm pore size; MILLIPORE Co., Bedford, MA) in transfer
buffer (50 mM Tris, 250 mM glycine, 3.5 mM sodium dodecyl sulfate) using a Mini Trans-
Blot Electrophoretic Transfer Cell (Bio-Rad Laboratories Ltd., Hercules, CA) for 110 min at
72 V. Transfer membranes were incubated with blocking buffer (5% milk powder in phosphate
buffered saline containing 0.5% Tween 20) for 1 h at 22–24 °C, followed by incubation with
goat polyclonal dopamine transporter antibody (1 μg/ml in blocking buffer) overnight at 4 °C.
Transfer membranes were washed 5 times with wash buffer (phosphate buffered saline
containing 0.5% Tween 20) at 22–24 °C and then incubated with rabbit anti-goat antibody
(1:2500 dilution in blocking buffer) for 1 h at 22–24 °C. Transfer membranes were then washed
and incubated with peroxidase-conjugated goat anti-rabbit antibody (diluted 1:5000) for 1 h at
22–24 °C. Protein bands were detected using enhanced chemiluminescence and developed on
Hyperfilm (ECL-plus; Amersham Biosciences UK Ltd., Little Chalfont Buckinghamshire,
UK). After detection and quantification of dopamine transporter protein, each blot was stripped
using Tris buffer (62.5 mM Tris-HCl with 2% sodium dodecyl sulfate and 100 mM β-
mercaptoethanol, pH 6.8) and probed for detection of protein phosphatase 2A and calnexin.
Protein phosphatase 2A, an intracellular protein (Janssens and Goris, 2001), served as a control
protein to monitor the efficiency of biotinylation of cell surface proteins. Protein phosphatase
2A was detected using goat polyclonal protein phosphatase 2A antibody (1:500). Calnexin, an
endoplasmic reticular protein (Hochstenbach et al., 1992;Krijnse-Locker et al.,
1995;Rajagopalan et al., 1994), was detected using rabbit polyclonal calnexin antibody
(1:5000) to monitor biotinylation of intracellular proteins. β-Actin was quantified to normalize
for protein loading across samples.

Immunoreactive bands were quantified by densitometric scanning using Scion image software
(Scion Corp., Frederick, MD). Band density measurements were used to calculate levels of
dopamine transporter in non-biotinylated and biotinylated fractions. Specifically, dopamine
transporter levels in the non-biotinylated fractions were calculated as density of dopamine
transporter-immunoreactive bands in an aliquot of supernatant post-avidin incubation
multiplied by the total volume of the extract and divided by the volume of supernatant subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. In preliminary studies,
quantification of protein phosphatase 2A revealed a maximum 10% contamination of
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intracellular proteins in the plasma membrane biotinylated fraction. Immunoreactive bands
were quantified and were found to be within the linear range of detection.

2.6. Subcellular fractionation
To verify the results obtained using the biotinylation approach, a subcellular fractionation
strategy was adapted from previously described methods using presynaptic vesicular proteins
(Clift-O’Grady et al., 1990;Huttner et al., 1983). Briefly, rat striata were homogenized in 0.32
M sucrose buffer containing 5 mM HEPES-NaOH (pH 7.3) using a Wheaton Instruments Potter
Elvejhem homogenizer (10 strokes) and centrifuged (1000 g, 10 min, 4°C). Supernatants were
centrifuged (13,000 g, 17 min, 4°C) to yield a crude synaptosomal pellet (P2). Synaptosomes
in this P2 fraction (1 mg) were lysed by homogenization (5 strokes) in ice-cold 5 mM HEPES-
NaOH (pH 7.4) plus protease inhibitors (1 μg/ml aprotinin, 1 μg/ml leupeptin, 1 μM pepstatin,
250 μM phenylmethysulfonyl fluoride). Synaptic plasma membranes (LP1) and other large
membranes were separated at 15,000 g for 20 min. The vesicle-enriched LP2 pellet was
obtained following centrifugation of the resulting supernatant (LS1 Fraction; 200,000 g, 30
min, 4°C). Proteins were extracted from each fraction with 1% sodium dodecyl sulfate, 5 mM
HEPES-KOH (pH 7.3), 1 mM EDTA, 1 mM EGTA and protease inhibitors (1 μg/ml aprotinin,
1 μg/ml leupeptin, 1 μM pepstatin, 250 μM phenylmethysulfonyl fluoride). Protein
concentrations were determined using the bicinchoninic acid method (Pierce, Rockford, IL).
Each fraction (50 μg) was subjected to immunoblot analysis with antibodies against dopamine
transporter, protein phosphatase 2A, calnexin and β-actin. Dopamine transporter-
immunoreactive bands were detected using goat polyclonal anti-dopamine transporter antibody
(1 μg/ml) in blocking buffer (5% milk in phosphate buffered saline containing 0.05% Tween
20, pH 7.4) followed by rabbit polyclonal anti-goat antibody (1:2500 dilution in blocking
buffer) and goat alkaline phosphatase conjugated polyclonal anti-rabbit antibody (1:10,000
dilution). Protein bands present in the transfer membrane were measured using enhanced
chemifluorescence (GE Healthcare, Piscataway, NJ) with a Typhoon Imaging System (GE
Healthcare) and Imagequant TL software (GE Healthcare). Immunoreactive bands were
quantified and were within the linear range of detection. β-Actin was quantified to normalize
for protein loading across samples. The relative proportion of dopamine transporter in the
plasma membrane was expressed by calculating the ratio LP1/LP1+LP2.

2.7. Statistics
[3H]Dopamine uptake data were analyzed using two-way analysis of variance (ANOVA) with
drug treatment and time as between-subjects factors. One-way ANOVA was performed on the
[3H]dopamine uptake data from the saline control groups across the different time points.
Tukey’s post hoc analysis was used to determine differences between the nicotine treatment
groups and the pooled saline-control group for the [3H]dopamine uptake data. Tukey’s post
hoc analysis was also used to determine differences between the nicotine treatment groups and
the time-matched saline control groups for the data from the binding and cellular localization
assays. Analyses were performed using the commercially available software, Statistical
Packages for the Social Sciences (SPSS; standard version 11.0, Chicago, IL). P < 0.05 was
considered statistically significant.

3. Results
3.1. Nicotine administration increases the Vmax for [3H]dopamine uptake in rat striatal
synaptosomes

Kinetic analyses of [3H]dopamine uptake performed in synaptosomes obtained 5, 10, 40 or 60
min following administration of nicotine (0.32 mg/kg, s.c.) or saline indicated that [3H]
dopamine uptake was not different between the saline control groups across the time points;
these saline control data were pooled for statistical analysis and graphical presentation (Fig.
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1). While the interaction between treatment and time was not significant, a main effect of
nicotine treatment was observed (F1,48 = 4.16; P < 0.05). Compared to the saline control group,
nicotine significantly increased (~25%) the Vmax for [3H]dopamine uptake at 10 and 40 min
post-injection (P < 0.05). The effect of nicotine on Vmax was not significant at either the 5 or
60 min time points. There was no change in Kt at any of the time points investigated (data not
shown).

3.2. Nicotine administration does not alter [3H]GBR 12935 binding to rat striatal membranes
No differences between nicotine (0.32 mg/kg) and saline control groups were observed in either
the Bmax or Kd for [3H]GBR 12935 binding at the 5, 10 or 40 min time points (Table 1),
suggesting that nicotine pretreatment does not alter the total amount of dopamine transporter
protein in striatum.

3.3. Nicotine administration does not alter the cellular localization of dopamine transporter
in striatum

Initial experiments determined whether methamphetamine administration alters the cellular
localization of the dopamine transporter, as reported previously (Saunders et al., 2000).
Pretreatment with methamphetamine (5 mg/kg, s.c.) resulted in a significant decrease in the
level of biotinylated dopamine transporter compared with the saline control group (Fig. 2). The
current results are in agreement with previous reports (Saunders et al., 2000) and serve to
validate the biotinylation method used in the current study.

To determine whether nicotine pretreatment (0.32 mg/kg) altered cell surface localization of
dopamine transporter, rats were administered nicotine or saline and killed 10 or 40 min later.
Striatal synaptosomes were prepared for biotinylation and subfractionation assays. For all
groups, dopamine transporter bands were observed at 80 kilodaltons, as previously reported
(Salvatore et al., 2003;Zhu et al., 2005). Dopamine transporter-immunoreactive bands were
detected in both biotinylated and non-biotinylated fractions. Dopamine transporter band
density was not different between nicotine and saline control groups at the 10 and 40 min time
points (Fig. 3). Also, there were no differences among groups in the levels of control proteins,
protein phosphatase 2A, calnexin and β-actin. Consistent with the results from the biotinylation
assays, subfractionation experiments also revealed no difference in dopamine transporter levels
in total and plasma membrane fractions (LP1). No differences between the nicotine and saline
control groups were observed in the ratio of LP1/LP1+LP2 at the 10 min and 40 min time
points (Fig. 4). Also, there was no difference in the levels of control proteins, β-actin, protein
phosphatase 2A and calnexin, between nicotine and saline-control groups.

4. Discussion
The current results demonstrate a significant increase (25%) in the Vmax for [3H]dopamine
uptake into striatal synaptosomes obtained from rats 10 and 40 min after nicotine (0.32 mg/
kg) administration compared to control rats administered saline. These data are consistent with
previous findings from our laboratory showing that systemically administered nicotine
increases dopamine clearance in vivo in rat striatum (Middleton et al., 2004). The nicotine-
induced increase in dopamine clearance observed in vivo is likely due to an increase in Vmax
for dopamine transport. The nicotine-induced increase in [3H]dopamine uptake into striatal
synaptosomes was not accompanied by an increase in the total amount of dopamine transporter
protein, as indicated by [3H]GBR 12935 binding and immunoblotting methods. Furthermore,
the biotinylation and subfractionation results revealed no change in the cellular distribution of
dopamine transporter in striatum following nicotine administration compared with saline
administration. In contrast, methamphetamine decreased cell-surface expression of the
dopamine transporter compared with the saline-control group, similar to results reported in
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previous studies (Kahlig et al., 2004,2006;Saunders et al., 2000). The results with
methamphetamine indicate that the biotinylation and immunoblotting assay utilized in the
current study provides an accurate measure of changes in the cellular localization of the
dopamine transporter. Taken together, the current results suggest that the nicotine-induced
increase in Vmax for [3H]dopamine uptake in vitro and the nicotine-induced increase in
dopamine clearance in vivo are not due to alterations in the cellular localization of the dopamine
transporter in striatum, but are due to a trafficking-independent mechanism.

Previous research using in vivo voltammetry revealed that nicotine increased exogenous
dopamine clearance in striatum in anesthetized rats (Middleton et al., 2004). The nicotine-
induced increase in dopamine clearance was dose dependent with the 0.32 mg/kg dose
increasing clearance by ~60%. Nicotine increased dopamine clearance 15 min following
nicotine administration, and the increase in clearance persisted for one hour post-injection
(Middleton et al., 2004). Consistent with the latter study, results from the current study show
a 25% increase in Vmax for [3H]dopamine uptake into striatal synaptosomes; however,
differences in the results between the two studies are noted. The percent increase in Vmax for
[3H]dopamine uptake in the current study was lower than the percent increase in dopamine
clearance observed in the previous in vivo voltammetry studies. Furthermore, dopamine
transporter function in the current study was increased by nicotine at 10 and 40 min post-
injection and was back to saline-control levels by 60 min, whereas the effect of nicotine was
still apparent at 60 min in the previous in vivo voltammetry studies. Differences in the
magnitude and duration of nicotine effect on dopamine transporter function between the two
assays may be explained in part by the fact that dopamine clearance in the in vivo voltammetry
assays is measured in localized areas of striatum, whereas the in vitro assay utilizes the entire
striatum, potentially diluting localized changes in function. In this regard, results from in
vivo voltammetry studies show that the striatum is heterogeneous with respect to dopamine
clearance, which may be related to variations in the density of the dopamine transporter (Ciliax
et al., 1995). Thus, the smaller magnitude of nicotine effect in the synaptosomal preparation
may be due to an averaging of effect across this heterogeneous brain region. Furthermore,
differences between the assays, including use of anesthetic and repeated exposure to exogenous
dopamine in the in vivo studies, may have contributed to the observed differences in the
magnitude and duration of the effect of nicotine on dopamine transporter function.

In the current in vitro studies, the time course showed that nicotine increased [3H]dopamine
uptake at the 40-min time point, but not at the 60-min time point. There are several potential
explanations for the lack of effect of nicotine at 60 min in the in vitro studies. One possibility
is that changes in [3H]dopamine efflux in vitro at the 60 min time (i.e., rundown of the [3H]
dopamine) may have contributed to the loss of the nicotine effect on Vmax in the in vitro uptake
assay. However, rats were injected with nicotine and after either 5 min, 10 min, 40 min or 60
min, the striatum was obtained and synaptosomes were prepared. In each of the experiments
(at each time point), aliquots of the synaptosomes were incubated with the same range of
concentrations of [3H]dopamine for the same period of time (10 min), and then [3H]dopamine
uptake was terminated by dilution and filtration. Thus, the duration of the in vitro uptake assays
was consistent across the groups, such that [3H]dopamine rundown would be expected to be
the same at each time point following nicotine administration; consequently, this likely does
not explain the lack of effect of nicotine on Vmax at the 60-min time point.

An alternative explanation for the lack of effect of nicotine at the 60-min time point is that
changes in endogenous dopamine efflux in response to nicotine may have altered dopamine
transporter function. Ahtee and colleagues have reported that striatal dopamine release is
increased modestly for an extended period (>60 min) after s.c. nicotine administration in awake
rats (Janhunen et al., 2005). Furthermore, nicotine administration (s.c.) increased striatal
dopamine transporter function (measured using in vivo voltammetry in anesthetized rats) across
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a 60-min period (Middleton et al., 2004). Thus, in both dopamine clearance and dopamine
release assays performed in vivo, nicotine effects on dopamine transporter function and
dopamine efflux are sustained across a 60 min period. Ghosheh et al (1999) demonstrated that
peak nicotine brain levels occur by 5 min after peripheral injection and that the half-life of
nicotine in rat brain is 52 min. The inability to observe the effect of nicotine at the 60 min time
point in the current in vitro study may be due to decreasing levels of nicotine in brain at the
60-min time point in combination with further decrements in nicotine levels resulting from the
preparation of synaptosomes for in vitro dopamine uptake. Thus, insufficient levels of nicotine
in brain may have contributed to the inability to observe an effect of nicotine dopamine
transporter function in vitro at the 60-min time point.

Although in vivo nicotine administration results in an increase in striatal dopamine transporter
function as demonstrated using in vivo voltammetry and in vitro synaptosomal [3H]dopamine
uptake, previous results show that when striatum is exposed to nicotine in vitro, there is no
effect on [3H]dopamine uptake (Carr et al., 1989;Zhu et al., 2003). These contrasting findings
may be due to the effect of nicotine at the dopaminergic cell body or upon the neuronal circuitry,
which has been interrupted during the preparation of striatal slices or synaptosomes.

Several studies have shown that dopamine transporter undergoes internalization and recycling,
which may involve dynamin-clathrin mediated pathways and multiple protein-protein
interactions, such as syntaxin-1A, protein phosphatase 2A, protein interacting with C kinase 1
and synuclein (Lee et al. 2004;Melikian, 2004;Torres et al., 2003;Zahniser and Doolen,
2001). Changes in dopamine transporter surface expression have been shown to be induced by
psychostimulants or protein kinase C activation, and such changes correlate with alterations
in [3H]dopamine uptake in striatum (Chi and Reith, 2003;Copeland et al. 1996;Vaughan et al.,
1997) and in cell systems expressing the dopamine transporter (Kahlig et al., 2004,2006;Little
et al., 2002;Pristupa et al. 1998). The previous studies used biotinylation and subfractionation
approaches to show drug-induced changes in dopamine transporter cellular localization. One
mechanism by which the nicotine-induced increase in dopamine transporter function may occur
is via the trafficking of the dopamine transporter to the cell surface. Recent studies have used
biotinylation to determine dopamine transporter distribution in total plasma membrane and
intracellular fractions in rat striatal synaptosomes (Chi and Reith, 2003;Salvatore et al.,
2003;Zhu et al., 2005). To evaluate this potential mechanism, cell surface biotinylation and
subfractionation approaches were employed in the current study to assess dopamine transporter
cellular localization in striatum. However, the biotinylation assay revealed no differences in
dopamine transporter cellular localization between the nicotine-treated and saline-control
groups; this finding was further confirmed using the subfractionation approach. Thus, it appears
that the nicotine-induced increase in dopamine transporter function in striatum may occur
via a trafficking-independent mechanism.

Alterations in transporter function in the absence of changes in transporter trafficking have
been reported previously (Apparsundaram et al., 2001;Zhu et al., 2005). Specifically, insulin
increases norepinephrine transporter function without a change in transporter cellular
localization (Apparsundaram et al., 2001). Similarly, p38 mitogen-activated protein kinase
stimulation of the serotonin transporter was also recently shown to occur via a trafficking-
independent mechanism (Zhu et al., 2005), suggesting that multiple pathways exist to regulate
neurotransmitter transporter function.

Nicotine has been shown to activate several different second messenger pathways. For
example, nicotine releases nitric oxide from rat hippocampal slices (Smith et al., 1998).
Nicotine-induced nitric oxide release is inhibited by α-bungarotoxin, suggesting the
involvement of calcium permeable α7 nicotinic receptors. Also, nicotinic receptor activation
induces extracellular signal-regulated kinase phosphorylation in pheochromocytoma PC 12
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cells (Nakayama et al., 2001) and alters calmodulin and mitogen-activated protein kinase
function (Hu et al., 2002). Additional mechanistic insight is needed because of the fact that
Vmax for [3H]dopamine uptake is increased, while total dopamine transporter protein (assessed
by binding) and cell surface expression (assessed in biotinylation and subfractionation studies)
are not increased. The specific underlying cellular mechanism(s) responsible for the nicotine-
induced increase in Vmax for [3H]dopamine uptake may be due to dopamine transporter
phosphorylation through a kinase or phosphatase. Recently, the nitric oxide pathway has been
implicated in increasing dopamine transporter function in striatum in studies using rotating
disk electrode voltammetry (Volz and Schenk, 2004). It is possible that such signaling
mechanisms may be involved in the nicotine-induced increase in dopamine transporter function
without altering cell surface localization of dopamine transporter.
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Fig 1. Nicotine administration increases the Vmax for [3H]dopamine uptake in striatal
synaptosomes
Rats were injected with nicotine (0.32 mg/kg, s.c.; open bars) or saline (control, CON; hatched
bar), and synaptosomes were prepared 5, 10, 40 or 60 min post-injection. Specific [3H]
dopamine uptake for the 5, 10, 40 and 60 min saline-control groups was 32.8 ± 1.66, 29.7 ±
1.18, 27.8 ± 1.45, and 33.2 ± 1.72 pmol/mg/min, respectively. ANOVA revealed that [3H]
dopamine uptake was not different among the saline-control groups across the time points, and
thus, these data were pooled for statistical analysis and graphical presentation. Nicotine
increased the Vmax for [3H]dopamine uptake at 10 and 40 min following nicotine injection
compared to the pooled saline control. Data are expressed as mean ± S.E.M. percentage of the
pooled saline-control group. * indicates significant difference from the pooled saline-control
group, P < 0.05; n = 6/group.
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Fig 2. Methamphetamine administration decreases the distribution of striatal dopamine
transporters to the cell surface
Representative immunoblots (top panel) for dopamine transporters (DAT) and β-actin in non-
biotinylated (NB) and biotinylated (BIOT) fractions of striatal synaptosomes obtained 30 min
following methamphetamine (METH; 5 mg/kg, s.c.) or saline injection. Group data (mean ±
S.E.M, n=6/group) for dopamine transporter immunoreactivity in nonbiotinylated and
biotinylated fractions are presented as a percentage of the saline control group (bottom
panel). Dopamine transporter immunoreactivity for nonbiotinylated and biotinylated fractions
for the saline control group were 200 ± 19.7, and 40.3 ± 3.47 × 103 arbitrary units, respectively.
Dopamine transporter immunoreactivity for nonbiotinylated and biotinylated fractions for the
methamphetamine group were 173 ± 20.3, and 25.6 ± 4.49 × 103 arbitrary units, respectively.
Immunoreactive bands were within the linear range of detection. Biotinylation assays used β-
actin as a control for protein loading. * indicates difference from the time-matched saline
control group, P < 0.05 (Student’s t test).
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Fig 3. Nicotine does not alter the cellular distribution of the dopamine transporter in striatum 10
or 40 min following nicotine administration, when assessed using the biotinylation assay
Representative immunoblots (Top panel) for dopamine transporter (DAT), protein phosphatase
2A (PP2A), calnexin and β-actin in nonbiotinylated (NB) and biotinylated (BIOT) fractions
of striatal synaptosomes obtained 10 and 40 min following nicotine (0.32 mg/kg; s.c.) or saline
(control) injection. Group data (mean ± S.E.M, n = 5/group) for dopamine transporter
immunoreactivity in nonbiotinylated and biotinylated fractions are presented as a percentage
of the respective, time-matched saline-control group (Bottom panel). Dopamine transporter
immunoreactivity for total, nonbiotinylated and biotinylated fractions for the 10 min saline-
control group was 8.15 ± 0.46, 4.19 ± 0.24 and 3.95 ± 0.64 arbitrary units × 107, respectively.
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Dopamine transporter immunoreactivity for total nonbiotinylated and biotinylated fractions
for the 40 min saline control group was 8.11 ± 0.60, 3.97 ± 0.13 and 4.13 ± 0.55 arbitrary units
× 107, respectively. Immunoreactive bands were within the linear range of detection.
Biotinylation assays used β-actin as a control for protein loading. Protein phosphatase 2A and
calnexin were used to monitor biotinylation of proteins located in intracellular compartments;
these proteins were found predominantly in the nonbiotinylated fractions.
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Fig 4. Nicotine does not alter the cellular distribution of the dopamine transporter in striatum 10
or 40 min following nicotine administration, when assessed using the subfractionation assays
Representative immunoblots of dopamine transporter (DAT), protein phosphatase 2A (PP2A),
calnexin and β-actin in total, LP1 (synaptic plasma membrane) and LP2 (vesicular) fractions
of striatal synaptosomes from nicotine (0.32 mg/kg; s.c.) or saline-injected rats 10 and 40 min
post-injection (Top panel). Group data for dopamine transporter are expressed as the LP1/LP1
+LP2 ratio at 10 and 40 min following nicotine or saline injection (Bottom panel). The LP1/
LP1+LP2 ratio represents the fraction of dopamine transporter in the plasma membrane as a
percent of the dopamine transporter in the plasma membrane plus the vesicular fraction. Data
are presented as mean ± S.E.M, n = 5/group. The levels of dopamine transporter-
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immunoreactivity in total fractions were 16.8 ± 2.37 (NIC, 10 min), 18.0 ± 1.34 (saline, 10
min), 15.2 ± 1.92 (NIC, 40 min) and 13.8 ± 1.36 (saline, 40 min) expressed as arbitrary units
× 105. Immunoreactive bands were within the linear range of detection. β-Actin was used as a
control for protein loading.
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Table 1
Nicotine (0.32 mg/kg, s.c.) pretreatment does not alter [3H]GBR 12935 binding to rat striatal membranes.

Bmax (pmol/mg protein) Kd (μM)
Time (min) SALINE NICOTINE SALINE NICOTINE

5 183 ± 22 192 ± 33 3.3 ± 0.4 4.6 ± 1.0
10 290 ± 35 195 ± 32 5.3 ± 1.0 4.4 ± 0.5
40 277 ± 69 229 ± 37 4.8 ± 1.0 5.0 ± 0.7

Data are expressed as Mean ± S.E.M, n = 4–9/group.
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