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ABSTRACT
Previous research shows that nicotine increases dopamine (DA)
clearance in rat prefrontal cortex (PFC) and striatum via a
nicotinic receptor (nAChR)-mediated mechanism. The present
study investigated whether activation of nAChRs regulates DA
transporter (DAT) function through a trafficking-dependent
mechanism. After nicotine administration (0, 0.3, and 0.8 mg/kg
s.c., 15–1440 min after injection), DAT function and trafficking
in synaptosomes of PFC and striatum were determined. nAChR
mediation of the effect of nicotine on DAT function and
trafficking in PFC was determined by pretreatment with
mecamylamine, dihydro-�-erythroidine, or methyllycaconitine.
Nicotine (0.8 mg/kg, 15 and 30 min after injection) increased the
maximal velocity (Vmax) of [3H]DA uptake in PFC with no change
in Km, compared with control. Biotinylation and Western blot

assays showed that nicotine (0.8 mg/kg; 30 min) increased DAT
cell surface expression in PFC. In contrast, a lower dose of
nicotine (0.3 mg/kg; 30 min) did not alter DAT function and
trafficking in PFC. Pretreatment with mecamylamine, dihydro-
�-erythroidine, or methyllycaconitine (1.5, 8.0, and 10.0 mg/kg
s.c., respectively) completely blocked the nicotine-induced in-
crease in Vmax in PFC. In addition, mecamylamine completely
blocked the nicotine-induced increase in DAT cell surface ex-
pression in PFC. Nicotine did not increase DAT function and
cell surface expression in striatum, indicating that nicotine
modulates DAT function in a brain region-specific manner.
Thus, results from the present study suggest that the nicotine-
induced increases in DAT function and cell surface expression
in PFC may mediate some of the behavioral effects of nicotine.

Nicotine, a psychostimulant and the major alkaloidal con-
stituent in tobacco, is believed to be responsible for the re-
ward associated with tobacco use. Nicotine stimulates dopa-
mine (DA) release from its presynaptic terminals by acting as
an agonist at nicotinic acetylcholine receptors (nAChRs) lo-
cated on dopaminergic cell bodies and terminals in both the
mesocorticolimbic and nigrostriatal systems (Clarke and
Pert, 1985). nAChRs are composed of � (�2–�10) and � (�2–
�4) subunits, which assemble into pentameric structures
(Anand et al., 1991); however, only �3 to �7 and �2 to �4
subunits are expressed in DA neurons (Klink et al., 2001).
The exact composition of nAChR subtypes mediating nico-
tine-evoked DA release is controversial, although �4�2-,

�6�2-, �4�6�2-, �4�6�2�3-, �6�2�3-, and �4�5�2-containing
nAChRs may be involved (Salminen et al., 2004, 2007;
Scholze et al., 2007).

Extracellular DA concentrations are the net result of re-
lease (exocytosis) and clearance (uptake) from the extra-
cellular space. Uptake through the plasma membrane DA
transporter (DAT) is the primary mechanism for regulation
of extracellular DA concentration and, thus, the most effec-
tive means of terminating DA actions at postsynaptic and
presynaptic receptors (Gainetdinov and Caron, 2003). Acute
administration of nicotine has been shown to increase DAT
function (i.e., enhance DA clearance) in striatum, nucleus
accumbens (NAc), and PFC via an nAChR-mediated mecha-
nism (Hart and Ksir, 1996; Middleton et al., 2004). Nicotine-
induced increases in DA clearance would result in decreases
in extracellular DA concentrations, thus tending to compen-
sate for the nicotine-induced enhancement of DA release.

The clearance efficiency of DAT is governed by the trans-
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port rate of individual transporters, the number of transport-
ers on the neuronal cell surface, and the modulation of cell
surface transporter expression (Sorkina et al., 2005). DAT
cell surface expression and activity are regulated by multiple
receptor signal transduction pathways and interactions with
cytosolic proteins (Bjerggaard et al., 2004; Melikian, 2004).
In addition, DAT trafficking is regulated by substrates and
inhibitors, i.e., exposure to DA or amphetamine decreases
DAT cell surface expression (Chi and Reith, 2003; Kahlig et
al., 2004), whereas cocaine exposure increases DAT cell sur-
face expression in rat NAc (Daws et al., 2002). Thus, the
shuttling of DAT protein between intracellular compart-
ments and the plasma membrane is regulated by a number of
different mechanisms.

Different mechanisms also probably underlie the effects of
various psychostimulants on DAT function and trafficking.
For example, in vivo voltammetry studies show that cocaine
and amphetamine decrease DAT function (Zahniser et al.,
1999), whereas nicotine increases DAT function (Hart and
Ksir, 1996; Middleton et al., 2004). nAChR modulation of
DAT function also is supported by results showing that
nAChR stimulation augments amphetamine-induced reverse
transport of DA by DAT in rat PFC slices, but not in striatum
(Drew et al., 2000). Thus, in addition to stimulating DA
release from presynaptic terminals, nAChRs modulate DAT
function to regulate extracellular DA concentration.

Although nicotine has been shown to increase DAT func-
tion, the molecular mechanisms underlying this effect have
not been elucidated. Moreover, previous results show that in
vitro exposure to nicotine does not alter [3H]DA uptake into
striatal synaptosomes (Carr et al., 1989; Zhu et al., 2003),
suggesting that nicotine does not interact directly with the
transporter to augment function. The current study deter-
mined whether the effect of nicotine to enhance DAT function
is mediated by alterations in DAT trafficking. Thus, effects of
acute systemic nicotine administration on synaptosomal
[3H]DA uptake and DAT trafficking in PFC and striatum
were determined. To determine the involvement of nAChRs,
the ability of nAChR antagonists to inhibit the effect of
nicotine on [3H]DA uptake and DAT trafficking in PFC also
was investigated.

Materials and Methods
Materials. Antibodies recognizing rat DAT (C-20; goat polyclonal

antibody) and protein phosphatase 2A (PP2A; sc-13601; mouse
monoclonal antibody) were purchased from Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA). Anti-Syntaxin 1A antibody (HPC-1;
mouse monoclonal antibody), �-actin (A 5441, mouse monoclonal
antibody), and anti-mouse IgG horseradish peroxidase (HRP) were
purchased from Sigma-Aldrich (St. Louis, MO). Anti-goat IgG HRP
and anti-mouse IgG HRP were purchased from Jackson ImmunoRe-
search Laboratories Inc. (West Grove, PA). Sulfosuccinimidobiotin
(sulfo-NHS-biotin) and immunoPure immobilized monomeric avidin
gel were purchased from Pierce Chemical (Rockford, IL). Paroxetine
hydrochloride was a generous gift from Beecham Pharmaceuticals
(Surrey, UK). Desipramine hydrochloride, nomifensine maleate,
S(�)-nicotine ditartrate (nicotine), mecamylamine, methyllycaconi-
tine (MLA), dihydro-�-erythroidine (DH�E), pargyline, and ascorbic
acid were purchased from Sigma-Aldrich. D-Glucose was purchased
from Aldrich Chemical Co. (Milwaukee, WI). [3H]DA (3,4-ethyl-2
[N-3H] dihydroxyphenylethylamine; specific activity, 31 Ci/mmol)
and [3H]WIN 35,428 (85 Ci/mmol) were purchased from Perkin-

Elmer Life and Analytical Sciences (Waltham, MA). All other chem-
icals were purchased from Thermo Fisher Scientific (Waltham, MA).

Subjects. Adult male, Sprague-Dawley rats (body weight, 200–
225 g) were obtained from Harlan (Indianapolis, IN) and were
housed in standard polyurethane cages with free access to food and
water. The colony room was maintained at 24°C and 45% humidity,
with lights on from 7:00 A.M. to 12:00 PM. The experimental proce-
dures were approved by the University of Kentucky Institutional
Animal Care and Use Committee and conformed to the Guide for
Care and Use of Laboratory Animals (Institute of Laboratory Animal
Resources, 1996).

Drug Administration. For dose-response analysis, rats were
administered nicotine (0.3 and 0.8 mg/kg freebase s.c.) or saline (1
ml/kg s.c.), and 30 min later, brain regions (PFC and striatum) were
obtained. Doses of nicotine were chosen based on our previous re-
ports showing dose-related effects of nicotine on DAT function using
in vivo voltammetry (Middleton et al., 2004). In the time course
experiments in the current study, rats were administrated nicotine
(0.8 mg/kg s.c.) or saline, and brain regions (PFC and striatum) were
obtained at 15, 30, 45, 60, and 1440 min after injection. A previous
study (de Fiebre et al., 1991) reported that the high dose of nicotine
(0.8 mg/kg) used in the current study produced seizures. However,
nicotine-induced seizures were not observed during the 24-h obser-
vation period in the current study. Differences are noted between the
current study, in which male Sprague-Dawley rats were adminis-
tered nicotine subcutaneously, and that of de Fiebre et al. (1991), in
which inbred lines of alcohol-sensitive female rats were used, and
nicotine was administered intraperitoneally. Thus, differences in
strain, sex, and route of administration may be responsible for the
differential sensitivity to nicotine with respect to seizure induction.

To determine whether nAChRs mediate the effect of nicotine to
enhance DAT function, rats were administered mecamylamine (1.5
mg/kg s.c., salt weight) or saline 20 min before nicotine (0.8 mg/kg
s.c.). The dose of mecamylamine was chosen based on our previous in
vivo voltammetry studies, in which this dose completely blocked the
effect of nicotine on DA clearance in medial prefrontal cortex (mPFC)
and striatum (Middleton et al., 2004). In the current study, rats were
randomly assigned to four treatment groups (saline/saline, saline/
nicotine, mecamylamine/saline, and mecamylamine/nicotine). To
further determine the nAChR subtype(s) mediating the nicotine-
induced enhancement of DAT function, in separate experiments, rats
were pretreated 15 min before nicotine (0.8 mg/kg s.c.) or saline
administration with DH�E (8.0 mg/kg salt weight s.c.), an antago-
nist at �2-containing nAChRs, or with MLA (10.0 mg/kg salt weight
s.c.), an antagonist at �7-containing nAChRs, using the same design
as described for the mecamylamine antagonism study. DH�E and
MLA doses were chosen based on previous studies showing antago-
nist-induced decreases in i.v. nicotine self-administration (Watkins
et al., 1999; Markou and Paterson, 2001). All drugs were dissolved in
saline and prepared immediately before injection; pH was adjusted
to 7.0 with 1 M NaOH.

[3H]DA Uptake Assay. To determine the effect of nicotine ad-
ministration on DAT function in PFC and striatum, the kinetic
parameters (Vmax and Km) of synaptosomal [3H]DA uptake were
determined using a previously published method (Zhu et al., 2004).
Brain regions from each rat were homogenized immediately in 20 ml
of ice-cold sucrose solution (0.32 M sucrose and 5 mM sodium bicar-
bonate, pH 7.4) with 16 passes of a Teflon pestle homogenizer.
Homogenates were centrifuged at 2000g for 10 min at 4°C, and
resulting supernatants were centrifuged at 20,000g for 15 min at
4°C. Resulting pellets from PFC and striatum were resuspended in
4.8 and 3.0 ml, respectively, of ice-cold assay buffer (125 mM NaCl,
5 mM KCl, 1.5 mM MgSO4, 1.25 mM CaCl2, 1.5 mM KH2PO4, 10 mM
glucose, 25 mM HEPES, 0.1 mM EDTA, 0.1 mM pargyline, and 0.1
mM L-ascorbic acid, saturated with 95% O2/5% CO2, pH 7.4). Non-
specific [3H]DA uptake in PFC and striatum was determined in the
presence of 10 �M nomifensine.

Because DA is transported by DAT, the norepinephrine trans-
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porter (NET), and the serotonin transporter (SERT) in PFC (Morón
et al., 2002; Williams and Steketee, 2004), kinetic analysis of [3H]DA
uptake by DAT in the PFC was assessed in the presence of desipra-
mine (1 �M) and paroxetine (5 nM) to prevent [3H]DA uptake into
norepinephrine- and serotonin-containing nerve terminals, respec-
tively, thereby isolating uptake of DA into DAT (Zhu et al., 2004).
Desipramine is a potent reuptake inhibitor at NET with an IC50

value of 1.2 nM, whereas desipramine has a lower potency inhibiting
DA uptake at DAT (IC50 � 9.3 �M; Roubert et al., 2001). At 1 �M
concentration, desipramine does not exhibit an inhibitory effect on
[3H]DA uptake into rat striatal synaptosomes, which are rich in DAT
protein relative to PFC (Zhu et al., 2004). Paroxetine is a potent
serotonin reuptake inhibitor (IC50 � 0.3 nM) that has low potency for
inhibiting DA uptake at DAT (IC50 � 50 �M; Nemeroff and Owens,
2003; Norrholm et al., 2007). In the current study, the potential role
of NET in DA uptake in PFC from rats administered nicotine or
saline was determined. Kinetic analysis of [3H]DA uptake by NET
was assessed in the presence of GBR 12909 (50 nM) and paroxetine
(5 nM) to prevent [3H]DA uptake into DA- and serotonin-containing
nerve terminals, respectively, thereby isolating uptake of DA into
NET. For these experiments, nonspecific uptake of [3H]DA into NET
was determined in the presence of 1 �M desipramine.

PFC and striatal synaptosomes containing �150 �g protein/100 �l
and �50 �g protein/30 �l, respectively, were incubated in a meta-
bolic shaker for 5 min at 34°C and then incubated for 10 min at 34°C
after adding one of 10 [3H]DA concentrations (0.1 nM–5 �M) in a
500-�l total volume. To determine the effect of in vitro nicotine
exposure on synaptosomal [3H]DA uptake in PFC, synaptosomes
were incubated with nicotine (1 nM–10 �M) for 5 min, and then 0.1
�M [3H]DA (final concentration, in 50 �l) was added, and incubation
continued for 10 min.

Incubation was terminated by the addition of 3 ml of ice-cold assay
buffer, followed by immediate filtration through Whatman GF/B
glass fiber filters (presoaked with 1 mM pyrocatechol for 3 h). Filters
were washed three times with 3 ml of ice-cold buffer containing
pyrocatechol using a Brandel cell harvester (model MP-43RS; Bran-
del Inc., Gaithersburg, MD). Radioactivity was determined by liquid
scintillation spectrometry (model B1600TR; PerkinElmer Life and
Analytical Sciences). Protein concentrations were determined, with
bovine serum albumin as the standard. Kinetic parameters (Vmax

and Km) were determined using the commercially available Graph-
Pad Prism 4.0 program (GraphPad Software Inc., San Diego, CA).

[3H]WIN 35,428 Binding Assay. Brain regions were homoge-
nized in 80 volumes (w/v) of ice-cold sodium-phosphate buffer (2.1
mM NaH2PO4, 7.3 mM Na2HPO4 � 7H2O, 320 mM sucrose, pH 7.4)
with seven passes of a Teflon pestle homogenizer. Homogenates were
centrifuged at 40,000g for 20 min at 4°C, and resulting pellets were
washed twice by resuspension in ice-cold buffer and centrifuged at
40,000g at 4°C for 20 min. Final pellets from PFC and striatum were
resuspended in fresh buffer at a concentration of 10 mg/ml original
wet weight and homogenized using a Polytron homogenizer (Brink-
mann Instruments, Westbury, NY; setting 5 for 15 s). Saturation
binding assays were conducted in duplicate in a final volume of 250
�l for PFC and 500 �l for striatum, containing membrane homoge-
nate (185–200 �g protein/200 �l and 35–40 �g/100 �l for PFC and
striatum, respectively). Samples were incubated with seven concen-
trations of [3H]WIN 35,428 (0.1–30 nM) on ice for 2 h. Nonspecific
binding was determined in the presence of 10 �M cocaine. Assays
were terminated by rapid filtration onto Whatman GF/B glass fiber
filters, presoaked for 2 h with assay buffer containing 0.5% polyeth-
ylenimine. Filters were washed three times with 4 ml of ice-cold
assay buffer. Radioactivity remaining on the filters was determined
using the liquid scintillation spectrometry (model B1600TR; Perkin-
Elmer Life and Analytical Sciences).

Biotinylation and Western Blot Assay. Biotinylation assays
were performed as described previously (Zhu et al., 2005). Synapto-
somes from PFC (2500 �g protein/sample) and striatum (500 �g
protein/sample) were incubated for 1 h at 4°C with sulfo-NHS-biotin

and continual shaking in 500 �l of 1.5 mg/ml sulfo-NHS-biotin in
PBS/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 incuba-
tion, samples were centrifuged at 8000g for 4 min at 4°C. To remove
the free sulfo-NHS-biotin, the resulting pellets were resuspended
and centrifuged three times with 1 ml of ice-cold 100 mM glycine in
PBS/Ca/Mg buffer and centrifuged at 8000g for 4 min at 4°C. Final
pellets were resuspended in 1 ml of ice-cold 100 mM glycine in
PBS/Ca/Mg buffer and incubated with continual shaking for 30 min
at 4°C. Samples were centrifuged subsequently at 8000g for 4 min at
4°C, the resulting pellets were resuspended in 1 ml of ice-cold PBS/
Ca/Mg buffer, and the resuspension and centrifugation step was
repeated twice. Final pellets were lysed by sonication for 2 to 4 s in
300 �l of Triton X-100 buffer (10 mM Tris, 150 mM NaCl, 1 mM
EDTA, 1.0% Triton X-100, 1 �g/ml aprotinin, 1 �g/ml leupeptin, 1
�M pepstatin, 250 �M phenylmethysulfonyl fluoride, pH 7.4), fol-
lowed by incubation and continual shaking for 20 min at 4°C. Ly-
sates (300 �l) were centrifuged at 21,000g for 20 min at 4°C. Pellets
were discarded, and 100 �l of the supernatants was stored at �20°C
for determination of immunoreactive DAT in the total synaptosomal
fraction. Remaining supernatants were incubated with continuous
shaking in the presence of monomeric avidin beads in Triton X-100
buffer (100 �l/tube) for 1 h at room temperature. Samples were
centrifuged subsequently at 17,000 g for 4 min at 4°C, and superna-
tants (containing the nonbiotinylated, intracellular protein fraction)
were stored at �20°C. The efficiency of avidin to isolate the biotin-
ylated and nonbiotinylated proteins across the protein range in the
synaptosomal extract was verified using the avidin-conjugated anti-
body. The avidin-conjugated antibody showed that biotinylated pro-
teins were completely absorbed by the avidin and were not present in
the supernatant. Resulting pellets containing the avidin-absorbed
biotinylated proteins (cell-surface fraction) were resuspended in 1 ml
of 1.0% Triton X-100 buffer and centrifuged at 17,000g for 4 min at
4°C, and pellets were resuspended and centrifuged twice. Final pel-
lets consisted of the biotinylated proteins adsorbed to monomeric
avidin beads. Biotinylated proteins were eluted by incubating with
50 �l of Laemmli buffer (62.5 mM Tris-HCl, 20% glycerol, 2% SDS,
0.05% �-mercaptoethanol, and 0.05% bromphenol blue, pH 6.8) for
20 min at room temperature. Samples were stored at �20°C.

To obtain immunoreactive DAT protein in total synaptosomal,
intracellular, and cell surface fractions, samples were thawed and
subjected to gel electrophoresis and Western blotting. Proteins were
separated by 10% SDS-polyacrylamide gel electrophoresis for 90 min
at 150 V and transferred to Immobilon-P transfer membranes
(0.45-�m pore size; Millipore Corporation, Billerica, MA) in transfer
buffer (50 mM Tris, 250 mM glycine, 3.5 mM SDS) using a Mini
Trans-Blot Electrophoretic Transfer Cell (Bio-Rad, Hercules, CA) for
110 min at 72 V. Transfer membranes were incubated with blocking
buffer (5% dry milk powder in PBS containing 0.5% Tween 20) for 1 h
at room temperature, followed by incubation with goat polyclonal
DAT antibody (1 �g/ml in blocking buffer) overnight at 4°C. Transfer
membranes were washed five times with wash buffer (PBS contain-
ing 0.5% Tween 20) at room temperature and then incubated with
rabbit anti-goat DAT antibody (1:2500 dilution in blocking buffer) for
1 h at 22°C. Blots on transfer membranes were detected using
enhanced chemiluminescence and developed on Hyperfilm (ECL-
plus; Amersham Bioscience UK Ltd., Chalfont St. Giles, UK). After
detection and quantification of DAT protein, each blot was stripped
in 10% Re-blot plus mild antibody stripping solution (Chemicon,
Temecula, CA) for 20 min at room temperature and reprobed for
detection of PP2A, syntaxin 1A, and �-actin.

PP2A, �-actin, and syntaxin 1A were used as control proteins to
monitor differences in the intactness of the sample preparation be-
tween nicotine- and saline-treated groups and to monitor protein
loading between samples. PP2A and �-actin are predominantly lo-
cated in the intracellular compartment, and syntaxin 1A is a plasma
membrane protein. Because of the potential presence of broken mem-
brane fragments and leaky synaptosomes in crude synaptosomal
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preparations, the membrane-impermeant biotinylation reagent was
expected to produce some degree of biotinylation of the control pro-
teins associated with the intracellular compartment. Hence, these
proteins were monitored mainly to report differences in the intact-
ness of the synaptosomal preparations between the nicotine- and
saline-treated groups. PP2A, �-actin, and syntaxin 1A were deter-
mined using mouse monoclonal PP2A antibody (1:1000 dilution in
blocking buffer), mouse monoclonal syntaxin 1A antibody (1:5000
dilution in blocking buffer), and mouse monoclonal �-actin antibody
(1:1000 dilution in blocking buffer), respectively. Multiple autoradio-
graphs were obtained using different exposure times, and immuno-
reactive bands within the linear range of detection were quantified
by densitometric scanning using Scion image software (Scion Corpo-
ration, Frederick, MD). Band density measurements, expressed as
relative optical density, were used to determine levels of DAT in the
total synaptosomal fraction, the intracellular fraction (nonbiotiny-
lated), and the cell surface fraction (biotinylated).

Data Analysis. Data are presented as mean � S.E.M., and n
represents the number of independent experiments for each treat-
ment group. To analyze the kinetic parameters, Vmax and Km, for
[3H]DA uptake and the parameters, Bmax and Kd, for [3H]WIN
34,428 binding in nicotine-treated and saline-control groups, sepa-
rate unpaired Student’s t tests were performed. Log-transformed Km

and Kd values were used for statistical analyses. To determine the
dose-related effect of nicotine on [3H]DA uptake, one-way ANOVA
was conducted on Vmax values and on log-transformed Km values
from PFC and striatum. To determine the time-related effect of
nicotine in PFC, a one-way ANOVA also was performed using Vmax

values for [3H]DA uptake. To determine the effect of nicotine on DAT
distribution, separate one-way ANOVAs were conducted on DAT
immunoreactivity for each subcellular fraction [total synaptosomal
fraction, intracellular fraction (nonbiotinylated) and cell surface
fraction (biotinylated)]. To determine the ability of each nAChR
antagonist (mecamylamine, DH�E, or MLA) to inhibit effects of
nicotine on [3H]DA uptake and on DAT subcellular distribution,
separate two-way ANOVAs were performed with two between-group
factors (antagonist treatment and nicotine treatment). Simple effect
comparisons (unpaired Student’s t test) were made for post hoc
analyses. All statistical analyses were performed using SPSS (stan-
dard version 14.0; SPSS Inc., Chicago, IL), and differences were
considered significant at p � 0.05.

Results
Effect of Acute Nicotine Administration on Synapto-

somal [3H]DA Uptake in PFC and Striatum. To deter-
mine the effect of systemic administration of nicotine on
[3H]DA uptake into dopaminergic terminals in the PFC, ki-
netic analyses of synaptosomal [3H]DA uptake were per-
formed in the presence of specific inhibitors of NET and
SERT, i.e., desipramine and paroxetine, respectively. The
dose-related effects of nicotine (0, 0.3, and 0.8 mg/kg) on Vmax

and Km values for [3H]DA uptake in PFC and striatum ini-
tially were determined 30 min after injection. One-way ANO-
VAs revealed significant differences only for Vmax in PFC
(F2,23 � 5.13, p � 0.05). The low nicotine dose (0.3 mg/kg) did
not alter either Vmax (Fig. 1) or Km (PFC: nicotine, 23.1 � 2.7
nM and saline, 21.0 � 1.9 nM; striatum: nicotine, 28.2 � 3.9
nM and saline, 26.0 � 4.5 nM). The current results from
striatum with the low dose of nicotine are different from
those reported previously (Middleton et al., 2007), in which
nicotine (0.32 mg/kg s.c.) produced a small increase (23%) in
Vmax in striatum (for explanation of the discrepancy in the
results, see Discussion). In the current study, a higher dose of
nicotine (0.8 mg/kg) also did not alter Vmax (Fig. 1B) or Km

(nicotine, 18.9 � 2.4 nM and saline, 16.6 � 3.9 nM) in stria-

tum. However, the higher nicotine dose (0.8 mg/kg) resulted
in an 83 � 15% increase in Vmax in PFC compared with the
saline control (Fig. 1A), with no change in Km (nicotine,
14.4 � 1.5 nM and saline, 12.4 � 2.4 nM). Therefore, nicotine
dose-dependently increased the maximal velocity of DA up-
take in PFC, but not in striatum.

To determine whether the nicotine-induced increase in
[3H]DA uptake in PFC was time-dependent, the Vmax and Km

of [3H]DA uptake were determined 15 to 1440 min after
nicotine (0.8 mg/kg) or saline injection. At 15 and 30 min,
Vmax from the nicotine-treated group was increased (55 �
2.1% and 87 � 9.2%, respectively) compared with the respec-
tive saline-control group [15 min, t(12) � 2.3, p � 0.05; 30 min,
t(12) � 2.2; p � 0.05; unpaired Student’s t test, Fig. 2A], with
no change in Km at any time point (data not shown). How-
ever, nicotine (0.8 mg/kg) did not alter Vmax (Fig. 2B) or Km

(data not shown) in striatum at any time point evaluated.
To determine the role of NET in DA uptake in PFC after

nicotine or saline injection, [3H]DA uptake assays were con-
ducted in the presence of desipramine (1 �M) plus paroxetine
(5 nM) or GBR 12909 (50 nM) plus paroxetine (5 nM); par-
oxetine was used to inhibit SERT. Figure 3 shows that nico-
tine (0.8 mg/kg s.c., 30 min after injection) increased (31 �
1.7%) the Vmax of [3H]DA uptake under conditions in which
NET and SERT (i.e., desipramine plus paroxetine) were in-
hibited [t(12) � 2.6, p � 0.05, unpaired Student’s t test], with
no change in Km (nicotine, 21.2 � 5.0 nM; saline, 18.7 � 4.1
nM). In addition, nicotine did not alter Vmax when both DAT
and SERT (i.e., GBR 12909 plus paroxetine) were inhibited

Fig. 1. Nicotine dose-dependently increased the Vmax of [3H]DA uptake in
the prefrontal cortex, but not in the striatum. Nicotine (0, 0.3, and 0.8
mg/kg s.c.) was administered, and brain regions were obtained 30 min
later. Data from two independent control groups administered saline
contemporaneously with each nicotine dose were pooled for graphical
presentation. Kinetic analysis of synaptosomal [3H]DA uptake was de-
termined in the presence of desipramine (1 �M) and paroxetine (5 nM).
Vmax values (picomoles per milligram per minute) in the prefrontal cortex
(A) and striatum (B) are expressed as mean � S.E.M. Both brain regions
were obtained from each subject (n � 7 rats/treatment group). �, p � 0.05
different from saline-control group.
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(Fig. 3), with no change in Km (nicotine, 60.2 � 5.2 nM;
saline, 55.4 � 3.1 nM). To determine the effect of nicotine
exposure in vitro on [3H]DA uptake in PFC synaptosomes,
[3H]DA uptake assays were conducted during exposure to a
range of nicotine concentrations (1 nM–10 �M). Results re-
vealed that in vitro exposure to nicotine did not alter [3H]DA
uptake in PFC (data not shown).

Effect of Acute Nicotine Administration on DAT Sub-
cellular Distribution in PFC and Striatum. To deter-
mine whether the nicotine-induced increase in Vmax for
[3H]DA uptake in PFC was associated with an alteration in
DAT protein levels, saturation analysis of [3H]WIN 35,428
binding was performed to determine the maximal number
(Bmax) of DAT binding sites and affinity (Kd) in PFC and
striatum 30 min after nicotine (0.8 mg/kg s.c.) or saline
injection. No differences in Bmax and Kd between nicotine-
treated and saline-control groups were found in either PFC
or striatum (Table 1), suggesting that the nicotine-induced
increase in Vmax in PFC was not accompanied by a change in
DAT protein levels.

To determine whether the systemic nicotine-induced in-
crease in Vmax for [3H]DA uptake in PFC was associated with
an alteration of the subcellular distribution of DAT, biotiny-
lation and immunoblot assays were performed to assess cell
surface and intracellular DAT localization. Three subcellular
fractions were prepared from rat PFC and striatum 30 min
after nicotine (0, 0.3, and 0.8 mg/kg s.c.). The low dose (0.3
mg/kg) of nicotine did not alter DAT immunoreactivity in the
total synaptosomal fraction, the intracellular fraction (non-
biotinylated), or cell surface fraction (biotinylated) of PFC
compared with the saline-control group (data not shown).
Figure 4 shows that the higher dose (0.8 mg/kg) of nicotine
did not alter total synaptosomal DAT immunoreactivity;
however, an increase (32 � 2.5%) in DAT immunoreactivity
in the cell surface fraction and a decrease (34 � 3.1%) in the
intracellular fraction were found in the nicotine-treated
group compared with the saline-control group. In the stria-
tum, neither the low dose nor the high dose of nicotine al-
tered DAT immunoreactivity in the total synaptosomal frac-
tion, intracellular fraction, or the cell surface fraction
relative to the saline-control group (Fig. 5). There was no
significant difference between nicotine- and saline-treated
groups in the levels of control proteins, PP2A, �-actin, and
syntaxin 1A in the total synaptosomal fraction, intracellular
fraction (nonbiotinylated), and cell surface fraction (biotinyl-
ated). These results suggest that the nicotine-induced in-
crease in Vmax in PFC may be the result of DAT trafficking
from the intracellular pool to the cell surface of DA terminals
in the PFC.

Effect of nAChR Antagonists on Nicotine-Induced
Changes in [3H]DA Uptake and DAT Cell Surface Ex-
pression in PFC. To determine whether the nicotine-in-
duced increase in DAT function and DAT cell surface expres-
sion are mediated by nAChRs, the ability of mecamylamine
to inhibit these effects was determined. Groups of rats were
pretreated with mecamylamine (1.5 mg/kg s.c.) or saline and
20 min later treated with nicotine (0.8 mg/kg s.c.) or saline.
Thirty minutes after the last injection, PFC was obtained for

Fig. 3. Nicotine increased the Vmax of [3H]DA uptake via DAT, but not via
NET, in prefrontal cortex. Rats were injected with nicotine (0.8 mg/kg
s.c.) or saline, and prefrontal cortex was obtained 30 min later. To assess
DAT and NET function simultaneously, synaptosomes from two rats
treated either with nicotine or saline were pooled, and one half of the
pooled sample was used for the kinetic analysis of [3H]DA uptake via each
transporter. [3H]DA uptake via DAT was determined in the presence of 1
�M desipramine and 5 nM paroxetine. [3H]DA uptake via NET was
determined in the presence of 50 nM GBR 12909 and 5 nM paroxetine.
Vmax values (picomoles per milligram per minute) are expressed as
mean � S.E.M. n � 7 Independent experiments using pooled prefrontal
cortex from each treatment group. �, p � 0.05, different from saline
control.

Fig. 2. In a time-dependent manner, nicotine increased the Vmax of
[3H]DA uptake in the prefrontal cortex, but not in the striatum. Rats
received nicotine (0.8 mg/kg s.c.) or saline, and brain regions were ob-
tained at various times (15–1440 min) after injection. Kinetic analysis of
synaptosomal [3H]DA uptake in prefrontal cortex (A) was determined in
the presence of desipramine (1 �M) and paroxetine (5 nM) and in the
absence of these uptake inhibitors in striatum (B). Vmax values (picomoles
per milligram per minute) are expressed as mean � S.E.M. Both brain
regions were obtained from each subject (n � 7 rats/treatment group). �,
p � 0.05, different from the respective saline-control group.

TABLE 1
Nicotine (0.8 mg/kg s.c.) did not alter Bmax and Kd values for 	3H
WIN
35,428 binding in prefrontal cortex and striatum
Bmax and Kd data are presented as mean � S.E.M. for n � 5 independent experi-
ments/region/treatment group.

Bmax Kd

Saline Nicotine Saline Nicotine

fmol/mg protein nM

PFC 734 � 64 828 � 57 15.9 � 2.0 17.2 � 1.1
Striatum 1190 � 165 1290 � 110 69.0 � 8.9 64.0 � 7.6
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saturation analysis of [3H]DA uptake or for biotinylation and
Western blot assays. Two-way ANOVA revealed that the
main effect of mecamylamine on Vmax was not significant
(F1,28 � 3.5, p � 0.05), whereas the main effect of nicotine
was significant (F1,28 � 13.3, p � 0.05). Moreover, a signifi-
cant mecamylamine � nicotine interaction (F1,28 � 8.52, p �

0.05) was observed (Fig. 6). Comparison of the saline/nicotine
group with the saline/saline group revealed a 2-fold increase
in Vmax [t(14) � 3.7, p � 0.05, unpaired Student’s t test]. Vmax

for the mecamylamine/nicotine group was decreased com-
pared with the saline/nicotine [t(14) � 2.3; p � 0.05, unpaired
Student’s t test], indicating that mecamylamine inhibited
the effect of nicotine on DAT function (Fig. 6). No differences
in Km among the treatment groups were found (data not
shown).

To determine whether nAChRs mediate the nicotine-in-
duced increase in DAT cell surface expression in PFC, the
ability of mecamylamine (1.5 mg/kg) to inhibit this effect of
nicotine (0.8 mg/kg) was determined (Fig. 7). Again, DAT
immunoreactivity in the total synaptosomal fraction was not
altered by any treatment condition. Two-way ANOVA re-
vealed that the main effect of mecamylamine on DAT immu-
noreactivity in the cell surface fraction was not significant
(F1,24 � 1.2, p � 0.05), whereas the main effect of nicotine
was significant (F1,24 � 4.0, p � 0.05). Moreover, a significant
mecamylamine � nicotine interaction for DAT immunoreac-
tivity in the cell surface fraction was found (biotinylated,
F1,24 � 4.43, p � 0.05). DAT immunoreactivity in the cell
surface fraction was increased (46 � 1.4%) in the saline/
nicotine group compared with the saline/saline group [t(12) �
3.0, p � 0.05, unpaired Student’s t test]. DAT immunoreac-
tivity in the cell surface fraction from the mecamylamine/
nicotine group was lower (41 � 1.6%) than that in the saline/
nicotine group [t(12) � 3.1, p � 0.05, unpaired Student’s t
test]. In addition, no main effect of mecamylamine on DAT
immunoreactivity in the intracellular fraction was found
(F1,24 � 2.2, p � 0.05), whereas the main effect of nicotine
was significant (F1,24 � 3.5, p � 0.05). Moreover, a significant
mecamylamine � nicotine interaction for DAT immunoreac-
tivity in the intracellular fraction (nonbiotinylated, F1,24 �
4.47, p � 0.05) was found. DAT immunoreactivity in the
intracellular fraction was decreased (45 � 2.1%) in the
saline/nicotine group compared with the saline/saline
group [t(12) � 4.0, p � 0.05, unpaired Student’s t test]. DAT
immunoreactivity in the intracellular fraction in the
mecamylamine/nicotine group was greater (42 � 1.9%)
than that in the saline/nicotine group [t(12) � 3.5, p � 0.05,

Fig. 5. Nicotine did not alter cell surface DAT expression in striatum 30
min after injection. A, representative immunoblots of total synaptosomal
fraction (Total), intracellular fraction (nonbiotinylated, Nonbiot), and cell
surface fraction (biotinylated, Biot) from striatum from nicotine-treated
(N, 0.8 mg/kg) and saline-control (S) groups. PP2A, �-actin, and syntaxin
1A were used as control proteins (see Materials and Methods). B, DAT
immunoreactivity expressed as mean � S.E.M. densitometry units, n � 6
rats/group.

Fig. 4. Nicotine dose-dependently increased cell surface DAT expression
in prefrontal cortex 30 min after injection. A, representative immunoblots
of total synaptosomal fraction (Total), intracellular fraction (nonbiotiny-
lated, Nonbiot), and cell surface fraction (biotinylated, Biot) from prefron-
tal cortex from nicotine-treated (N; 0.8 mg/kg) and saline-control (S)
groups. PP2A, �-actin, and syntaxin 1A were used as control proteins (see
Materials and Methods). B, DAT immunoreactivity expressed as mean �
S.E.M. densitometry units, n � 6 rats/group. �, p � 0.05, different from
respective saline-control group.

Fig. 6. Mecamylamine inhibited the nicotine-induced increase in Vmax
for [3H]DA uptake in prefrontal cortex. Rats were pretreated with
mecamylamine (MEC; 1.5 mg/kg s.c.) or saline 20 min before nicotine (0.8
mg/kg s.c.) or saline injection. Synaptosomes were prepared 30 min after
nicotine or saline injection. [3H]DA uptake was determined in the pres-
ence of desipramine (1 �M) and paroxetine (5 nM) to prevent [3H]DA
uptake into norepinephrine- and serotonin-containing nerve terminals,
respectively. Data are expressed as picomoles per milligram per minute
(mean � S.E.M.; n � 8 rats/treatment group). #, p � 0.05, different from
saline/saline group. �, p � 0.05, different from saline/nicotine group.
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unpaired Student’s t test]. There were no significant differ-
ences between nicotine- and saline-treated groups in the
levels of control proteins, PP2A, �-actin, and syntaxin 1A in
the total synaptosomal fraction, intracellular fraction (non-
biotinylated), and cell surface fraction (biotinylated).

To begin to determine the specific nAChR subtypes in-
volved in the nicotine-induced increase in Vmax for [3H]DA
uptake in PFC, the ability of DH�E and MLA to inhibit this
effect of nicotine was determined. Groups of rats were prein-
jected with DH�E (8.0 mg/kg s.c.), MLA (10.0 mg/kg s.c.), or
saline and 15 min later with nicotine (0.8 mg/kg s.c.) or
saline. Thirty minutes after the last injection, saturation
analysis of [3H]DA uptake in PFC was conducted. Separate
two-way ANOVAs were performed to determine the inhibi-
tory effect of DH�E and MLA pretreatment. No main effect of
DH�E on Vmax was found (F1,28 � 0.63, p � 0.05), whereas
the main effect of nicotine was significant (F1,28 � 3.8, p �
0.05). Moreover, a significant DH�E � nicotine interaction
was found (F1,28 � 5.87, p � 0.05, Fig. 8). Vmax values for the
saline/nicotine group were greater (35 � 1.7%) than for the
saline/saline group [t(14) � 4.8, p � 0.05, unpaired Student’s
t test]. Vmax values for the DH�E/nicotine group were 34 �
1.9% less than those for the saline/nicotine group [t(14) � 6.6,
p � 0.05, unpaired Student’s t test], demonstrating that
DH�E inhibited the nicotine-induced increase in DAT func-
tion. Likewise, no main effect of MLA on Vmax was observed
(F1,28 � 1.36, p � 0.05), whereas the main effect of nicotine
was significant (F1,28 � 4.22, p � 0.05). Moreover, a signifi-
cant MLA � nicotine interaction was found (F1,28 � 7.44, p �

0.05, Fig. 8). Vmax values for the saline/nicotine group were
greater (40 � 2.2%) than those for the saline/saline group
[t(14) � 5.1; p � 0.05, unpaired Student’s t test]. Vmax values
for the MLA/nicotine group were less (36 � 1.5%) than those
for the saline/nicotine group [t(14) � 7.0, p � 0.05, unpaired
Student’s t test], demonstrating that MLA also inhibited the
nicotine-induced increase in DAT function.

Discussion
The current study investigated the mechanism by which nic-

otine activation of nAChRs enhances DAT function in PFC and
striatum. Dose- and time-dependent nicotine-induced increases
in Vmax for [3H]DA uptake in PFC were observed, consistent
with previous findings that nicotine increases DA clearance in
mPFC using in vivo voltammetry (Middleton et al., 2004; Zhu et
al., 2007). Current results show that nicotine increased DAT
expression at the cell surface in PFC, with a corresponding
decrease in DAT expression in the intracellular compartment,
suggesting that nicotine-induced increases in DAT cell surface
expression underlie increases in Vmax for [3H]DA uptake in

Fig. 7. Mecamylamine inhibited the nicotine-induced increase in DAT
cell surface expression in prefrontal cortex. Rats were pretreated with
mecamylamine (Mec; 1.5 mg/kg s.c.) or saline (S) 20 min before nicotine
(N; 0.8 mg/kg s.c.) or saline injection. A, representative immunoblots of
total synaptosomal fraction (Total), intracellular fraction (nonbiotiny-
lated, Nonbiot), and cell surface fraction (biotinylated, Biot) from prefron-
tal cortex from the four treatment groups. PP2A, �-actin, and syntaxin 1A
were used as control proteins (see Materials and Methods). B, DAT
immunoreactivity is expressed as mean � S.E.M. densitometry units (n �
7 rats/group). #, p � 0.05 indicates difference from the saline-control
group. �, p � 0.05 indicates difference from the saline/nicotine group.

Fig. 8. DH�E and MLA inhibited the nicotine-induced increase in Vmax
for [3H]DA uptake in prefrontal cortex. Rats were administered DH�E (8
mg/kg s.c.; A) or MLA (10 mg/kg s.c.; B) or saline 15 min before nicotine
(0.8 mg/kg s.c.) or saline. Synaptosomes were prepared 30 min after the
last injection. [3H]DA uptake was determined in the presence of desipra-
mine (1 �M) and paroxetine (5 nM) to prevent [3H]DA uptake into
norepinephrine- and serotonin-containing nerve terminals, respectively.
Vmax values are expressed as mean � S.E.M. picomoles per milligram per
minute (n � 8 rats/group). #, p � 0.05 different from saline/saline control.
�, p � 0.05 different from saline/nicotine group.

Nicotine Modulates DAT Function and Trafficking 937



PFC. Moreover, the nicotine-induced increases in Vmax and
surface expression were blocked completely by mecamylamine
pretreatment, indicating that nAChRs mediate nicotine effects
on DAT function and trafficking in PFC. Furthermore, the
nicotine-induced increase in Vmax was blocked by DH�E or
MLA pretreatment, suggesting that multiple nAChR subtypes
play a role in the trafficking-dependent effects of nicotine on
DAT function in PFC.

Results show that nicotine-induced enhancement of PFC
DAT function is accompanied by increases in DAT cell sur-
face expression, with no change in levels of total DAT protein
assessed using Western blot analysis or [3H]WIN 35,428
binding. Previous studies have shown that DAT trafficking is
regulated by exposure to psychostimulants and novel envi-
ronmental stimuli during development (Daws et al., 2002;
Zhu et al., 2005). In addition, DAT function is regulated by
activation of protein kinase C, which decreases Vmax of
[3H]DA uptake and decreases DAT surface expression in cell
expression systems (Melikian, 2004) and in striatum (Chi
and Reith, 2003). Changes in posttranslational modifications
of DAT protein, including phosphorylation state and protein-
protein interactions, contribute to changes in DAT function
via trafficking-independent mechanisms (Torres, 2006). In
the current study, an 83% increase in Vmax of DA transport
was accompanied only by a 32% increase in DAT surface
expression. Thus, differences in the magnitude of these ef-
fects may represent contributions of both trafficking-depen-
dent and -independent mechanisms in the nicotine-induced
increase in DAT function. A greater understanding of the
molecular mechanisms underlying nicotine-induced alter-
ations in DAT cellular localization would provide a greater
understanding of the neurochemical effects of nicotine.

A caveat, however, is that nicotine effects on DAT function
and trafficking were observed only at the higher dose of
nicotine and, thus, may have greater implications for indi-
viduals who are heavy smokers or who self-administer rela-
tively high nicotine doses. Although a lower dose of nicotine
(0.3 mg/kg) used in the current study is within the range
frequently used to evaluate behavioral effects of nicotine in
animal models, the higher nicotine dose (0.8 mg/kg) is used
less commonly. Nevertheless, it is important to assess the
pharmacological effects of a wide range of nicotine doses
because smokers vary considerably in the amount of nicotine
self-administered.

In the current study, biotinylation assays were conducted
using brain synaptosomes that probably contain broken
membrane fragments and leaky synaptosomes. Unlike cell
surface biotinylation experiments carried out using recombi-
nant cell systems, some level of biotinylation of PP2A and
�-actin, which are predominantly intracellular proteins, was
observed. Although the presence of membrane fragments or
leaky synaptosomes was not investigated, three different
control proteins, PP2A, �-actin, and syntaxin 1A, were mon-
itored. If nicotine produced an unexpected change in the
amount of membrane fragments or leaky synaptosomes, dif-
ferences in biotinylation levels of control proteins would have
been observed. However, the lack of any significant differ-
ences between nicotine- and saline-treated groups in the
three control proteins in any of the cellular fractions suggests
that levels of membrane fragments and leaky synaptosomes
obtained between groups are comparable. Moreover, an effect
of nicotine on DAT surface expression was observed in PFC,

but not in striatum, indicating that nicotine did not produce
a global or nonspecific change but rather a restricted brain-
region specific change in DAT trafficking in PFC. These
results suggest that nicotine regulates DAT function in stri-
atum and PFC by two different mechanisms, i.e., trafficking-
independent and -dependent mechanisms, respectively.

In the current study, nicotine increased Vmax for [3H]DA
uptake and cell surface DAT expression in PFC, but not in
striatum. We reported recently that nicotine (0.3 mg/kg) pro-
duced a small, but significant, 23% increase in Vmax in rat
striatum at 10 and 40 min after injection, which was not ac-
companied by an increase in cell surface DAT expression
(Middleton et al., 2007). In the current study, no significant
effect of this nicotine dose was observed during the 60-min
period after injection; however, there was a tendency for a
nicotine-induced increase (�20%) in Vmax in striatum (Fig. 2B),
which was near the threshold for detecting a significant effect.

Differences in the magnitude of the effect of nicotine on
DAT function in PFC measured as increases (83%) in Vmax

for [3H]DA uptake and increases (46%) in DA clearance using
in vivo voltammetry may be explained in part based on the
different methods used (current results; Middleton et al.,
2004). [3H]DA uptake was measured using synaptosomes,
providing an averaged effect across this heterogeneous brain
region, whereas DA clearance using in vivo voltammetry was
measured within specific localized areas of this heteroge-
neous region. Furthermore, brain regions assessed in these
studies were not identical. DA clearance was determined in
mPFC, whereas Vmax was determined in PFC (including
orbitofrontal, insular, and frontal cortex areas 1–3). In addi-
tion, in the previous voltammetry study, rats were anesthe-
tized when DA clearance was measured, whereas anesthesia
was not used in the current study. Thus, various methodolog-
ical differences may have contributed to the observed differ-
ences in magnitude of effect of nicotine between current and
previous work.

The present results indicate that nAChRs mediate nicotine-
induced increases in Vmax of [3H]DA uptake and cell surface
DAT expression in PFC because pretreatment with the nonse-
lective nAChR antagonist, mecamylamine, completely inhibited
these nicotine effects. These results are consistent with previ-
ous finding from in vivo voltammetry studies demonstrating
that nAChRs mediate nicotine-induced increases in DA clear-
ance in mPFC (Middleton et al., 2004; Zhu et al., 2007). In
contrast to increases in DAT function observed after in vivo
nicotine administration, in vitro exposure to a range of nicotine
concentrations (1 nM–10 �M) did not alter [3H]DA uptake in
either PFC or striatal synaptosomes (Carr et al., 1989; Zhu et
al., 2003). Response to in vivo nicotine administration may be
the result of activation of nAChRs at dopaminergic ventral
tegmental cell bodies or elsewhere within the neuronal cir-
cuitry. In synaptosomal preparations, this neuronal circuitry is
disrupted. If nAChRs mediating the response to nicotine were
located on dopaminergic terminals, then effects of nicotine on
DAT function would be expected to be observed in synaptosomal
preparations exposed to nicotine. In general, nicotine is ac-
cepted as stimulating several different subtypes of nAChR lo-
cated on dopaminergic terminals to evoke DA release (see In-
troduction). The nicotine-induced increase in DA release
activates both pre- and postsynaptic D2 DA receptors, which
may indirectly increase DAT function. The latter interpretation
is supported by previous results showing that blockade of D2
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DA receptors by locally applied raclopride (a D2 DA receptor
antagonist) decreased DA clearance in PFC (Cass and Ger-
hardt, 1994) and results from D2 receptor knockout mice show-
ing decreased striatal DAT function (Dickinson et al., 1999).
Thus, nAChR-mediated modulation of DAT function may be by
an indirect mechanism, such that activation of nAChRs on DA
terminals in PFC directly stimulates DA release, activating
presynaptic D2 DA receptors to indirectly increase DAT func-
tion.

To determine the role of �2- and �7-containing nAChRs in
the mediation of nicotine effects on DAT function in PFC,
rats were pretreated with either DH�E or MLA, which are
thought to be primarily selective for �4�2 and �7 nAChRs,
respectively (Chavez-Noriega et al., 1997; Papke et al., 2008).
Results show that DH�E and MLA inhibited completely the
nicotine-induced increase in Vmax of [3H]DA uptake in PFC,
suggesting that both �2- and �7-containing nAChRs are in-
volved. This finding is in contrast to reports that only DH�E-
sensitive nAChRs, and not MLA-sensitive nAChRs, mediate
nicotine-evoked DA release in PFC (Cao et al., 2005). A
caveat, however, is that at high concentrations, DH�E and
MLA are not subtype selective (Mogg et al., 2002; Papke et
al., 2008); DH�E also inhibits �3�4 and �7 subtypes (Papke
et al., 2008), and MLA also inhibits �4�2 (Buisson et al.,
1996). Subtype selectivity is based on in vitro studies in
which the antagonist concentration is known; however, be-
cause the antagonist concentration in brain after in vivo
administration is not known, these antagonists may not be
subtype selective at the doses used. In summary, the current
study shows that nicotine increases DAT function and cell
surface expression in PFC and that these effects are medi-
ated by activation of nAChRs.
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