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Thenorepinephrine (NE) transporter (NET) regulatesNE sig-
naling by rapidly clearing synaptic NE. Cocaine binds NET and
modulates NE transport. These actions contribute to rewarding
effects and abuse liability of cocaine. Activation of mitogen-ac-
tivated protein kinase (MAPK) cascades is implicated in
cocaine-induced neuroadaptations. However, the role ofMAPK
and themechanisms involved in cocainemodulation of NET are
not clear. Acute intra-peritoneal injections of cocaine (20mg/kg
bodyweight) to rats resulted in increasedNE uptake by prefron-
tal cortex (PFC) synaptosomes with a parallel increase in the
surface expression of endogenous NET. Cocaine also enhanced
the immunoreactivity of phospho-p38MAPK in the PFC synap-
tosomes without affecting the total p38MAPK. In vitro cocaine
(30–50 �M) treatment of rat PFC synaptosomes increased
native NET function, surface expression, and phosphorylation
in amanner sensitive to p38MAPK inhibitionbyPD169316.We
next examined cocaine-elicited effects onwild-typehumanNET
(hNET) expressed heterologously in human placental tropho-
blast cells to gain more insights into the mechanisms involved.
Cocaine treatment of hNET expressing human placental tropho-
blast cells up-regulated the function, surface expression, andphos-
phorylationofhNETinaPD169316-sensitivemanner. Inaddition,
cocaine inhibited constitutive endocytosis of hNET. Mutational
analysis of serine and threonine residues revealed that substitution
of threonine 30, located at the amino terminus of hNET with ala-
nine (T30A-hNET), abolished cocaine-induced up-regulation of
NET function, surface expression, and phosphorylation. Further-
more,cocainedidnotalterT30A-hNETendocytosis.Thesestudies
identify a novel molecular mechanism that cocaine-activated p38
MAPK-mediated phosphorylation of NET-T30 dictates surface
NET availability, and hence, NE transport.

The norepinephrine transporter (NET)2 is the primary
determinant of synaptic norepinephrine (NE) levels (1–3).

Indeed, mice lacking the gene encoding NET exhibit dimin-
ishedNE clearance, tissueNE concentrations, andNE signaling
as well as elevated extracellular NE levels (4, 5). NET contains
12 transmembrane domains with NH2 and COOH termini
located intracellularly and shares significant homologywith the
recently reported high-resolution structure of the prokaryotic
sodium-dependent leucine transporter (6). NET is expressed
both in the CNS and periphery and is an important target for
tricyclic antidepressants, and psychostimulant drugs such as
cocaine (7).
Cocaine binds to monoamine transporters and inhibits

amine transport. These actions are implicated in the rewarding
effects of cocaine and its abuse liability (8, 9). NET binding sites
are increased in the stria terminalis of non-human primates
self-administering cocaine (10) and selective NET inhibitor
reinstates compulsive cocaine seeking (11). In addition to its
abuse potential resulting from monoaminergic dysregulation,
the use of cocaine during pregnancy has been associated with
an increased risk for adverse intrauterine effects including
growth restriction and placental abruption. NET binding sites
are also increased in the placenta of pregnant dams following
chronic cocaine exposure (12). Placental NET is thought to
shield the fetus from maternal catecholamines (13, 14), and
fetomaternal complications associated with cocaine addiction
have been attributed to alterations in placental NET function
(15). Although it is clear that cocaine can alter NET function,
knowledge of the molecular and cellular mechanisms mediat-
ing cocaine regulation of NET is limited.
The amino acid sequence of NET contains potential phos-

phorylation sites for several kinases. Previously, we demon-
strated that PKC activation stimulates NET internalization
(16). Threonine (Thr) 258 and serine (Ser) 259 phosphorylation
contributes to this effect because their mutation to nonphos-
phorylatable alanines abolishes PKC-induced NET internaliza-
tion (17). Moreover, PKC-induced phosphorylation is blunted
in the hNET T258A,S259A mutation indicating that Thr258/
Ser259 is a trafficking motif linked to PKC-induced phosphory-
lation (17). It is also apparent that other kinases, including
members of the mitogen-activated protein kinase (MAPK)
family can regulate NET function (18–23). Although cocaine
and other psychostimulants induce MAPK signaling in the
brain (24–27), fundamental questions exist as to the role of
these kinase cascades in mediating cocaine-evoked alterations
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in NE transport. Here, we demonstrate that acute in vivo
cocaine administration results in NET up-regulation as well as
p38MAPK activation in rat PFC. Using PFC synaptosomes and
HTR-hNET cells, we find that in vitro application of cocaine
stimulates NET function, surface expression, and phosphory-
lation in a manner sensitive to p38MAPK inhibition.We iden-
tify that cocaine up-regulatesNET function by inhibiting trans-
porter endocytosis. Furthermore, we provide evidence for
cocaine-induced p38 MAPK-dependent phosphorylation of
Thr30 dictating NET endocytosis and hence NE transport.
These data demonstrate a novel molecular mechanism by
which cocaine controls NE transport and provide new insights
into the cocaine regulation of NET.

EXPERIMENTAL PROCEDURES

Materials—TheHTRcell linewas provided byDr. CharlesH.
Graham, Queen’s University, Ontario, Canada. Monoclonal
antibodies specific to hNET andmouse/rodent NETwere from
MabTechnologies (StoneMountain,Atlanta,GA).Mouse anti-
transferrin receptor (TfR) antibody was fromZymed Laborato-
ries Inc. (South San Francisco, CA). Anti-calnexin antibodywas
from Stressgen Biotechnologies (Victoria, BC, Canada). Anti-
phospho-ATF2 and anti-phospho-p38 MAPK antibodies were
from Cell Signaling Technology Inc. (Beverly, MA). Anti-total
p38 MAPK antibody was from Santa Cruz Biotechnology
(Santa Cruz, CA). FuGENE 6 transfection reagent was from
Roche Applied Science. L-[7,8-3H]Norepinephrine ([3H]NE)
and [32P]orthophosphate were fromGEHealthcare. PD169316
(4-(4-fluorophenyl)-2-(4-nitrophenyl)-5-(4-pyridyl)-1H-imida-
zole) and SB202190 (4-(4-fluorophenyl)-2-(4-hydroxyphenyl)-
5-(4-pyridyl)1H-imidazole) were from Calbiochem. Sulfo-
NHS-acetate, sulfo-NHS-biotin, sulfo-NHS-SS-biotin, and
NeutrAvidin beads were from Pierce. HRP-conjugated second-
ary antibodies were from Jackson ImmunoResearch Laborato-
ries (West Grove, PA). Cocaine, pargyline, protease inhibitors,
and sodium 2-mercaptoethanesulfonate were obtained from
Sigma. Other reagents were of the highest grade possible from
standard sources such as Sigma, Fisher Scientific (Pittsburgh,
PA), and VWR (Suwanee, GA).
In Vivo Cocaine Administration and Rat Brain Synaptosome

Preparations—All animal procedures were in accordance with
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals, and all protocols were approved by the
Institutional Animal Care and Use Committee. In some exper-
iments, male Sprague-Dawley rats (150–200 g) received intra-
peritoneal injections of vehicle (saline) or cocaine (20 mg/kg
body weight), sacrificed 1 h later, and brains were collected. In
other experiments, rats were decapitated, and the brains were
collected in ice-cooled dishes. Brain tissues from prefrontal
cortex (PFC) and ventral striatum were dissected and collected
in 10 volumes (w/v) of cold 0.32 M sucrose. The tissue was
immediately homogenized using a Teflon-glass homogenizer
and centrifuged at 1,000 � g for 10 min at 4 °C. The resulting
supernatant was centrifuged at 12,000 � g for 20 min and the
pellet was washed by resuspending in 0.32 M sucrose (28). The
synaptosomes were suspended in 0.32 M sucrose saturated with
95%O2, 5% CO2. Protein concentration was determined by DC
protein assay (Bio-Rad) using bovine serum albumin as stand-

ard. Tissue was pooled from 2 to 4 rats based on the experiment
conducted and all experiments were replicated at least three
times.
NE Uptake Measurements in Synaptosomes—The synapto-

somes suspended in 300 �l of KRH buffer, pH 7.4 (120 mM

NaCl, 4.7 mM KCl, 2.2 mM CaCl2, 10 mM HEPES, 1.2 mM

MgSO4, 1.2 mM KH2PO4, 5 mM Tris, and 10 mM D-glucose),
were used for the uptake assays as described previously (28)
using [3H]NE. Briefly, 50 �g of synaptosomes (50 �l suspen-
sion) were incubated in 250 �l of KRH buffer, pH 7.4, contain-
ing 0.1 mM ascorbic acid and 0.1 mM pargyline and 40 nM
[3H]NE for 5 min. Synaptosomes were preincubated with the
NET inhibitor desipramine (DMI) (100 �M) at 37 °C for 10 min
followed by the addition of [3H]NE to determine the nonspe-
cific NE uptake. Uptake was terminated by addition of 1 ml of
ice-cold KRH buffer containing 100 �M DMI followed by rapid
filtration over 0.3% polyethylenimine-coated GF-B filters on a
Brandel Cell Harvester (Gaithersburg, MD). Filters were
washed rapidly with 15 ml of cold PBS and radioactivity bound
to filters was quantified by liquid scintillation counting using
MicroBeta2 LumiJet (PerkinElmer Health Sciences). Nonspe-
cific uptake was defined as uptake in the presence of 100 �M

DMI and subtracted from total accumulation to yield specific
NET-mediated NE uptake. Mean values of specific uptake �
S.E. of at least three separate experiments were determined.
In in vitro/ex vivo experiments, synaptosomes (300 �g) were

preincubated with vehicle or 20 �M PD169316 at 37 °C for 15
min and then incubations were continued in the presence or
absence of 50 �M cocaine for 60 min in a total volume of 1 ml.
This cocaine concentration was used based on previous reports
(29–31) and our initial concentration effect studies (10–100
�M) of NE uptake and NET surface expression measurements,
which showed reproducible NET up-regulation in response to
30–50 �M cocaine. The concentration of PD169316 used pro-
duces a selective inhibition of p38 MAPK (18, 32–34). Follow-
ing drug treatments, the reaction mixture was centrifuged at
12,000 � g for 20 min and the pellet was resuspended in 300 �l
of KRH buffer. The resuspended synaptosomes were washed
three times using 1 ml of KRH buffer followed by centrifuga-
tions at 12,000 � g for 10 min and each time transferring the
resuspended synaptosomes into fresh tubes. The pellet from
the final wash was suspended in 300 �l of KRH buffer and the
uptake assay was performed as described previously (28) and
above using [3H]NE.
Surface Biotinylation of Synaptosomes—Synaptosomes (300

�g) obtained from saline- or cocaine-injected rats or synapto-
somes treated in vitro with drugs as described above (in the
uptake assay) were subjected to surface biotinylation and isola-
tion of avidin-bound and unbound fractions as described pre-
viously (28). Aliquots from total extracts (50 �l) and the entire
eluted fractions were separated by SDS-PAGE (10%), trans-
ferred to membrane, and probed with mouse NET antibody.
This rodent NET-specific monoclonal antibody has been char-
acterized for its suitability to identify rat and mouse NET pro-
tein byWestern blotting, immunoprecipitations, and immuno-
cytochemistry (35). Rat NET proteins were visualized using
ECL Plus reagent followed by exposure to Hyperfilm-ECL.
Multiple exposures of immunoblots were taken to ensure that
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the band development on the film was within the linear range.
Band densities were quantified by scanning and analyzed using
NIH ImageJ (version 1.62) software. Subsequently, the blots
were stripped and reprobed with anti-calnexin antibody to val-
idate the surface biotinylation of plasma membrane proteins.
NET band densities from total and biotinylated (representing
the surface pool) fractions were normalized using levels of cal-
nexin in the total extract (28).
Measurement of NET Phosphorylation in Rat PFC Syn-

aptosomes—Synaptosomes (300 �g) were incubated with 5.0
mCi of carrier-free orthophosphate/mg of protein for 30 min
before the addition of modulators. Following metabolic label-
ing with 32P, synaptosomes were treated with drugs as
described above (in the uptake assay). At the end of the incuba-
tion, samples were centrifuged, and the pellet was resuspended
in RIPA buffer containing protease and phosphatase inhibitors
(10 mM NaF, 50 mM sodium pyrophosphate, 1 mM sodium
orthovanadate, and 1 �M okadaic acid) (36) by passing 10 times
through a 25-gauge needle, and solubilized by gentle shaking on
a nutator for 1 h at 4 °C. The clear supernatant obtained after
centrifuging the solubilized synaptosomes at 25,000 � g for 30
min at 4 °C was subjected to immunoprecipitation with NET-
specific antibody as given below. The supernatants were first
precleared using Protein A-Sepharose (3 mg in 100 �l). NET
protein was immunoprecipitated overnight at 4 °C by the addi-
tion of NET-specific polyclonal antibody (NET-82) on end-
over-end continuousmixing, followed by a 2-h incubation with
Protein A-Sepharose (4 mg in 100 �l in RIPA buffer) at 22 °C
(room temperature). NET-82 antibody has been previously
characterized for its specificity in immunoprecipitating NET
from rat placenta (16) and we have immunoprecipitated NET
from transfected HTR cells and native NETs expressed in rat
and mouse brain synaptosomes.3 The immunoadsorbents cap-
tured by Protein A-Sepharose beads were washed with RIPA
buffer and eluted by adding 50 �l of Laemmli buffer. The elu-
ates were subjected to SDS-PAGE (10%), and the radiolabeled
proteins were detected on autoradiograms. Quantitation from
digitized autoradiograms was evaluated on multiple exposures
to ensure quantitation within the linear range of the film using
NIH Image software.
Cell Culture, Transfections, and Development of Stable Cell

Lines—HTR-hNET cell lines expressing hNET were generated
following transfection of HTR cells withWT-hNET and select-
ing stable transformants in the presence of 5 �g/ml of blastici-
din (17). Stable cells were cultured in a mixture of RPMI 1640
(Mediatech-Cellgro, Manassas, VA) supplemented with 10%
fetal bovine serum and penicillin (100 units/ml)- streptomycin
(100 �g/ml) containing (1.0 �g/ml of blasticidin). Cells seeded
in 24-well cell culture plates (100,000 cells/well) or 12-well
plates (200,000 cells/dish or well) were grown in an atmosphere
of 95% air, 5% CO2 for 48 h and used for experiments.
Site-directed Mutagenesis—The cDNA encoding the wild-

type His-tagged human NET (WT-hNET) was kindly provided
by Dr. Randy Blakely (Vanderbilt University school of Medi-
cine, Nashville, TN). The hNET cDNA was subcloned into the

mammalian vector pIRES containing the blasticidin resistance
gene. Phosphosite mutants of hNET, which include single site
mutants harboring T19A, T30A, T58A (in the N terminus), the
double mutant harboring T258A and S259A in intracellular
loop 2 (ICL2), N-tail triple mutant harboring T19A, T30A,
T58A (in the N terminus), and C-tail triple � S502A mutant
harboring S579A, T580A, S583A (in theC terminus) alongwith
S502A (in ICL5) were generated by PCR-based mutagenesis in
this background using aQuikChange site-directedmutagenesis
kit (Stratagene, La Jolla, CA), and the mutations were con-
firmed by restriction enzyme mapping and automated
sequencing of the entire DNA sequences on both strands.
Cell Culture and Transient Transfections—HTR cells seeded

in 24- or 12-well plates were transfected with 0.5 or 1 �g of
WT-hNET or N-tail triple mutant or C-tail triple mutant �
S502A or N-tail single mutants T19A, T30A, or T58A using
FuGENE 6 transfection reagent. Cells were used for NE
uptake or biotinylation or phosphorylation studies 48 h
post-transfection.
Drug Treatments and NE Uptake Measurements Using Cells—

HTR-hNET stable cells or HTR cells transiently transfected
with WT-hNET or T30A-hNET were treated with vehicle or
cocaine (50 �M) for 60 min at 37 °C in Krebs-Ringer-HEPES
(KRH) buffer, pH 7.4, containing 100 �M ascorbic acid and 100
�M pargyline. In some experiments, cells were pretreated with
20 �M PD169316 for 15 min at 37 °C and then incubated in the
presence or absence of cocaine (50 �M) for a further 60 min at
37 °C. Following treatments, drugs were removed and cells
werewashed three times at 15-min intervals withKRHbuffer at
4 °C. NE uptake measurements were then performed as
described previously using [3H]NE (16, 17). Specific NE uptake
was measured by subtracting NE uptake measured in the pres-
ence of 10 �M DMI from total uptake measured in the absence
of DMI. NE uptake in cells transfected with WT-hNET or
T30A-hNET was measured in the presence of cocaine concen-
trations from 10 nM to 1 mM to calculate Ki values by nonlinear
least-squares fits, using two-parameter logistic equations
(Kaleidagraph, Synergy Software, Reading, PA): the percentage
of specific NE transport remaining� 100/[1� (IC50/[I])n]. The
IC50 is the concentration of cocaine giving 50% inhibition, [I] is
the cocaine concentration, and n is the slope (Hill coefficient).
IC50 values were converted to Ki values using the Cheng and
Prusoff (37) correction for substrate concentration. Data are
expressed as themean� S.E. of six independentmeasurements
in three separate batches of cells.
Cell Surface NET Measurements by Surface Biotinylation

Using Cells—HTR-hNET stable cells or HTR cells transiently
transfected with WT, N-tail triple mutant, C-tail triple �
S502A mutant, or the N-tail single mutants T19A, T30A, or
T58A or the T258A,S259A double mutant of hNET were
treated with vehicle or 50 �M cocaine for 60 min at 37 °C. In
some experiments, HTR cells transiently transfected withWT-
hNET or T30A-hNET were treated with vehicle or 50 �M

cocaine for 5, 15, and 30 min at 37 °C. Treated cells were sub-
jected to surface biotinylations and isolations were subjected to
surface biotinylation followed by isolation of avidin-bound and
unbound fractions as described previously (16, 17). An aliquot
(40 �l) of total cell lysate from each sample and all (50 �l)3 O. Arapulisamy, P. Mannangatti, and L. D. Jayanthi, unpublished data.
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avidin-bound samples were analyzed by immunoblotting with
NET-specific antibody. To visualize intracellular NET, equal
amounts (40 �l) of unbound fractions were analyzed by immu-
noblotting with NET antibody. To validate equal loading and
surface localization of biotinylatedNETprotein, corresponding
total and bound blots were stripped and reprobed with anti-
calnexin antibody. Band intensities were quantified using NIH
Image J (version 1.62). Multiple exposures were taken to vali-
date linearity of quantitation. Values of total, nonbiotinylated,
and surface NET proteins were normalized using levels of cal-
nexin immunoreactivity in total cell extract and values were
averaged across three experiments.
Measurement of NET Plasma Membrane Recycling Using

Cells—NET insertion into the plasmamembranewasmeasured
as previously described (17). HTR-hNET stable cells or HTR
cells transiently transfected with WT-hNET or T30A-hNET
were washed with PBS/Ca-Mg and incubated twice with 1
mg/ml of sulfo-NHS acetate in PBS/Ca-Mg for 1 h at 4 °C (traf-
ficking nonpermissive condition) to block all free amino groups
(38). After washing away the sulfo-NHS acetate with cold PBS/
Ca-Mg, the cell membrane-impermeable sulfo-NHS-biotin (1
mg/ml) in PBS/Ca-Mg containing cocaine (50 �M) or the vehi-
cle (pre-warmed at 37 °C) was added to the cells and incubated
further for the indicated time periods at 37 °C (trafficking per-
missive condition). Biotinylated NETs inserted into the plasma
membrane (surface) and nonbiotinylated (intracellular) NETs
were analyzed as described above. Biotinylated TfR was ana-
lyzed by stripping and reprobing the blot with TfR antibody.
The accumulation of biotinylated NET or TfR at each time
point was measured by quantifying the band densities using
NIH ImageJ (version 1.62).
Measurement of NET Endocytosis Using Cells—Reversible

biotinylation was performed as described (17). HTR-hNET sta-
ble cells or cells transiently transfected with WT-hNET or
T30A-hNET were cooled rapidly to 4 °C to inhibit endocytosis
by washing with cold PBS/Ca-Mg and surface biotinylated with
a disulfide-cleavable biotin (sulfo-NHS-SS-biotin). Free bio-
tinylating reagent was removed by quenching with glycine.
NET endocytosis was initiated by incubating cells with pre-
warmed PBS/Ca-Mg containing cocaine (50 �M) or vehicle for
the indicated time periods at 37 °C. At the end of incubations,
the reagents were removed, and fresh pre-chilled PBS/Ca-Mg
was added to stop the endocytosis. The cells were then washed
and incubated twice with 250 �M sodium 2-mercaptoethane-
sulfonate (MesNa), a reducing agent in PBS/Ca-Mg for 20 min
to dissociate the biotin from the cell surface-resident proteins
via disulfide exchange. To define total biotinylated NETs, one
dish of biotinylated cells was not subjected to reduction with
MesNa, and directly processed for extraction followed by iso-
lation by avidin beads. To define MesNa-accessible NETs,
another dish of cells was treated withMesNa immediately (at 0
time) following biotinylation at 4 °C to reveal the quantity of
surface NET biotinylation that MesNa can reverse efficiently.
Following treatments, cells were solubilized in RIPA and bio-
tinylated NET protein was separated from non-biotinylated
proteins using NeutrAvidin beads. Biotinylated proteins were
eluted from beads and resolved by SDS-PAGE. NET proteins in
the fractions were visualized with a NET-specific antibody as

described under the “Surface Biotinylation.” Band densities
were quantified by NIH ImageJ (version 1.62) software.
Measurement of NET Phosphorylation in Cells—HTR-hNET

or HTR cells transiently transfected with WT-hNET or T30A-
hNETwere incubated at 37 °C in phosphate-freeDMEMfor 1 h
and then with 1 mCi/ml of carrier-free [32P]orthophosphate
(17). Labeled cells were treated with the reagents as described
elsewhere in the continued presence of 32P. Cells were washed
with cold PBS and lysed in 400 �l of RIPA buffer containing
protease inhibitors and phosphatase inhibitors (10 mMNaF, 50
mM sodiumpyrophosphate, 1mM sodiumorthovanadate, and 1
�M okadaic acid) (36). Extracts were centrifuged at 20,000 � g
for 30 min at 4 °C and the supernatants were subjected to
immunoprecipitation by NET-82 antibody followed by SDS-
PAGE analysis and autoradiography. Quantitation from digi-
tized autoradiograms was evaluated on multiple exposures to
ensure quantitation within the linear range of the film using
NIH Image software.
Immunoblot Analysis to Examine p38 MAPK Activation—

PFC synaptosomes obtained from cocaine- or saline-injected
rats, or rat PFC synaptosomes treated in vitro with cocaine or
vehicle as described elsewhere were subjected to SDS-PAGE
and immunoblotting first with phospho-p38 MAPK antibody
and then reprobed with total p38MAPK antibody. HTR-hNET
cells treated as described elsewhere were extracted with RIPA
buffer and the extracts were subjected to SDS-PAGE and
sequential immunoblot analysis using phospho-p38 MAPK,
phospho-ATF2, total p38 MAPK, and calnexin antibodies.

RESULTS

Acute inVivoCocaine InducesNETUp-regulation in Rat PFC
Synaptosomes—NE uptake by PFC synaptosomes of cocaine-
injected rats was higher compared with NE uptake by synapto-
somes prepared from saline-injected rats (Fig. 1A). Cocaine
produced concentration-dependent increases in NE uptake,
where 20 or 30 mg/kg of cocaine produced significantly higher
(1.5-fold to 2.0-fold increase) NE uptake compared with saline-
injected rats (Fig. 1A). Surface biotinylation experiments using
synaptosomes from rats injected with saline or 20 mg/kg of
cocaine revealed significant increases in surface NET levels in
synaptosomes of cocaine-injected rats compared with control
saline-injected rats (Fig. 1B). Total NET protein levels did not
differ between vehicle and cocaine groups. The increases in
NET surface expression following cocaine injections (Fig. 1B)
were similar to increases in NE uptake (Fig. 1A). To determine
whether in vivo cocaine injections induce p38 MAPK activity,
immunoreactivity of phospho-p38 MAPK was examined using
synaptosomes from rats injected with saline or 20 mg/kg of
cocaine. Although there was no difference in the total p38
MAPK level between cocaine or saline-injected rats, the phos-
pho-p38 MAPK level in cocaine-injected rats was substantially
higher compared with that found in saline-injected rats (Fig.
1C).
Cocaine-induced NET Up-regulation and Phosphorylation

Are p38 MAPK-dependent in Rat PFC Synaptosomes—Given
our findings from rats receiving acute cocaine injections, we
next examined whether cocaine up-regulation of NET in vivo
occurs due to effects from altered neuronal circuitry or due to
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direct effects of cocaine on native NET by studying the effect of
in vitro application of cocaine on PFC synaptosomes. Because
cocaine is known to induce p38 MAPK activity, we also sought
to examine whether p38 MAPK plays a role in cocaine up-reg-
ulation of NET. In initial studies, varying concentrations of
cocaine (1–100 �M) were tested to establish the dose of cocaine
that produces a consistently significant increase in NE uptake
following 60min treatment.We found that 30 to 50�M cocaine
produced a significant increase in NE uptake and chose to
use 50�M cocaine in all our experiments. Incubation of rat PFC
synaptosomes with cocaine (50 �M) for 1 h produced a 2-fold
increase in NE transport capacity compared with vehicle con-
trols (Fig. 2A). Surface biotinylation experiments revealed a
similar increase in surfaceNET levels (Fig. 2B). As shown in Fig.
2C, cocaine treatment significantly increased (1.5–2.0-fold)

basal NET phosphorylation. Furthermore, pretreatment of
PFC synaptosomes with the p38 MAPK-specific inhibitor
PD169316 abolished the stimulatory effect of cocaine on NE
transport (Fig. 2A), surface NET expression (Fig. 2B), and NET
phosphorylation (Fig. 2C). Importantly, treatment with
PD169316 alone did not significantly affect NET phosphoryla-
tion. PD169316when present together with (in the presence of)
cocaine, not only blocked cocaine-induced NET phosphoryla-
tion in rat PFC synaptosomes but also reduced the transporter
phosphorylation to below basal level. To determine whether
cocaine exposure alters p38 MAPK activity, immunoreactivity
of phospho-p38 MAPK was quantified following treatment of
synaptosomeswith cocaine (50�M). Exposure of synaptosomes
to cocaine produced an increase in immunoreactivity of phos-
pho-p38MAPK. This effect was p38MAPKdependent because
PD169316 pretreatment completely abolished the cocaine-in-
duced increase in phospho-p38 MAPK (Fig. 2D). Treatment
with cocaine or PD169316 alone or together did not alter total
p38MAPK levels (Fig. 2D). Analogous results (all of the above)
were obtained in ventral striatal synaptosomes (data not
shown).
Cocaine Up-regulates WT-hNET Function and Surface Ex-

pression—To identify the molecular mechanisms underlying
NET up-regulation by cocaine, we sought to explore cocaine
regulation using HTR cells heterologously expressing the NET
protein. As seen with synaptosomes (Fig. 2), exposure of HTR
cells stably expressing WT-hNET to 50 �M cocaine for 1 h
significantly increased NE uptake compared with vehicle treat-
ment (Fig. 3A). Because NE transport reflects functional NET
expressed on the cell surface, biotinylation and immunoblot-
ting experiments were performed to assess changes in surface
NET following cocaine treatment. Fig. 3B shows that cocaine
treatment increased cell surface expression of WT-hNET.
Quantification of surface NET band densities revealed a signif-
icant (30–40%) increase in the amount of cell surface expres-
sion of WT-hNET (Fig. 3B). The magnitude of this effect was
similar to that observed in uptake studies. Corresponding
decreases in the amount of nonbiotinylated intracellular trans-
porter were observed. Total NET level did not change following
cocaine treatment. No differences between treatments in cal-
nexin levels were observed in the total fractions indicating
equal protein loading and transfer (Fig. 3B). Importantly, cal-
nexin was not detected in the bound fractions suggesting no
contamination with intracellular proteins (data not shown).
Cocaine-mediated NET Up-regulation Results from Its Net

Effect on NET Recycling/Exocytosis to Plasma Membrane and
Endocytosis—Cocaine-induced increases in NET cell surface
expression could arise from enhanced plasmamembrane inser-
tion, reduced endocytosis of NET, or a combination of both.
Fig. 3C shows the results of biotinylation experiments in which
plasma membrane insertion of WT-hNET was measured in
HTR-hNET cells following cocaine treatment. No biotinylated
NET or TfR was present at the zero time point in sulfo-NHS
acetate-treated cells suggesting that all pre-existing surface
NETs or TfRs are blocked (frommodification by biotinylation).
Therefore, biotinylated NET observed at subsequent time
points after warming the cells to 37 °C represents newly deliv-
ered NET. Vehicle treatment produced a gradual, time-depen-

FIGURE 1. Acute intraperitoneal injection of cocaine stimulates NE
uptake and increases NET surface expression in rat PFC synaptosomes.
Rats were injected intraperitoneally with 10, 20, or 30 mg of cocaine/kg body
weight and brains were collected 1-h post-injection for PFC synaptosomal
preparations. A, NE uptake: synaptosomes were used for NE uptake assays as
described under “Experimental Procedures.” NE uptake data derived from
three separate experiments, each in triplicate are given as mean � S.E.
*, indicates significant change (p � 0.01) in NE transport (one-way analysis of
variance; Dunnett’s test: F(4,10) � 34.68; p � 0.01). B, surface biotinylation:
synaptosomes obtained from cocaine-injected or saline-injected rats (20
mg/kg body weight) were biotinylated and biotinylated NETs were isolated
by avidin binding. Equal aliquots from total (T) and avidin unbound fractions
(UB) and entire eluates from avidin beads representing bound fractions (B)
were loaded onto gels and the blots were probed with commercially available
mouse NET monoclonal antibody as described under “Experimental Proce-
dures.” Representative blots show NET-specific band at �85 kDa. Bar graph
shows biotinylated NET band densities as % of vehicle. Data derived from
three separate experiments are given as mean � S.E. *, indicates significant
change (p � 0.05) in surface NET immunoreactivity (Student’s t test: t � 6.1,
df � 4). Calnexin immunoblots corresponding to total are shown for equal
protein loading. C, phospho and total p38 MAPK immunoblotting: PFC syn-
aptosomes from cocaine- or saline-injected rats were subjected to SDS-PAGE
and immunoblotted with phospho-p38 MAPK antibody and reprobed with
total p38 MAPK antibody. The phospho- p38 MAPK and total p38 MAPK
immunoreactive bands are shown. The experiment was repeated twice
essentially with similar results.
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dent increase in NET plasma membrane insertion in HTR-
hNET cells, which was maximal at the 30-min time point. Our
previous study in HTR-hNET cells revealed no further increase
at later times indicating a plateau in effect at the 30-min time
point (17). This increase represents constitutive transporter
delivery to the plasma membrane. Cocaine treatment signifi-
cantly decreased constitutive plasma membrane recycling of
NET in HTR-hNET cells as evidenced by the significant
20–30% decrease 1 and 5 min after cocaine. Time-dependent
increases in plasma membrane TfR levels were observed under
similar conditions indicating that under trafficking permissive
conditions, the majority of NET protein reaches the plasma
membrane in 30 min. Cocaine had no effect on TfR insertion
(Fig. 3C).
As shown above, exposure of WT-hNET cells to cocaine for

1 h stimulatedNE uptake andNET surface expression (Fig. 2,A
and B). However, only a brief exposure to cocaine inhibited
plasmamembrane recycling ofWT-hNET (Fig. 3C). Therefore,
we examined internalization of WT-hNET HTR-hNET cells
under basal/constitutive conditions, and following treatment
with cocaine using reversible biotinylation strategies and by
quantifying the fraction of surface NET that moves in a time-
dependent manner to an intracellular compartment. Biotin
from biotinylated proteins remaining on the surface at the end
of a particular treatment protocol was removed by treatment
with MesNa, a non-permeant reducing agent that reduces
disulfide bonds and liberates biotin from biotinylated proteins
at the cell surface. The amount of biotinylated proteins resist-

ant (inaccessible) to MesNa treatment or reversal of biotinyla-
tion is defined as “the amount of protein endocytosed or inter-
nalized.” Incubation of the cells at 37 °C in the absence or
presence of cocaine before MesNa reversal of surface biotiny-
lation permitted evaluation ofNET internalization occurring in
the absence of drugs (basal endocytosis) versus cocaine-medi-
ated changes in NET internalization. The amount of NET
biotinylated in the absence of MesNa represents the total bio-
tinylated transporter. MesNa treatment immediately after bio-
tinylation revealed less than 2–3% of total biotinylated NET
indicating very little internalization at 4 °C. Following vehicle
treatment, a gradual, time-related increase in biotinylatedWT-
hNET (Fig. 3D) was seen. This increase represents constitutive
internalization (e.g. basal endocytosis). Cocaine significantly
reduced constitutive WT-hNET endocytosis when compared
with vehicle treatment at all time points (Fig. 3D). Under basal
(un-stimulated) conditions, a maximum of �50% of surface-
biotinylated NET is internalized in HTR-hNET cells, after 30
min. After cocaine treatment, a 30–40% reduction in basal
endocytosis is observed. By contrast, time-dependent internal-
ization of TfR is unaffected by cocaine treatment. These results
collectively suggest that inhibition of transporter endocytosis
contributes to cocaine-mediated up-regulation of WT-hNET.
Cocaine-induced hNET Up-regulation Requires Threonine

30—Using HTR cells transfected with the WT-hNET or N-tail
triple mutant NET or C-tail triple � Ser502 mutant
(S579A,T580A,S583A,S502A) NET or the hNET-T258A,
S259A double mutant, we examined the amino acid residues

FIGURE 2. In vitro application of cocaine stimulates NE uptake, NET surface expression, and phosphorylation in rat PFC synaptosomes via p38 MAPK.
Rat PFC synaptosomes were preincubated with vehicle or 20 �M PD169316 at 37 °C for 15 min. Incubations were continued in the presence or absence of 50
�M cocaine for 60 min. A, NE uptake: drug-treated synaptosomes were used for NE uptake assays as described under “Experimental Procedures.” Data were
derived from three separate experiments, each in triplicate are given as mean � S.E. *, indicates significant change (p � 0.01) in NE transport (one-way analysis
of variance; Dunnett’s test: F(4,10) � 20.48; p � 0.01). B, surface biotinylation: synaptosomes treated with drugs as above were biotinylated and biotinylated
NETs were isolated and analyzed as described under “Experimental Procedures” and as described in the legend to Fig. 1. Bar graph shows biotinylated NET band
densities as % of vehicle. Data derived from three separate experiments are given as mean � S.E. *, indicates a significant change (p � 0.05) in surface NET
immunoreactivity following cocaine treatment compared with vehicle control (one-way analysis of variance; Dunnett’s test: F(4,8) � 5.911, p � 0.02). Calnexin
immunoblots corresponding to the total are shown for equal protein loading. C, phosphorylation: following metabolic labeling with 32P and drug treatments,
synaptosomes were solubilized and the extract was subjected to immunoprecipitation with NET-82 antibody and autoradiography as described under
“Experimental Procedures.” Representative autoradiogram is shown. Bar graph shows phospho-NET levels as % of vehicle. *, indicates significant changes (p �
0.01) in phospho-NET (one-way analysis of variance; Dunnett’s test: F(4,8) � 12.16, p � 0.002). D, phospho-p38 MAPK and total p38 MAPK levels: synaptosomes
treated as above were subjected to SDS-PAGE and immunoblotting with phospho-p38 MAPK antibody and reprobing with total p38 MAPK antibody. The
phospho-p38 MAPK and total p38 MAPK immunoreactive bands are shown. The experiment was repeated twice essentially with similar results.
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required for cocaine-evoked increases in cell surface expres-
sion. As shown in Fig. 4A, cocaine significantly increased (30–
50%) cell surface expression of either the WT-hNET or the
C-tail triple � Ser502 mutant, but failed to increase surface
expression of the N-tail triple mutant. Analysis of T19A, T30A,
and T58A single mutants revealed that cocaine significantly
increased (�30%) surface expression of the T19A and T58A
mutants, but not the T30A mutant (Fig. 4B). Cocaine signifi-
cantly increased surface expression of the hNET-T258A,S259A
double mutant expressing in HTR cells (Fig. 4C). These results
collectively suggested that Thr30 is the site of action for cocaine
to up-regulate NET.
Cocaine Up-regulation of NET Is Mediated by Cocaine-in-

duced p38 MAPK-dependent Phosphorylation of Thr30 in the

hNET—Having known that the T30A mutant is resistant to
cocaine-mediated up-regulation, next we conducted parallel
experiments to examine the changes in NE uptake, transporter
surface expression, and phosphorylation of WT-hNET and
T30A-hNET in response to cocaine. Cocaine treatment pro-
duced a significant, PD169316-sensitive increase (30–35%) in
NE uptake inHTR cells transiently transfected withWT-hNET
(Fig. 5A). However, in contrast, cocaine did not alter NE uptake
in HTR cells transfected with T30A-hNET (Fig. 5A). Cocaine
treatment also produced a significant (50–60%) increase in cell
surface NET levels in HTR cells transfected with WT-hNET,
but not in cells transfected with T30A-hNET (Fig. 5B). Pre-
treatment with PD169316 completely blocked the cocaine-in-
duced up-regulation of surface NET levels in HTR cells trans-

FIGURE 3. Cocaine up-regulates hNET expressed in HTR cells and the up-regulation results from a net effect on NET exocytosis and endocytosis. A, NE
uptake: HTR-hNET cells were treated with cocaine (50 �M) for 60 min at 37 °C. NE uptake assays were performed as described under “Experimental Procedures.”
Specific NE uptake data derived from three separate experiments, each in triplicate are given as mean � S.E. *, indicates significant difference (p � 0.01)
compared with vehicle treatment (Student’s t test; WT: t � 8.0, df � 20; DM: t � 4.2, df � 22). B, surface biotinylation: cells treated as above were subjected to
surface biotinylation as described under “Experimental Procedures.” Total (T), nonbiotinylated (UB), and biotinylated (B) NETs were analyzed using hNET
monoclonal antibody. Representative blot shows hNET-specific bands at �85 and �48 kDa (upper panel). Densities of biotinylated NETs (�85 kDa) from three
separate experiments are given as mean � S.E. (bar graphs). *, indicates significant change (p � 0.01) in cell surface NET (Student’s t test; WT, t � 5.1 df � 6).
Calnexin immunoblots corresponding to total are shown for equal protein loading. C, plasma membrane recycling: sulfo-NHS acetate-treated cells were
subjected to biotinylation in the presence of vehicle or 50 �M cocaine for the indicated time periods as described under “Experimental Procedures.” Repre-
sentative NET and TfR immunoblots are shown. Biotinylated NET band densities expressed as % of total from three different experiments are given as mean �
S.E. (bar graphs). # and ## indicate significant changes in NET recycling (#, p � 0.05 for drug and ##, p � 0.001 for time: two-factor analysis of variance;
Bonferroni’s test. WT: drug, F(1,16) � 6.6, p � 0.02; time: F(3,16) � 65, p � 0.0001; interaction: F(3,16) � 1.2, p � 0.35). D, endocytosis: cells were subjected to
internalization assay as described under “Experimental Procedures.” Representative NET and TfR immunoblots are shown. Biotinylated NET band densities
from three separate experiments are given as mean � S.E. (bar graphs). ##, indicates significant changes in NET internalization (##, p � 0.001 for drug, and time,
two-factor analysis of variance; Bonferroni’s test. WT: drug, F(1,16) � 49, p � 0.0001; time: F(1,16) � 170.9, p � 0.0001; interaction: F(3,16) � 1.5, p � 0.25).
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fected with WT-hNET (Fig. 5B). Analogous effects were
observed with another p38 MAPK inhibitor, SB202190 (data
not shown). PD169316 alone had no significant effect on cell
surface NET levels in HTR cells transfected withWT-hNET or
T30A-hNET (Fig. 5B). NE uptake capacity, as well as total and
plasmamembrane expression levels of theT30A-hNETmutant
were comparable with WT levels.
Parallel phosphorylation assays showed that cocaine-in-

duced NET phosphorylation occurs in WT-hNET-transfected
HTR cells (Fig. 6A), but not in cells transfected with the T30A-
hNET mutant (Fig. 6B). Cocaine produced a 2-fold increase in
WT-hNET phosphorylation (Fig. 6A) but did not affect T30A-
hNET phosphorylation (Fig. 6B). Treatment with PD169316,
alone, produced a small non-significant (15–20%) increase in
basal phosphorylation ofWT-hNET (Fig. 6A) and T30A-hNET
(Fig. 6B). However, PD169316 pretreatment effectively blocked
cocaine-induced phosphorylation of hNET in HTR cells trans-
fected with WT-hNET (Fig. 6A). In addition, PD169316 when
present together with (in the presence of) cocaine, not only
blocked cocaine-induced WT-hNET phosphorylation but also
reduced the transporter phosphorylation to below the basal
level (Fig. 6A). Interestingly this later effect was not seen with
T30A-hNET (Fig. 6B). Cocaine at 10, 30, and 50 �M concentra-
tions produced an increase in the immunoreactivity of both
phospho-p38 MAPK and phospho-ATF2 without affecting the
total p38 MAPK levels (Fig. 6C). Pretreatment with 20 �M

PD169316 completely abolished the increase in phospho-p38
MAPK immunoreactivity induced by 50 �M cocaine (Fig. 6C).
Collectively, these results indicate that p38 MAPK signaling is
required for cocaine-induced NET up-regulation and phosphor-
ylation of the Thr30 moiety.

Cocaine Inhibits PlasmaMembrane Recycling of T30A-hNET
but Fails to Alter (Inhibit) T30A-hNET Endocytosis—To deter-
mine whether cocaine-induced NET up-regulation results
from a net inhibitory effect of cocaine on exocytosis and endo-
cytosis, we examined the effects of cocaine on exocytosis and
endocytosis of the T30A mutant. Interestingly, although
cocaine retained its inhibitory effect on T30A exocytosis/recy-
cling, it failed to alter T30A endocytosis (Fig. 7A). Similar to
observations made with WT-hNET (Fig. 2A), cocaine-induced
inhibition of T30A-hNET exocytosis/recycling was evident fol-
lowing 1- and 5-min cocaine treatment and beyond 5min there
was no significant effect (Fig. 7A). In contrast, to WT-hNET
(Fig. 2B), endocytosis of T30A-hNET was unaltered following
cocaine treatment at all time points tested (Fig. 7A).
Although cocaine failed to inhibit T30A endocytosis, it

retained its inhibitory effect onT30A recycling. Therefore, next
we examined the steady-state levels of WT-hNET and T30A-
hNET in parallel experiments. Surface biotinylation experi-
ments examining the time-dependent effects of cocaine on
steady-state levels of WT-hNET and T30A-hNET are shown
Fig. 7B. Exposure of WT-hNET cells to cocaine for either 5 or
15min did not affect cell surface expression. However, a signif-
icant increase (�35%) in cell surface WT-hNET was evident
following 30 min incubation with cocaine. In contrast, and
regardless of the duration of exposure, we failed to observe a
significant effect of cocaine on cell surface levels of T30A-
hNET (Fig. 7B).

DISCUSSION

The rewarding and powerfully addictive effects of psycho-
stimulants such as cocaine are attributed to their capacity to

FIGURE 4. Identification of T30A as the site of cocaine action. HTR cells transiently transfected with WT-hNET, N-tail triple mutant, C-tail triple � S502 mutant
(A), or T19A, T30A, or T58A single mutants (B) or the T258A,S259A double mutant (C) were treated with vehicle or 50 �M cocaine and surface biotinylation
experiments were performed as described under “Experimental Procedures” and in the legend Fig. 3. Representative blots are shown in the upper panels.
Biotinylated NET band densities expressed as % of vehicle are shown in the bar graphs. Data derived from three separate experiments are given as mean � S.E.
*, indicate significant changes (p � 0.01) in surface NET immunoreactivity following cocaine treatment compared with respective vehicle-control (Student’s
t test: WT, t � 5.2, df � 8; N-trip; t � 1.3, df � 6; C-triple � S502A, t � 8.2, df � 6; T19A: t � 4.9, df � 6; T30A, t � 1.7, df � 6; T58A, t � 4.4, df � 4; and T258A,S259A,
t � 5.7, df � 4). Calnexin immunoblots corresponding to total are shown for equal protein loading.
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increase DA levels in terminal regions of mesolimbic neurons
(39, 40). Studies using knock-out mice and/or pharmacological
transporter blockade have provided strong evidence that extra-
cellular DA clearance in the PFC is largely controlled by NET
(41–45). In addition, a functional coupling exists between DA
andNE transmission, and DA-related behavior at the transport

level is linked to NET function (46). Cocaine up-regulates both
dopamine transporter and NET (10, 12, 29, 47, 48). However,
the underlying cellular and molecular mechanisms are
unknown.The present study for the first time, documents acute
cocaine-induced up-regulation of native NET in the PFC and
provides new insights as to the motif and trafficking mecha-
nisms aswell as kinase/signaling pathway(s) involved in cocaine
up-regulation of NET function.
Acute intraperitoneal injection of cocaine stimulates NE

transport and increases NET surface expression in rat PFC syn-
aptosomes. Rat PFC and HTR cells express p38 MAPK as well
as activated p38 MAPK (phospho-p38 MAPK). The MAPK
pathway plays a key role in neuroadaptations induced by drugs
of abuse (26, 49, 50). The present study demonstrates that
cocaine-induced NET up-regulation (increased NE transport
and surface NET level) is p38 MAPK dependent. Thus, pre-
treatment of PFC synaptosomes or cells expressing hNET with
PD169316 prevented cocaine-evoked increases inNE transport

FIGURE 5. T30A-hNET mutant is resistant to cocaine-induced up-regula-
tion. A, NE uptake: HTR cells transiently transfected with WT-hNET or T30A-
hNET mutant were pretreated with vehicle or PD169316 and incubations
were continued in the presence or absence of 50 �M cocaine for 60 min.
Drug-treated cells were used for NE uptake assays as described under “Exper-
imental Procedures” and as described in the legend to Fig. 3. Data derived
from three separate NE uptake experiments, each in triplicate are given as
mean � S.E. *, indicate significant changes (p � 0.01) in NE transport (one-
way analysis of variance; Dunnett’s test: WT, F(4,8) � 7.745, p � 0.0094; T30A,
F(4,14) � 1.679, p � 0.2169). B, surface biotinylation: cells transfected with
WT-hNET or T30A-hNET mutant were treated with drugs as above and sub-
jected to surface biotinylation as described under “Experimental Procedures”
and in the legend to Fig. 3. Representative blots are shown in the upper panels.
Bar graph shows biotinylated NET band densities as % of vehicle. Data derived
from three separate experiments are given as mean � S.E. *, indicates signif-
icant changes (p � 0.01) in surface NET immunoreactivity (one-way analysis
of variance; Dunnett’s test: WT, F(4,8) � 24.01, p � 0.002; T30A, F(4,12) � 1.86,
p � 0.1888). Calnexin immunoblots corresponding to total are shown.

FIGURE 6. T30A-hNET is resistant to cocaine-induced phosphorylation.
HTR cells transiently transfected with WT-hNET (A) or T30A-hNET mutant (B)
were metabolically labeled with 32P and incubated with vehicle or 20 �M

PD169316 for 15 min at 37 °C and incubations were continued in the pres-
ence or absence of 50 �M cocaine for 60 min. Cell extracts were subjected to
immunoprecipitation with NET-82 antibody and autoradiography as
described under “Experimental Procedures.” Representative autoradiograms
show phospho-NET bands in the upper panels. Bar graph shows phospho-NET
levels as % of vehicle. Data derived from three separate experiments are given
as mean � S.E. *, indicate significant changes (p � 0.01) in phospho-NET
(one-way analysis of variance; Dunnett’s test: WT, F(4,10) � 7.349, p � 0.0069;
T30A, F(4,14) � 1.679, p � 0.7173). C, total and phospho-p38 MAPK and phos-
pho-ATF2 levels: HTR-hNET cells were treated with 10, 30, or 50 �M cocaine for
1 h at 37 °C in one set of experiments. In another set, cells were preincubated
with vehicle or 20 �M PD169316 and incubations were continued in the pres-
ence or absence of 50 �M cocaine for a further 60 min. Equal aliquots of cell
extracts were subjected to SDS-PAGE and sequential immunoblotting with
phospho-p38 MAPK, phospho-ATF2, and total p38 MAPK antibodies. The
phospho-p38 MAPK, phospho-ATF2, and total p38 MAPK bands are shown.
The experiment was repeated twice with essentially similar results.
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and NET surface expression. Cocaine-induced NET phosphor-
ylation is also sensitive to p38 MAPK inhibition. In addition,
cocaine stimulated the levels of phospho-p38 MAPK and
phospho-ATF2 in a PD169316-sensitive manner. These data
collectively suggest that cocaine activates p38MAPK, which in
turn phosphorylates NET. Substrates and ligands for monoa-
mine transporters regulate transporter phosphorylation and,
thereby, transport function (31, 36, 51, 52). Previous reports
have shown that cocaine by itself has no effect on the phos-
phorylation of serotonin transporter or dopamine transporter,
although PKC-induced serotonin transporter phosphorylation
and methamphetamine-induced dopamine transporter phos-
phorylation are blocked by cocaine (31, 51). Amphetamine,
which is a substrate for serotonin transporter, increases sero-
tonin transporter basal phosphorylation that is sensitive to p38
MAPK inhibition (18). These results suggest that psychostimu-
lant drugs have distinctly different effects in regulating mono-
amine transporter expression and phosphorylation that are
transporter-specific.
Transport function is determined by the number of trans-

porters present on the cell surface, which in turn is dictated by
transporter entry to the cell surface (exocytosis) and their exit

from the surface (endocytosis). Here, we demonstrate that in
HTR cells heterologously expressing hNET, cocaine-induced
increases in NET function result from p38 MAPK-dependent
phosphorylation of Thr30 and occur in concert with an increase
in plasmamembraneNET density. Our studies in heterologous
cells demonstrate that cocaine-induced NET up-regulation is
due to inhibition of NET endocytosis. Although cocaine inhib-
its both plasma membrane insertion/recycling and internaliza-
tion of NET, inhibition of endocytosis is observed after both
brief andmore prolonged cocaine exposure, whereas inhibition
of insertion is seen only after brief exposure (1 and 5 min).
Cocaine failed to up-regulate NE transport function and sur-
face expression of the T30A-hNETmutant. These data suggest
that Thr30 is a potential phosphorylation site for cocaine-acti-
vated p38 MAPK. The analysis of inhibition constants for
cocaine in HTR cells expressing WT-hNET or T30A-hNET
revealed similar Ki values (WT, 0.25 � 0.02 �M; T30A, 0.21 �
0.04 �M). Thus, the inability of cocaine to up-regulate T30A-
hNET cannot be attributed to altered affinity for cocaine.
Although cocaine-induced inhibition of T30A-hNET plasma
membrane recycling was intact, cocaine failed to alter T30A-
hNET endocytosis and phosphorylation. Together these find-

FIGURE 7. Although plasma membrane recycling of T30A-hNET is inhibited by cocaine following short time treatments similar to WT-hNET, T30A-
hNET endocytosis is unaltered by cocaine. A, plasma membrane recycling and endocytosis: recycling, HTR cells transiently transfected with T30A-hNET
mutant were treated with sulfo-NHS acetate prior to biotinylation in the presence of vehicle or 50 �M cocaine for the indicated time periods. Representative
total (T) and avidin bound (B) NET and TfR immunoblots as well as calnexin blot corresponding to total are shown. Biotinylated NET band densities expressed
as % of total from three different experiments are given as mean � S.E. Bar graphs, # and ## indicate significant changes in the recycling of plasma membrane
T30A-hNET (#, p � 0.05 for drug and ##, p � 0.001 for time; two-factor analysis of variance; Bonferroni’s test: drug, F(1,16) � 5.1, p � 0.04; time, F(3,16) � 176.3, p �
0.0001; interaction: F(3,16) � 1.6, p � 0.22). Endocytosis: cells transfected with T30A-hNET mutant were subjected to internalization assay as described under
“Experimental Procedures.” Representative NET (T&B) and TfR immunoblots as well as calnexin blot corresponding to total are shown. Biotinylated NET band
densities from three separate experiments are given as mean � S.E. Bar graphs, # and ## indicate significant changes in T30-hNET internalization (#, p � 0.05
for drug and ##, p � 0.001 for time; two-factor analysis of variance; Bonferroni’s test: drug, F(1,16) � 0.21, p � 0.65; time, F(3,16) � 48.8, p � 0.0001; interaction,
F(3,16) � 0.02, p � 0.99). B, steady-state levels of cell surface WT-hNET and hNET-T30A: cells transfected with WT-hNET or T30A-hNET were treated with 50 �M

cocaine for the indicated time periods and steady-state levels of cell surface WT-hNET or T30A-hNET were measured by surface biotinylation as described under
“Experimental Procedures” and in the legend to Fig. 3. Representative total (T), avidin bound (B), and unbound (UB) NET immunoblots and calnexin immuno-
blots corresponding to total are shown. Bar graphs show biotinylated NET band densities as % of vehicle. Data derived from three separate experiments are
given as mean � S.E. *, indicate significant changes (p � 0.05) in surface NET (one-way analysis of variance; Dunnett’s test: WT, F(4,11) � 4.01, p � 0.05; T30A,
F(4,11) � 0.64, p � 0.60).
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ings suggest that Thr30 phosphorylation by cocaine-linked/ac-
tivated p38 MAPK dictates NET endocytosis and hence NET
up-regulation. The N-terminal region of hNET has three thre-
onine residues that can serve as potential phosphorylation sites
for serine/threonine-directed kinases. Although these are not
exact p38 MAPK motifs, the presence of several proline resi-
dues throughout theNETN-tail may render these sites suitable
for proline-directed serine/threonine kinases such as p38
MAPK.
Data from time course studies of cocaine on steady-state

cell surface NET levels suggest that cocaine-induced up-reg-
ulation of WT-hNET is primarily due to its effect on NET
endocytosis and that T30A mutation renders NET resistant
to cocaine-induced inhibition of NET endocytosis. Brief
cocaine exposure was effective in inhibiting NET plasma
membrane insertion and this action was retained in the
T30A-hNET mutant. Interestingly, NE uptake and steady-
state surface NET levels were unaltered following a 5-min
cocaine treatment. This suggests that following brief cocaine
exposure, the effect of decreased transporter recycling could
nullify the effect of reduced endocytosis (WT) or it is too
small to detect (WT or T30A). It is clear, however, that the
greater effect of cocaine on WT-hNET endocytosis (inhibi-
tion) contributes to the overall up-regulation observed at
longer periods. We observed non-significant decreases in
T30A cell surface expression following cocaine treatment in
all our experiments. This may indicate that the efficacy of
cocaine in decreasing plasma membrane recycling is main-
tained in the T30Amutant. However, this could not bemeas-
ured because surface NET levels plateau at 30 min (16).
Nonetheless, the present study demonstrates the altered
trafficking mechanisms mediate cocaine-mediated NET up-
regulation and identify Thr30 as the trafficking motif.
Cocaine stimulated basal NET phosphorylation in a

PD169316-sensitivemanner both in a heterologous system and
in native tissues. In cells, the ability of cocaine to phosphorylate
hNET is prevented by T30A mutation. However, p38 MAPK
inhibition alone had no significant effect on basal NET expres-
sion and phosphorylation. Although it is not known whether
p38 MAPK directly phosphorylates NET, it is possible that
when cocaine is bound to NET (cocaine bound NET), NET
adopts a conformation that enables p38 MAPK itself or p38
MAPK-regulated kinases or phosphatases to act upon and alter
NETphosphorylation, thereby, limitingNETendocytosis. Indeed,
in the presence of cocaine, p38MAPK inhibition not only blocked
cocaine-induced up-regulation of NET surface expression, but
also inhibitedNETphosphorylation to a level lower than the basal
level. This is not seen with the T30A-hNET mutant suggesting
that when bound to cocaine, the T30A mutant may adopt a con-
formation not suitable for p38MAPK to act upon.
NET function is regulated by several signaling pathways that

involve associated proteins, including the SNARE protein, syn-
taxin 1A, protein phosphatase 2A catalytic subunit (PP2Ac),
PICK1, Hic-5, and PP2A anchoring subunit (PP2AAr) (53–55).
It is tempting to speculate that, cocaine, via MAPK signaling,
may induce Thr30 phosphorylation and inhibit constitutive
NET endocytosis and stabilize cell surface NET. However, fur-
ther studies are needed to clarify whether other cellular mech-

anisms such as dephosphorylation, ubiquitinylation, and pro-
tein-protein interactions play a role in cocaine-induced NET
up-regulation. Although the intermediary candidates or steps
linking cocaine treatment to p38 MAPK activation await iden-
tification, it is clear that substrate/ligand modulation of trans-
porter-mediated intracellular neurotransmitters can lead to
direct activation of kinases (56, 57). Nonetheless, our findings
that p38 MAPK mediates cocaine up-regulation of NET in the
native neuronalmodel and heterologous system signify the role
of endogenous NET regulation in cocaine modulation of cate-
cholamine homeostasis with important physiological and ther-
apeutic implications.
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