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Background: Cocaine-activated p38 MAPK-mediated norepinephrine transporter (NET) threonine 30 phosphorylation
up-regulates NET.
Results: p38 MAPK inhibition and TAT-NET-Thr30 peptide blocks cocaine-mediated NET up-regulation and cocaine-induced
locomotor sensitization and conditioned place preference (CPP).
Conclusion: Blockade of p38 MAPK-mediated Thr30-dependent NET regulation attenuates cocaine-induced locomotor sen-
sitization, CPP, and CPP reinstatement.
Significance: Regulation of NET plays a mechanistic role in cocaine-mediated behaviors.

The noradrenergic and p38 mitogen-activated protein kinase
(p38 MAPK) systems are implicated in cocaine-elicited behav-
iors. Previously, we demonstrated a role for p38 MAPK-medi-
ated norepinephrine transporter (NET) Thr30 phosphorylation
in cocaine-induced NET up-regulation (Mannangatti, P.,
Arapulisamy, O., Shippenberg, T. S., Ramamoorthy, S., and Jay-
anthi, L. D. (2011) J. Biol. Chem. 286, 20239 –20250). The pres-
ent study explored the functional interaction between p38
MAPK-mediated NET regulation and cocaine-induced behav-
iors. In vitro cocaine treatment of mouse prefrontal cortex syn-
aptosomes resulted in enhanced NET function, surface expres-
sion, and phosphorylation. Pretreatment with PD169316, a p38
MAPK inhibitor, completely blocked cocaine-mediated NET
up-regulation and phosphorylation. In mice, in vivo administra-
tion of p38 MAPK inhibitor SB203580 completely blocked
cocaine-induced NET up-regulation and p38 MAPK activation
in the prefrontal cortex and nucleus accumbens. When tested
for cocaine-induced locomotor sensitization and conditioned
place preference (CPP), mice receiving SB203580 on cocaine
challenge day or on postconditioning test day exhibited signifi-
cantly reduced cocaine sensitization and CPP. A transactivator
of transcription (TAT) peptide strategy was utilized to test the
involvement of the NET-Thr30 motif. In vitro treatment of syn-
aptosomes with TAT-NET-Thr30 (wild-type peptide) com-
pletely blocked cocaine-mediated NET up-regulation and phos-
phorylation. In vivo administration of TAT-NET-Thr30 peptide
but not TAT-NET-T30A (mutant peptide) completely blocked
cocaine-mediated NET up-regulation and phosphorylation. In

the cocaine CPP paradigm, mice receiving TAT-NET-Thr30 but
not TAT-NET-T30A on postconditioning test day exhibited sig-
nificantly reduced cocaine CPP. Following extinction, TAT-
NET-Thr30 when given prior to cocaine challenge significantly
reduced reinstatement of cocaine CPP. These results demon-
strate that the direct inhibition of p38 MAPK or the manipula-
tion of NET-Thr30 motif/phosphorylation via a TAT peptide
strategy prevents cocaine-induced NET up-regulation, locomo-
tor sensitization, and CPP, suggesting a role for Thr30-linked
NET regulation in cocaine-elicited behaviors.

Efforts with NET3 knock-out (KO) mice provided unequivo-
cal evidence that NET is important for synaptic NE clearance.
More importantly, elevated locomotor activity after psycho-
stimulants and enhanced cocaine reward phenotypes in NET
KO mice underscores the importance of NET in drug addiction
(2). The rewarding and powerfully addictive effects of psycho-
stimulants are attributed to dopamine (DA) signaling in the
mesolimbic system. However, DA clearance in the prefrontal
cortex (PFC) is largely controlled by the NET (3–7), and DA-
related behavior is linked to NET function (8). It is possible that
cocaine effects on NET and hence on NE/DA signaling may
represent one of many neuroadaptations that occur in the
development of drug addiction.

NE clearance is a highly orchestrated process involving reg-
ulation of NET function via phosphorylation by second mes-
senger-linked signaling pathways downstream of receptor acti-
vation (9 –11). NET contains multiple consensus sites for
several kinases including PKCs and MAPKs. Although PKC� is
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implicated in cardiovascular diseases and alcohol addiction
(12–14), other PKC isoforms and p38 MAPKs are implicated in
several brain disorders such as psychostimulant addiction and
depression (15, 16). We have documented that phosphoryla-
tion of NET may be a common mechanism dictating NET
expression and thus NE transport function in maintaining NE
homeostasis (1, 17, 18). In particular, our recent in vitro and in
vivo studies documented that cocaine increases NET function
and surface expression in rodent PFC and NAc via p38 MAPK-
mediated NET phosphorylation (1). Thus, there exists a signif-
icant association between cocaine up-regulation of NET and
p38 MAPK signaling. This raises the possibility that manipula-
tion of p38 MAPK-dependent NET regulation in animals could
alter the behavioral response to cocaine.

Cocaine and other psychostimulants induce MAPK signaling
in the brain (19 –22). Acute in vivo cocaine administration
results in NET up-regulation as well as p38 MAPK activation in
rat PFC (1). Using PFC synaptosomes and human placental
trophoblast cells expressing hNET (HTR-hNET), our studies
demonstrated that in vitro application of cocaine stimulates
NET function, surface expression, and phosphorylation in a
manner sensitive to p38 MAPK inhibition. Cocaine reduces
NET endocytosis contributing to transporter up-regulation (1).
Furthermore, our studies provided evidence for cocaine-in-
duced p38 MAPK-dependent phosphorylation of NET-Thr30

dictating NET endocytosis and hence NE transport. These pub-
lished results (1) demonstrated a novel molecular mechanism
by which cocaine controls NE transport.

Here we extended this investigation to in vivo manipulation
of p38 MAPK to determine whether there is a link between p38
MAPK-mediated NET regulation and cocaine-induced behav-
iors. To explore the effects of p38 MAPK inhibition on behav-
ioral responses to the psychostimulant drug cocaine, we tested
cocaine-induced locomotor sensitization and conditioned
place preference (CPP) in C57BL/6J mice. Initial in vitro exper-
iments showed cocaine-mediated NET up-regulation and
enhanced NET phosphorylation in mouse PFC synaptosomes.
These effects were completely blocked by prior treatment with
either the p38 MAPK inhibitor PD169316 or TAT-NET-Thr30.
Similar to in vitro treatment, in vivo cocaine administration to
mice resulted in NET up-regulation in the PFC and NAc
regions in a manner that is sensitive to in vivo administration of
the p38 MAPK inhibitor SB203580 and TAT-NET-Thr30 pep-
tide. In vivo administration of the p38 MAPK inhibitor
SB203580 or TAT-NET-Thr30 peptide significantly attenuated
cocaine-induced locomotor sensitization and CPP. These
results suggested that p38 MAPK-mediated NET up-regulation
is linked to cocaine-induced behaviors and that this regulation
may have implications in the neuronal adaptations underlying
cocaine addiction.

EXPERIMENTAL PROCEDURES

Animals

Male C57BL/6J mice (The Jackson Laboratory, Bar Harbor,
ME) of 8 –9 weeks of age and weighing around 25 g were used
for the experiments. Mice were housed in groups of four to five
in polypropylene cages with corn cob bedding and had free

access to food (Harlan Teklad) and tap water. They were main-
tained on a 12-h light/12-h dark cycle at an ambient tempera-
ture of 22 °C and 42% humidity. All animal procedures were in
accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. The protocols of this
study were approved by the Virginia Commonwealth Univer-
sity Institutional Animal Care and Use Committee.

Materials

Cocaine hydrochloride (cocaine) and SB203580 (4-[4-
fluorophenyl]-2-[4-methylsulfinylphenyl]-5-[4-pyridyl]-1H-
imidazole) were purchased from Sigma-Aldrich. [3H]NE was
from PerkinElmer Life Sciences. Norepinephrine transporter
antibody (NET05-2) was from MAb Technologies (Stone
Mountain, GA). Dopamine transporter (DAT) polyclonal anti-
body was from Santa Cruz Biotechnology Inc. (Dallas, TX).
Polyclonal antibodies to NET and serotonin transporter
(SERT) were generated and characterized in the laboratory (1,
23). Antibody to p38 MAPK was from Santa Cruz Biotechnol-
ogy Inc. Phospho-p38 MAPK antibody was purchased from
Cell Signal Technology (Danvers, MA). Antibody to tyrosine
hydroxylase (TH) was from EMD Millipore (Billerica, MA). All
other chemicals were from Sigma or Fisher Scientific unless
otherwise indicated. The sequence LPEQPLRPCKTADLL-
VVKERN (amino acids 20 – 40) was selected encompassing
Thr30 (underlined) in NET. Both NET-Thr30 and NET-T30A
peptides with added TAT sequence YGRKKRRQRRR were
synthesized by Thermo Scientific/Pierce and were of more than
95% purity. The sequences are YGRKKRRQRRRLPEQPLRP-
CKTADLLVVKR N for TAT-NET-Thr30 and YGRKKRRQR-
RRLPEQPLRPCKAADLLVVKERN for TAT-NET-T30A.

In Vivo Drug Administrations

Cocaine was dissolved in injectable grade isotonic saline
solution (0.9% NaCl). Saline or cocaine (15, 20, or 30 mg/kg)
was administered intraperitoneally in a volume of 10 �l/g of
body weight. SB203580 was dissolved in DMSO and diluted
with saline so that the final DMSO concentration was 0.002%
when injected. Vehicle control contained 0.002% DMSO. Vehi-
cle or SB203580 (50 �g/kg intraperitoneally) was administered
in a volume of 10 �l/g of body weight. Vehicle (saline) or mem-
brane-permeable TAT-NET-Thr30 or TAT-NET-T30A (12
mg/kg in saline) was administered intravenously in a volume of
1 �l/g of body weight via the tail vein. This accounts for 300 �g
of peptide per mouse of 25-g weight.

Synaptosome Preparations

For in vitro experiments, mice were decapitated, and the
brains were collected in ice-cooled dishes for synaptosome
preparation. To examine the in vivo effect of p38 MAPK inhi-
bition on cocaine-mediated NET regulation, mice received
intraperitoneal injections of SB203580 or the vehicle 15 min
prior to saline or cocaine administration. To examine the effect
of TAT-NET peptides, mice received tail intravenous injections
of either TAT-NET-Thr30, TAT-NET-T30A, or the vehicle 15
min prior to saline or cocaine administration. Following 60 min
of drug administrations, mice were decapitated, and the brains
were collected in ice-cooled dishes. Brain tissues from PFC and
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NAc 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 1000 � 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 resuspend-
ing in 0.32 M sucrose (24). Protein concentration was deter-
mined by DC protein assay (Bio-Rad) using bovine serum albu-
min as the standard.

In Vitro Drug Treatments

Synaptosomes (300 �g) were preincubated with vehicle or 20
�M PD169316 in some experiments and with vehicle or 10 �M

TAT-NET-Thr30 peptide in others at 37 °C for 15 min. The
incubations were continued in the presence or absence of 50 �M

cocaine for 60 min in a total volume of 1 ml. Following in vitro
treatments, the reaction mixture was centrifuged at 15,000 � g
for 20 min, and the pellet was resuspended in 300 �l of Krebs-
Ringer HEPES buffer. The resuspended synaptosomes were
washed three times using 1 ml of Krebs-Ringer HEPES buffer
followed by centrifugations at 15,000 � g for 5 min, each time
transferring the resuspended synaptosomes into fresh tubes.
The pellet from the final wash was suspended in 300 �l of
Krebs-Ringer HEPES buffer, and the uptake assay was per-
formed as described previously (24) using [3H]NE.

NE and DA Uptake Measurements in Synaptosomes

The NE uptake assay was performed as described previously
(1, 25) using 40 nM [3H]NE (35.0 Ci/mmol L-[7,8-3H]norepi-
nephrine) for 5 min. Synaptosomes from either PFC or NAc
were preincubated with the NET inhibitor desipramine (100
�M) at 37 °C for 5 min followed by the addition of [3H]NE to
determine the nonspecific NE uptake. Nonspecific uptake was
defined as uptake in the presence of 100 �M desipramine and
subtracted from total accumulation to yield specific NET-me-
diated NE uptake. DAT-mediated DA uptake by NAc synapto-
somes was measured using 10 nM [3H]DA (78 Ci/mmol
[2,5,6,7,8-3H]dihydroxyphenylethylamine, PerkinElmer Life
Sciences) at 37 °C for 5 min as described earlier (26, 27). DA
uptake was measured in the presence of 100 nM nisoxetine (a
NET-specific blocker to isolate total DAT-mediated DA
uptake). DA uptake was also measured in the presence of 100
�M cocaine to isolate nonspecific DA uptake. Specific DAT-
mediated DA uptake was calculated by subtracting nonspecific
DA uptake (measured in the presence of cocaine) from total DA
uptake (measured in the presence of nisoxetine). This allowed
us to isolate only DAT-mediated DA uptake. Uptake was ter-
minated by addition of 1 ml of ice-cold Krebs-Ringer HEPES
buffer 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 scintilla-
tion counting using a MicroBeta2 LumiJet (PerkinElmer Life
Sciences). Mean values of specific uptake �S.E. of at least three
separate experiments were determined.

Surface Biotinylation of Synaptosomes

Synaptosomes (300 �g) treated as above or obtained from
drug-administered animals were subjected to surface biotiny-

lation and isolation of avidin-bound and -unbound fractions as
described previously (1, 24, 25). Aliquots from total extracts (50
�l) and entire eluted fractions were separated by SDS-PAGE
(10%), transferred to membrane, and probed with mouse NET
antibody or DAT antibody. The rodent NET-specific monoclo-
nal antibody has been characterized for its suitability to identify
rat and mouse NET proteins by Western blotting, immunopre-
cipitations, and immunocytochemistry (28). Blots were
stripped and reprobed with anti-TH antibody. NET or DAT
proteins were visualized using ECL or ECL Plus reagent fol-
lowed by exposure to Hyperfilm ECL. Multiple exposures of
immunoblots were taken to ensure that the band development
on the film was within the linear range. Band densities were
quantified by scanning and analyzed using NIH ImageJ (v1.62)
software. Anti-TH antibody was used to validate the surface
biotinylation of plasma membrane proteins. NET band densi-
ties from total and biotinylated (representing the surface pool)
fractions were normalized using levels of TH in the total
extract.

Phosphorylation of NET

Synaptosomes (300 �g) were incubated with 5.0 mCi of
32PO4 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 (under “In Vitro Drug Treatments”). At the
end of the incubation, samples were centrifuged, and the pellet
was resuspended in radioimmune precipitation assay buffer
containing protease inhibitors (1 �M pepstatin A, 250 �M

PMSF, 1 mg/ml leupeptin, and 1 �g/ml aprotinin) and phos-
phatase inhibitors (10 mM NaF, 50 mM sodium pyrophosphate,
1 mM sodium orthovanadate, and 1 M okadaic acid) by passing
10 times through a 25-gauge needle and solubilized by gently
shaking on a nutator for 1 h at 4 °C. The clear supernatant
obtained after centrifuging the solubilized synaptosomes at
45,000 � g for 40 min at 4 °C was subjected to immunoprecipi-
tation with NET-82 antibody and autoradiography as described
earlier (1). To test whether NET protein was completely immu-
noprecipitated by our polyclonal NET antibody following vari-
ous drug treatments, synaptosomes that were not metabolically
labeled were subjected to immunoprecipitation followed by
immunoblotting with NET-specific monoclonal antibody.

Immunoprecipitations Using Synaptosomes

Synaptosomes were suspended in radioimmune precipita-
tion assay buffer containing protease inhibitors (1 �M pepstatin
A, 250 �M PMSF, 1 mg/ml leupeptin, and 1 �g/ml aprotinin)
(29) by passing 10 times through a 25-gauge needle and solubi-
lized by gentle shaking on a nutator for 1 h at 4 °C. The clear
supernatant (200 �g of protein) obtained after centrifuging the
solubilized synaptosomes at 25,000 � g for 30 min at 4 °C was
subjected to (a) pulldown experiment with phospho-p38
MAPK beads or (b) immunoprecipitation with NET-specific
antibody as indicated below.

Pulldown Experiment—Sepharose beads that were conju-
gated with monoclonal antibody that binds to the phosphory-
lated (Thr180/Tyr182) form of p38 MAPK were used to pull
down the proteins associated with the active/phosphorylated
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form of p38 MAPK. The supernatants were incubated with the
20 �l of immobilized phospho-p38 MAPK antibody at 4 °C
overnight with continuous shaking, and the bound proteins
were eluted following thorough washings. The eluates were
subjected to SDS-PAGE (10%), and the proteins were detected
by immunoblotting with antibodies specific to NET as well as
dopamine and serotonin transporters.

NET Immunoprecipitation—The supernatants were first
precleared using Protein G-Sepharose (50 �l). NET protein was
immunoprecipitated overnight at 4 °C by the addition of NET-
specific antibody (NET05-2) and end-over-end continuous
mixing followed by 2-h incubation with Protein G-Sepharose at
22 °C (room temperature). The immunoadsorbents captured
by Protein G-Sepharose beads were washed with radioimmune
precipitation assay buffer and eluted by adding 50 �l of urea-
based sample buffer. The eluates were subjected to SDS-PAGE
(10%), and the proteins were detected by immunoblotting with
antibodies specific to rat/mouse NET (NET05-2), p38 MAPK,
and phospho-p38 MAPK. Band densities were measured on
multiple exposures to ensure quantitation within the linear
range of the film using NIH Image software.

Open Field Activity Monitoring

The locomotor activity of the mice was monitored in open
field activity chambers (Med Associates, St. Albans, VT; Model
ENV-510; 10.75 � 10.75 inches). The movements of the mice
were tracked using 16 evenly spaced infrared sources and sen-
sors juxtaposed around the periphery of the four sides of the
chamber. Each chamber is enclosed in a sound-attenuating
shell with artificial ventilation. We adapted a short term
cocaine sensitization protocol as described previously (30).
Briefly, following a 1-day habituation period (day 0), mice were
injected with 15 mg/kg cocaine on day 1 followed by 30 mg/kg
cocaine on days 2, 3, and 4. Locomotor activity was measured
on days 1, 2, and 4 for 60 min. Mice were kept in home cages for
4 days without any further drug injections. On day 9, mice
received a 15 mg/kg cocaine challenge, and the locomotor
activity was measured for 60 min. A single intraperitoneal injec-
tion of SB203580 at 50 �g/kg was given on challenge day prior
to cocaine or saline injection to examine its effect on cocaine
sensitization. This concentration was chosen based on our ini-
tial finding that when tested at 10, 50, and 100 �g/kg we found
that although 10 �g/kg of SB203580 failed to attenuate cocaine
sensitization 100 �g/kg produced a locomotor activating effect
by itself. In addition, a similar dose has been used in a published
study demonstrating the validity of detecting the behavioral
effects in rodents without altering amine transport (31). We
maintained two groups of mice. One group received saline and
the other received cocaine from days 1 to 4 and no drug from
days 5 to 8. On day 9, half of the mice from each group (saline
and cocaine) received vehicle, and the other half received 50
�g/kg SB203580 15 min prior to cocaine challenge. Thus, we
had four groups of mice to compare: vehicle/saline (n � 9),
SB203580/saline (n � 9), vehicle/cocaine (n � 9), and
SB203580/cocaine (n � 9). The locomotor activity of each
mouse was recorded for 60 min in a computer with DIG-729
software provided by the manufacturer. Data were plotted as
total distance traveled against time. Immediately following

locomotor activity measurement on sensitization day, mice
were sacrificed, and NE uptake was measured as described ear-
lier using both PFC and NAc synaptosomes.

Conditioned Place Preference

An unbiased mouse CPP paradigm was utilized as described
by several investigators (32–36). In brief, mice were placed in an
enriched environment and handled for 3 days prior to initiation
of CPP testing. The CPP apparatus (Med Associates, ENV-
3013) consisted of white and black chambers (20 � 20 � 20 cm
each), which differed in floor texture (white mesh and black
rod; Med Associates, ENV-3013WM and ENV-3013BR) to help
the mice further differentiate between the two environments.
Place conditioning chambers were separated by a smaller inter-
mediate compartment with a smooth PVC floor and partitions
that allowed access to the black and white chambers. On day 1,
mice were introduced into the chamber, and their baseline
preference for each chamber was measured for 15 min. After
testing for initial chamber preference on day 1, mice received
saline in one chamber in the a.m. and saline (control group; n �
24) or 20 mg/kg intraperitoneal cocaine (n � 24) in the opposite
chamber in the p.m. once a day for 3 days (chambers were
counterbalanced across treatments). On day 5, CPP was tested
at a time point midway between the a.m. and p.m. sessions. On
this day of postconditioning test, 15 min prior to CPP testing,
half of the mice from each of the saline or cocaine group
received vehicle, and the other half received SB203580 (50
�g/kg intraperitoneally). Thus, we had four groups of mice to
compare: saline/vehicle (n � 12), saline/SB203580 (n � 12),
cocaine/vehicle (n � 12), and cocaine/SB203580 (n � 12). To
examine whether SB203580 alone induces CPP, mice were con-
ditioned with SB203580 (50 �g/kg intraperitoneally) for 3 days
and tested for CPP on postconditioning day. To examine the
specificity of SB203580 on cocaine CPP, mice were conditioned
with morphine (5 mg/kg subcutaneously) for 3 days and on
postconditioning day, half of the mice from the morphine
group received vehicle (morphine/vehicle), and the other half
received 50 �g/kg SB203580 intraperitoneally (morphine/
SB203580) 15 min prior to CPP testing.

An identical protocol was followed for testing the effect of
TAT-NET peptides. On the day of the postconditioning test, 15
min prior to CPP testing, 1⁄3 of the mice from each of the saline
or cocaine group received vehicle, another 1⁄3 received TAT-
NET-Thr30, and the rest received TAT-NET-T30A. Thus, we
had six groups of mice: saline/vehicle (n � 9), saline/TAT-
NET-Thr30 (n � 9), saline/TAT-NET-T30A (n � 9), cocaine/
vehicle (n � 9), cocaine/TAT-NET-Thr30 (n � 9), and cocaine/
TAT-NET-T30A (n � 9). The concentration of TAT-NET
peptides was fixed at 12 mg/kg (300 �g per mouse of �25-g
body weight) based on previous studies (37, 38) and following
our initial testing with varying concentrations of TAT-NET-
Thr30 peptide. Preference scores measured in seconds reflect
the time the mice spent in the drug-paired side during postcon-
ditioning day subtracted from the time spent in the drug-paired
side preconditioning when baseline scores were taken. A posi-
tive number indicated a preference for the drug-paired side,
whereas a negative number implied an aversion to the drug-
paired side. A number of zero or near zero indicated no prefer-
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ence for either side. The distance traveled was also recorded
simultaneously for further analysis of the ambulatory counts.

Cocaine-induced Reinstatement of CPP

Mice were first tested for cocaine CPP as described above.
Following the CPP test, mice were repeatedly exposed to the
drug-paired chambers for 3 weeks without any further injec-
tions (3 days per week) and tested for CPP at the end of every
week until CPP was extinguished. Although several methods
have been used to extinguish CPP (39, 40), in our experiments
the above described method was more effective in extinguish-
ing cocaine CPP than repeated exposure to the drug-paired
chambers following saline injections. Mice exhibiting a CPP
score close to the baseline score or significantly below the initial
cocaine CPP score are considered extinguished. Reinstatement
was carried out by a cocaine priming injection (10 mg/kg
cocaine given intraperitoneally) and testing for place prefer-
ence by measuring the CPP score. To test the effect of TAT-
NET-Thr30 on cocaine reinstatement, half of the mice from
the extinguished group received vehicle, and the other half
received TAT-NET-Thr30 (12 mg/kg intravenously via the
tail) prior to saline or cocaine injection. Thus, we had four
groups to compare: vehicle/saline (n � 10), vehicle/cocaine
(n � 7), TAT-NET-Thr30/saline (n � 7), and TAT-NET-
Thr30/cocaine (n � 6).

Statistical Analyses

Statistical analyses of the data were performed using
GraphPad Prism software (La Jolla, CA).

RESULTS

Cocaine-induced NET Up-regulation and Phosphorylation
Are p38 MAPK-dependent in the Mouse PFC—Our previous
studies identified the p38 MAPK pathway in cocaine-induced
NET up-regulation in heterologous system and in rat brain syn-
aptosomes (1). Similar to the observations made from our pre-
vious study (1), incubation of mouse PFC synaptosomes with 50
�M cocaine for 1 h produced a significant increase in NE trans-
port capacity compared with vehicle controls (Fig. 1A). Surface
biotinylation experiments also revealed a significant increase in
surface NET levels (Fig. 1B). In addition, cocaine treatment
resulted in an �2.0-fold increase in basal NET phosphorylation
(Fig. 1C). Furthermore, pretreatment of PFC synaptosomes
with PD169316 (20 �M; 15 min) abolished the stimulatory effect
of cocaine on NE transport (Fig. 1A), surface NET expression
(Fig. 1B), and NET phosphorylation (Fig. 1C). Importantly,
treatment with PD169316 alone did not affect NET phosphor-
ylation (Fig. 1C). PD169316 not only blocked cocaine-induced
NET phosphorylation but also decreased basal phosphoryla-
tion of mouse brain NET (Fig. 1C). Parallel immunoprecipita-
tions using unlabeled synaptosomes showed no changes in the

FIGURE 1. Cocaine-induced NET up-regulation and phosphorylation in the mouse PFC are p38 MAPK-dependent. Mouse PFC synaptosomes were
preincubated with vehicle (Veh) or 20 �M PD169316 (PD) at 37 °C for 15 min. Incubations were continued in the presence or absence of 50 �M cocaine (Coc) for
60 min. A, NE uptake. Data derived from three separate experiments, each in triplicate, are given as mean � S.E. (error bars). * indicates a significant change in
NE transport (one-way analysis of variance; Dunnett’s test: F(4,44) � 5.31, p � 0.05). B, NET surface biotinylation. Synaptosomes treated with drugs as above 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 Procedures.” Representative blots show a NET-specific band at �85 kDa. Increased avidin-bound NET in cocaine-treated
synaptosomes compared with vehicle-, PD169316-, or PD169316 � cocaine-treated synaptosomes is shown. Quantified surface NET densities (normalized to
TH levels in the total blot) from three separate experiments are given in the bar graph as mean � S.E. (error bars). * indicates a significant change from vehicle
control (one-way analysis of variance; Dunnett’s test: F(4,8) � 4.16, p � 0.05). A TH-reprobed immunoblot shows relative equivalent loading of total protein. C,
NET phosphorylation. Following metabolic labeling with 32P, synaptosomes were treated with drugs as described above and solubilized. The synaptosomal
extract was subjected to immunoprecipitation with NET-82 polyclonal antibody and autoradiography as described under “Experimental Procedures.” A
representative autoradiogram shows enhanced density of phospho-NET following cocaine treatment compared with vehicle, PD169316, or PD169316 �
cocaine treatments. Parallel immunoprecipitations (IP) using unlabeled synaptosomes show pulldown of an equal amount of NET following drug treatments
as well as no NET protein in the unbound fractions (shown in the immunoblots (IB) below the autoradiogram). Mean values of quantified phospho-NET (p-NET)
density (normalized to NET pulldowns from unlabeled synaptosomes) from two experiments are given below in the bar graph. D, NET-p38 MAPK interaction.
Synaptosomes treated as indicated were solubilized, and equal aliquots of synaptosome extracts were subjected to pulldown experiment using phospho-p38
MAPK (p-p38MAPK) antibody-immobilized beads or immunoprecipitation with NET antibody followed by SDS-PAGE and immunoblotted with NET, DAT, SERT,
or phospho- or total p38 MAPK antibodies. Representative NET-, DAT-, SERT-, and total or phospho-p38 MAPK-immunoreactive bands from two independent
experiments are shown. Total extracts subjected to SDS-PAGE and immunoblotting with TH antibody show input levels, and bar graphs below the immuno-
blots show mean values of quantified phospho-p38 MAPK-associated NET, DAT, and SERT densities (normalized to TH input) or NET-associated phospho-p38
MAPK densities (normalized to TH input) from two experiments. Amph, amphetamine.

NET Regulation in Cocaine-elicited Behavior

10818 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 17 • APRIL 24, 2015



amount of NET protein pulled down following different treat-
ments (Fig. 1C). Fig. 1C also shows no NET protein in the
unbound fractions from protein A-Sepharose, indicating com-
plete pulldown of NET by our NET antibody. In addition, we
found that the NET exists in association with p38 MAPK and
that NET-associated p38 MAPK was activated following
cocaine administration (Fig. 1D). Pulldown experiments were
conducted using phospho-p38 MAPK antibody-immobilized
beads and synaptosomal extracts from the PFC. There was an
increase in the level of NET bound to the beads (associated with
phospho-p38 MAPK) when the synaptosomes were treated
with cocaine (50 �M; 60 min) compared with vehicle treatment
(Fig. 1D). This effect was both drug-specific and transporter-
specific. Although we found an increased level of NET that was
associated with phospho-p38 MAPK following cocaine or
amphetamine (10 �M; 60 min) treatment, a slightly increased
level of DAT was found following cocaine treatment (Fig. 1D).
Conversely, an increased level of SERT associated with phos-
pho-p38 MAPK was found following amphetamine treatment,
and no change was found following cocaine treatment (Fig. 1D).
Fig. 1D also shows co-immunoprecipitation of p38 MAPK with
NET, which was increased following cocaine treatment. In
addition, there was also an increase in phospho-p38 MAPK
immunoreactivity in NET immunoprecipitates isolated from
the synaptosomes treated with cocaine (Fig. 1D). These results
suggest that p38 MAPK and NET exist in a physical complex
and that cocaine enhances this association and activates NET-
associated p38 MAPK.

In Vivo p38 MAPK Inhibition Blocks Acute Cocaine-induced
NET Up-regulation and p38 MAPK Activation in Mice—Hav-
ing found that in vitro treatment with p38 MAPK inhibitor
completely blocked cocaine-induced NET up-regulation in
PFC synaptosomes, we next tested whether in vivo administra-
tion of p38 MAPK inhibitor blocks cocaine-induced NET up-
regulation. Similar to the observations made from our previous
study (1), NE uptake by both PFC and NAc synaptosomes from
acute cocaine (30 mg/kg; 60 min)-administered mice (vehicle/
cocaine) was significantly higher compared with that from all
other groups (vehicle/saline, SB203580/saline, and SB203580/
cocaine) (Fig. 2A). Results from surface biotinylation show that
SB203580 injection 15 min prior to cocaine administration
blocked the cocaine-induced increase in NET surface expres-
sion (Fig. 2B, NET (B)). TH levels show equal loading and use of
total protein (Fig. 2B). SB203580 alone had no significant effect
on NET function and surface expression (Fig. 2, A and B).
Together, these results suggest that cocaine up-regulation of
NE transport in the mice is sensitive to in vivo p38 MAPK inhi-
bition and that inhibiting in vivo p38 MAPK blocks cocaine-
mediated NET up-regulation.

In Vivo p38 MAPK Inhibition Attenuates Cocaine-induced
Locomotor Sensitization—NET is a cocaine target, and because
cocaine-induced NET regulation is sensitive to p38 MAPK
inhibition, we asked whether cocaine-induced behaviors such
as locomotor sensitization and CPP are affected by p38 MAPK
inhibition. Fig. 3A shows the locomotor activity of mice
injected with saline or cocaine from days 1 to 4 and challenged
with 15 mg/kg cocaine on day 9. In this protocol, two groups of
mice, one receiving saline on days 1, 2, 3, and 4 and the other

receiving cocaine (15 mg/kg on day 1 and 30 mg/kg on days 2, 3,
and 4), were used. Locomotor activity was measured on days 1,
2, and 4. On day 9, half of the mice from each group (saline and
cocaine) received vehicle or SB203580 prior to cocaine chal-
lenge with 15 mg/kg, and the locomotor activity measured on
challenge day over a 60-min time period in 10-min bins is given
as the distance traveled against time in Fig. 3A. The locomotor
activity was higher in the cocaine group compared with the
saline group (Fig. 3A), indicating a psychostimulant effect of
cocaine. In the saline group, there was no significant difference
in the total distance traveled between vehicle (vehicle/saline)
and SB203580/saline groups (Fig. 3A). In the cocaine group,

FIGURE 2. Acute in vivo p38 MAPK inhibition blocks cocaine-induced NE
transport and NET surface expression in the mouse PFC and NAc. Mice were
injected with vehicle (Veh) or SB203580 (SB) (50 �g/kg intraperitoneally) 15 min
prior to saline (Sal) or cocaine (Coc) (30 mg/kg intraperitoneally) injections. Brains
were collected 1 h postinjection for PFC and NAc synaptosomal preparations. A,
NE uptake. PFC and NAc 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. (error bars).
* indicates a significant change in NE transport (one-way analysis of variance;
Dunnett’s test: F(4,44) � 3.09 for PFC, p � 0.05 and F(4,44) � 5.82 for NAc, p � 0.05).
B, NET surface biotinylation. Synaptosomes obtained from drug-administered
mice 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 anti-
body as described under “Experimental Procedures.” Representative blots show
a NET-specific band at �85 kDa. Quantified surface NET densities (normalized to
TH levels in the total blot) from three separate experiments are given in bar
graphs as mean � S.E. (error bars). * indicates a significant change from vehicle
control (one-way analysis of variance; Dunnett’s test: F(4,8) � 5.34 for PFC and
F(4,8) �3.96 for NAc, p�0.05). TH immunoblots corresponding to total are shown
for equal protein loading.
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cocaine challenge produced significant locomotor sensitization
in mice that were injected with vehicle prior to cocaine chal-
lenge (Fig. 3A). However, mice that were injected with
SB203580 prior to cocaine challenge exhibited significantly
lower locomotor sensitization (Fig. 3A). SB203580 alone did
not have any significant effect when given prior to cocaine chal-
lenge (Fig. 3A). These results suggest that a single injection of
SB203580 prior to cocaine challenge can significantly attenuate
the locomotor sensitizing effects of cocaine. Immediately fol-
lowing measurement of locomotor sensitization, NE uptake
measured using PFC and NAc synaptosomes showed effective
blockade of cocaine-mediated NET up-regulation by SB203580
(Fig. 3B). In addition, phospho-p38 MAPK immunoreactivity
was higher in the vehicle/cocaine group compared with that in
the vehicle/saline group (Fig. 3C). No differences were observed
in phospho-p38 MAPK immunoreactivity levels in the
SB203580/saline group or the SB203580/cocaine group compared
with the vehicle/saline control group (Fig. 3C). In another experi-
ment, mice received SB203580 prior to every cocaine injection
from days 1 to 4 as well as prior to cocaine challenge on day 9. In
this protocol, SB203580 pretreatment enhanced cocaine-induced
locomotor activity on day 1 but produced a blocking effect on days
2, 4, and 9 that was not significant (data not shown). These results
demonstrate that cocaine sensitization and NET up-regulation are
sensitive to p38 MAPK inhibition by SB203580 and indicate the
involvement of cocaine-activated p38 MAPK-dependent NET
regulation in cocaine sensitization.

In Vivo p38 MAPK Inhibition Attenuates Cocaine CPP in
Mice—As reported in the literature (41), cocaine produced a
significant CPP compared with the saline control group
(cocaine/vehicle compared with saline/vehicle) (Fig. 4A). Inter-
estingly, this cocaine CPP was significantly blocked by
SB203580 when injected on the postconditioning test day (Fig.
4A). Mice that received SB203580 alone did not exhibit preference
to the SB203580-injected side (Fig. 4A). These results suggest that
although SB203580 alone exhibits no significant CPP it can signif-
icantly attenuate cocaine-induced CPP. Fig. 4B shows that there
are no significant changes in the total distance traveled by the mice
from all four groups, suggesting that the blockade of cocaine CPP
by SB203580 is not due to effects on ambulatory movements in
general. Fig. 4C shows that mice receiving SB203580 did not show
either enhanced or decreased preference to the drug-injected side
compared with vehicle group. Mice that received morphine
showed enhanced preference to the drug-injected side compared
with saline-injected mice (Fig. 4D). In addition, unlike cocaine
CPP, morphine CPP was not affected/blocked by SB203580 (Fig.
4D). These results suggest that although SB203580 by itself does not
induce CPP it specifically blocks cocaine CPP.

In Vitro Treatment of Mouse PFC Synaptosomes with TAT-
NET-Thr30 Peptide Blocks Cocaine-induced NET Up-regula-
tion and Phosphorylation—Our previous study demonstrated
that p38 MAPK activation mediates cocaine up-regulation of
NET via NET-Thr30 phosphorylation (1). Here we tested the
effect of interrupting the Thr30 motif using a TAT peptide

FIGURE 3. In vivo p38 MAPK inhibition attenuates cocaine-induced locomotor sensitization, NET up-regulation, and p38 MAPK activation in mice. A, loco-
motor activity. Locomotor activity measured over a 1-h period on challenge day given as 10-min bin data. 50 �g/kg intraperitoneal SB203580 (SB) given prior to
cocaine (Coc) challenge significantly blocked cocaine sensitization. * indicates significant changes in locomotor activity (*, p � 0.001 for drug; #, p � 0.001 for time;
two-way analysis of variance; Bonferroni’s test: F(4,192) � 1086 for drug, p � 0.0001; F(6,192) � 113.4 for time, p � 0.0001; F(16,192) � 32.61 for interaction, p � 0.0001). B,
NE uptake. PFC and NAc 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. (error bars). * indicates a significant change in NE transport (one-way analysis of variance; Dunnett’s test:
F(4,44) � 3.2 for PFC, p � 0.05; F(4,47) � 5.86 for NAc, p � 0.05). C, p38 MAPK activation. PFC and NAc synaptosomes were solubilized, and equal aliquots of synaptosome
extracts were subjected to SDS-PAGE and sequential immunoblotting with phospho-p38 MAPK (p-p38MAPK), total p38 MAPK, or TH antibodies. Representative blots
of phospho (P)-p38 MAPK, total (T) p38 MAPK, and TH from two independent experiments are shown. Bar graphs below the immunoblots show mean values of
quantified phospho-p38 MAPK densities (normalized to TH input) from two experiments. Veh, vehicle; Sal, saline.
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strategy. Fig. 5A shows that TAT-NET-Thr30 peptide treat-
ment of mouse PFC synaptosomes 15 min prior to cocaine
treatment completely blocked the cocaine-induced increase in
NE uptake. A parallel surface biotinylation experiment showed
an increase in NET surface expression following cocaine treat-
ment that was also blocked by TAT-NET-Thr30 pretreatment
(Fig. 5B). Similarly, cocaine-induced NET phosphorylation was
also blocked by pretreatment with TAT-NET-Thr30 peptide
(Fig. 5C). TAT-NET-Thr30 peptide alone exhibited either no
effect or a slightly inhibitory effect on NE uptake or NET sur-
face expression or phosphorylation (Fig. 5, A, B, and C). The
results collectively suggest that TAT-NET-Thr30 peptide inter-
feres with NET-Thr30 phosphorylation and thereby blocks
cocaine-induced NET up-regulation.

In Vivo TAT-NET-Thr30 Peptide Administration Attenuates
Cocaine-induced NET Up-regulation but Not DAT Up-
regulation—Based on the above results from the in vitro exper-
iment, it is clear that cocaine up-regulation of NET is depen-
dent on NET-Thr30 phosphorylation. Therefore, next we tested
the effect of interrupting the Thr30 site in vivo using a TAT-
NET-Thr30 peptide strategy. TAT-conjugated peptides cross
the blood-brain barrier and have been shown to accumulate in

brain tissues following systemic administration (42). Fig. 6
shows that NE uptake (A) and NET surface expression (B) from
cocaine-administered mice (vehicle/cocaine group) were sig-
nificantly higher compared with those from the vehicle/saline
group. These cocaine-induced increases in NE uptake and NET
surface expression were not evident in mice that received TAT-
NET-Thr30 prior to cocaine (Fig. 6, A and B). Moreover,
cocaine-induced NET up-regulation was unaffected in mice
that received TAT-NET-T30A prior to cocaine (Fig. 6, A and
B). TAT-NET-Thr30 or TAT-NET-T30A alone had no signifi-
cant effect on NET function or surface expression (Fig. 6, A and
B). Corresponding changes in the avidin-unbound fractions
show intracellular NET in Fig. 6B. There was a reduction in
unbound or intracellular NET protein in vehicle/cocaine and
TAT-NET-T30A/cocaine groups (Fig. 6B) compared with the
vehicle/saline or vehicle/TAT-NET-Thr30-WT group. The
results from both in vitro and in vivo experiments suggest that
in vivo manipulation of the NET-Thr30 motif by the TAT-NET-
Thr30 peptide strategy can effectively block cocaine-mediated
NET up-regulation.

Because cocaine also up-regulates DAT, we examined the
specificity of TAT-NET-Thr30 peptide on cocaine-mediated
DAT regulation. DAT-mediated DA uptake and DAT surface
expression were measured in NAc synaptosomes from cocaine-
administered mice. Similar to previous studies, DAT-mediated
DA uptake (Fig. 6C) and DAT surface expression (Fig. 6D) were
significantly elevated in the vehicle/cocaine group compared
with the vehicle/saline group. These cocaine-induced increases
in DA uptake and DAT surface expression remained elevated in
mice that received TAT-NET-Thr30 prior to cocaine (Fig. 6, C
and D). These results indicate that TAT-NET-Thr30 specifi-
cally blocks cocaine-induced NET up-regulation but not DAT
up-regulation.

In Vivo TAT-NET-Thr30 Peptide Administration Attenuates
Cocaine CPP and Reinstatement—The above results using the
TAT-NETpeptidestrategysuggestedaroleforNET-Thr30phos-
phorylation in cocaine-induced NET up-regulation. Therefore,
next we asked whether cocaine-induced behavior such as CPP
and reinstatement are also sensitive to manipulation of NET-
Thr30 motif. Similar to SB203580 administration, TAT-NET-
Thr30 significantly blocked cocaine CPP when injected 15 min
prior to the CPP test on postconditioning day (Fig. 7A). Admin-
istration of TAT-NET-T30A had no significant effect on
cocaine CPP (Fig. 7A). Mice that received TAT-NET-Thr30 or
TAT-NET-T30A alone did not show a preference to the pep-
tide-injected side (data not shown). These results suggest that
TAT-NET-Thr30 but not the TAT-NET-T30A is able to atten-
uate cocaine CPP. In addition, Fig. 7B shows that there were no
significant changes in the total distance traveled by the mice
from all four groups, suggesting that the blockade of cocaine
CPP by TAT-NET-Thr30 is not due to effects on ambulatory
movements in general. Fig. 7C shows that although saline injec-
tion produced no reinstatement cocaine challenge injection
produced reinstatement of cocaine CPP. In addition, TAT-
NET-Thr30 but not the vehicle injections 15 min prior to
cocaine challenge significantly blocked reinstatement of
cocaine CPP (Fig. 7C). TAT-NET-Thr30 alone did not elicit
CPP reinstatement (Fig. 7C). These results demonstrate the

FIGURE 4. In vivo p38 MAPK inhibition attenuates cocaine CPP in mice. A,
cocaine CPP. Mice received 20 mg/kg intraperitoneal cocaine (Coc) for condi-
tioning and were tested for CPP on day 4 following vehicle (Veh) or SB203580
(SB) injections. The CPP score is given as mean � S.E. (error bars). * indicates a
significant difference in cocaine CPP (one-way analysis of variance; Dunnett’s
test: F(4,44) � 5.31, p � 0.05). SB203580 (50 �g/kg intraperitoneally) given on
test day produced significant blockade of cocaine CPP. # indicates a signifi-
cant decrease in cocaine CPP following SB203580 injection (Student’s t test:
t � 2.30, df � 22, p � 0.03). B, ambulatory counts. Ambulatory counts mea-
sured over a 15-min CPP test period showed no differences among all four
groups. C, SB203580 CPP. Mice received 50 �g/kg intraperitoneal SB203580
for conditioning and were tested for CPP on day 4. The CPP score given as
mean � S.E. (error bars) shows no significant effect (Student’s t test: t � 0.46,
df � 26, p � 0.65). D, morphine CPP. Mice received 5 mg/kg subcutaneous
morphine (Morph) for conditioning and were tested for CPP on day 4 follow-
ing vehicle or SB203580 injections. The CPP score is given as mean � S.E.
(error bars). * indicates a significant difference in morphine CPP (one-way
analysis of variance; Dunnett’s test: F(4,43) � 5.97, p � 0.05). SB203580 (50
�g/kg intraperitoneally) given on test day produced no significant blockade
of morphine CPP. Sal, saline.
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efficacy of TAT-NET-Thr30 in blocking not only cocaine CPP
but also CPP reinstatement by cocaine.

DISCUSSION

Psychostimulants enhance monoaminergic signaling by
interfering with monoamine transporter function. Studies in
nonhuman primates support a significant role for NE in the
discriminative stimulus effects of cocaine (43). Although earlier
studies indicated little evidence for NE playing a primary role in
the reinforcing properties of psychomotor stimulants (44 – 46),
more recent studies have documented that NET inhibition can
play a significant role in cocaine-induced reinstatement (43).
Norepinephrine in the locus coeruleus plays a critical role in
arousal (47), attention, memory, mood, and cognition (48).
Noradrenergic neurotransmission is terminated by the trans-
port of released NE by the plasma membrane NET (49). Altered
cell surface expression of monoamine transporters is a critical
mechanism for regulating amine transport, and trafficking of
monoamine transporters including that of NET has been
shown to occur under basal conditions and following treatment
with transporter substrates and inhibitors (51). Given the fact
that cocaine is a potent inhibitor of NET, the finding that
cocaine up-regulates NET via p38 MAPK-mediated Thr30 phos-
phorylation suggests that NET up-regulation can affect amine
signaling and behavior. The results from the current study pro-
vide the first evidence that cocaine-activated p38 MAPK plays
an important role in some of the cocaine-induced behaviors by
linking NET up-regulation to cocaine sensitization and CPP
via a common molecular mechanism, namely NET-Thr30

phosphorylation.
The results from our in vitro experiments demonstrate that

cocaine-induced NET up-regulation and phosphorylation are

sensitive to p38 MAPK inhibition and NET-Thr30 intervention
in the mouse PFC and NAc. All three monoamine transporters
are regulated by p38 MAPK (1, 23, 52). In support of this, we
found evidence for the association of phospho-p38 MAPK with
NET, SERT, and DAT. However, increased NET association
following cocaine suggests that cocaine-activated p38 MAPK
might be involved in NET-Thr30 phosphorylation either
directly or indirectly. However, further studies are warranted to
understand the role of NET association with phospho-p38
MAPK. Using in vivo manipulations, we further demonstrated
that inhibition of p38 MAPK abolished cocaine-induced NET
up-regulation in mice. In vitro, the wild-type TAT-NET-Thr30

peptide but not the phospho-mutant peptide TAT-NET-T30A
prevented cocaine-mediated NET up-regulation and phosphor-
ylation. In vivo administration of TAT-NET-Thr30 peptide tar-
geting the Thr30 motif also completely blocked cocaine-in-
duced NET up-regulation. We confirmed the involvement of
NET-Thr30 in cocaine-mediated NET up-regulation by testing
the specificity of the TAT-NET-Thr30 peptide strategy. DAT-
mediated DA uptake was measured in the presence of 100 nM

nisoxetine to exclude NET-mediated DA uptake. In vivo TAT-
NET-Thr30 administration did not block the cocaine-induced
increase in DAT-mediated DA uptake or DAT surface expres-
sion in the NAc. The sequence LPEQPLRPCKTADLLVVK-
ERN selected around Thr30 in mouse NET to synthesize TAT-
NET-Thr30 has very little homology with the corresponding
sequence AKEPNAVGPREVELILVKEQN in mouse DAT.
Although both NET and DAT share a high degree of homology,
the sequences at the amino and carboxyl termini differ signifi-
cantly (53, 54). This further supports the idea that mechanisms
underlying cocaine-mediated NET up-regulation are trans-

FIGURE 5. In vitro treatment of mouse PFC synaptosomes with TAT-NET-Thr30 peptide blocks cocaine-induced NET up-regulation and phosphoryla-
tion. Mouse PFC synaptosomes were preincubated with vehicle (Veh) or 10 �M TAT-NET-Thr30 or TAT-NET-T30A at 37 °C for 15 min. Incubations were continued
in the presence or absence of 50 �M cocaine (Coc) for 60 min. A, NE uptake. Data derived from three separate experiments, each in triplicate, are given as
mean � S.E. (error bars). * indicates a significant change in NE transport (one-way analysis of variance; Dunnett’s test: F(4,32) � 6.16, p � 0.05). B, NET surface
biotinylation. Synaptosomes treated as above 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 Procedures.” Representative blots show a NET-specific band at
�85 kDa. Quantified surface NET densities (normalized to TH levels in the total blot) from three separate experiments are given in bar graphs as mean � S.E.
(error bars). * indicates a significant change from vehicle control (one-way analysis of variance; Dunnett’s test: F(4,8) � 4.21, p � 0.05). TH immunoblots
corresponding to total are shown for equal protein loading. C, NET phosphorylation. Following metabolic labeling with 32P, synaptosomes were treated with
drugs as described above and solubilized. The synaptosomal extract was subjected to immunoprecipitation with NET-82 polyclonal antibody and autoradio-
graphy as described as described under “Experimental Procedures.” A representative autoradiogram (Autorad) from two independent experiments shows
phospho-NET (p-NET) bands and enhanced density of phospho-NET following cocaine treatment compared with vehicle, TAT-NET-Thr30, or TAT-NET-Thr30 �
cocaine. Parallel immunoprecipitations using unlabeled synaptosomes show pulldown of an equal amount of NET following drug treatments (shown in the
immunoblot below the autoradiogram). Mean values of quantified phospho-NET density (normalized to NET pulldowns from unlabeled synaptosomes) from
two experiments are given below in the bar graph.
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porter- and motif-specific and that Thr30 is a site for the actions
of cocaine on NET.

Our results from in vivo experiments show that cocaine-in-
duced behaviors such as locomotor sensitization and CPP were
sensitive to inhibition of p38 MAPK, a stress-induced kinase.
Cocaine is known to produce stress signals and MAPK activa-
tion in cardiomyocytes (55), and it is possible such mechanisms
may exist in the brain, contributing to behavioral plasticity. A
single injection of SB203580 prior to cocaine significantly
blocked cocaine-evoked locomotor sensitization when given
prior to cocaine challenge. Importantly, parallel experiments
showed that cocaine-mediated NET up-regulation and p38
MAPK activation were sensitive to p38 MAPK inhibition by
SB203580. These results suggest centrally mediated effects of
SB203580 following systemic administration. Minocycline, an
indirect inhibitor of p38 MAPK, is known to attenuate cocaine-
induced locomotor sensitization (56) and methamphetamine-

induced CPP (57). We found that minocycline (40 mg/kg intra-
peritoneally) attenuated cocaine CPP (data not shown). These
data further support our findings with SB203085 on cocaine
behaviors. Cocaine CPP was also sensitive to manipulations of
the NET-Thr30 motif by the TAT-NET-Thr30 peptide strategy.
TAT-conjugated DAT carboxyl-terminal peptide, which dis-
rupts DAT-Ca2�/calmodulin-dependent protein kinase II�
interaction, attenuates amphetamine-stimulated locomotor
activity in mice when administered systemically (38). These
studies indicate that TAT peptides effectively reach brain
regions following systemic administration and elicit their
effects on psychostimulant-mediated behaviors. It is well
known that cocaine produces locomotor activation and sensi-
tization in rodents. Behavioral sensitization to cocaine reflects
neuroadaptive changes that intensify drug effects. Repeated use
of addictive drugs produces incremental neuroadaptations in
the limbic neural system, rendering it increasingly hypersensi-

FIGURE 6. In vivo TAT-NET-Thr30 peptide administration attenuates NET up-regulation by cocaine. Mice were injected with vehicle (Veh), TAT-NET-Thr30,
or TAT-NET-T30A (12 mg/kg intravenously via the tail) 15 min prior to saline (Sal) or cocaine (Coc) (30 mg/kg intraperitoneally) injections. Brains were collected
1 h postinjection for PFC synaptosomal preparations. A, NE uptake. NE uptake was measured as described under “Experimental Procedures.” NE uptake data
derived from three separate experiments, each in triplicate, are given as mean � S.E. (error bars). * indicates a significant change in NE transport (one-way
analysis of variance; Dunnett’s test: F(4,20) � 13.36 for TAT-NET-Thr30 and F(4,20) � 15.31 for TAT-NET-T30A, p � 0.01). B, NET surface biotinylation. PFC
synaptosomes obtained from drug-administered mice 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 Procedures.” Representative blots show a NET-specific band
at �85 kDa. Quantified surface NET densities (normalized to TH levels in the total blot) from three separate experiments are given in bar graphs as mean � S.E.
(error bars). * indicates a significant change from vehicle control (one-way analysis of variance; Dunnett’s test: F(4,8) � 31.67 for TAT-NET-Thr30 and F(4,8) � 23.00
for TAT-NET-T30A, p � 0.05). TH immunoblots corresponding to total are shown for equal protein loading. C, DAT-mediated DA uptake. DAT-mediated DA
uptake was measured as described under “Experimental Procedures.” Uptake data derived from three separate experiments, each in triplicate, are given as
mean � S.E. (error bars). * indicates a significant change in DA transport (one-way analysis of variance; Dunnett’s test: F(4,28) � 12.65, p � 0.01). D, DAT surface
biotinylation. DATs from NAc synaptosomes obtained from drug-administered mice were biotinylated as described above for NET, and avidin-bound (B), total
(T), and unbound (UB) fractions were subjected to SDS-PAGE and immunoblotting with DAT antibody. Representative blots show a DAT-specific band at �75
kDa. Mean values of quantified surface DAT band densities (normalized to TH levels in the total blot) from two separate experiments are given in the bar graph
below.
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tive to drugs. Because NET is one of the known targets for
cocaine, our observations suggest that Thr30-dependent NET
regulation plays a role in cocaine-induced behaviors.

Enhanced cocaine CPP in NET KO mice (58) suggests a role
for NET in cocaine reward and perhaps in the NAc. The NAc
plays a crucial role in cocaine reward and reinforcement (59,
60), and the PFC is considered to be a critical area for the devel-
opment and maintenance of CPP (61, 62). A specific lesion of
the prelimbic medial PFC was sufficient to block cocaine-in-
duced CPP (62, 63). Furthermore, noradrenergic depletion of
PFC attenuates cocaine CPP (64). At the transporter level, NET
mediates DA clearance in the PFC (3– 8), underscoring the
importance of NET function in controlling DA signaling. Thus,
our finding that p38 MAPK inhibition or NET-Thr30 interven-
tion can attenuate cocaine CPP indicates a role for NET regu-
lation in the PFC and in cocaine-reinforcing effects. It is also
known that PFC plays a critical role in cue-elicited and cocaine-
primed reinstatement of extinguished cocaine-seeking behav-
ior in rodents. In this regard, TAT-NET-Thr30 when given
prior to cocaine priming completely abolished reinstatement of
cocaine CPP, further supporting a role for NET regulation in
cocaine-induced behaviors.

Our observation that inhibition of p38 MAPK or interven-
tion of NET-Thr30 phosphorylation attenuates cocaine sensiti-
zation and CPP suggests that NET up-regulation represents
one of the neurobiological mechanisms contributing to the
altered NE or DA signaling seen in cocaine-reinforcing effects.
It is known that cocaine binds to monoamine transporters and
blocks reuptake of monoamines, resulting in increased synaptic
amines. Increased DA tone is an established theory behind
many models of drug addiction (65– 67). However, a recent
study highlights the key role of noradrenergic autoreceptor sig-
naling in the persistent modifications induced by repeated drug
administration (68). NE terminals can release DA, perhaps

under conditions where dopamine �-hydroxylase located in
vesicles of NE terminals is saturated (69). A recent study
showed that either a decrease in tyrosine hydroxylase expres-
sion in the locus ceruleus or blockade of NET prevents the
DA-mediated response, indicating that locus ceruleus termi-
nals can release both NE and DA and the importance of
functional NET (70). Thus, the cocaine-mediated NET up-reg-
ulation has implications considering the evidence that psycho-
stimulants induce locomotor hyperactivity not only because
they increase DA transmission but also because they release
NE.

Cocaine is known to up-regulate both NET and DAT (1,
71–73). Although the signals or the mechanisms involved in
DAT up-regulation have not been identified, our earlier study
demonstratedthatcocaine-activatedp38MAPKandThr30phos-
phorylation play a role in cocaine-mediated NET up-regulation
(1). Together, the present study furthers our understanding of
the role of this cocaine-mediated NET regulation in cocaine
behavior. Dopamine signaling in the mesolimbic system is a
known player in drug addiction (65– 67) and is largely con-
trolled by the DA transporter (74, 75). Abolished cocaine
reward in mice constitutively expressing cocaine-insensitive
DAT has been reported (41). Several neuronal substrates in the
mesolimbic reward pathway have been identified, and their
involvement and/or requirement have been demonstrated in
cocaine- and other psychostimulant-associated addictive
behaviors (76, 77). It is possible that although cocaine binding
to DAT may be necessary to initiate cocaine reward subsequent
alterations in DA signals may lead to modulation of other neu-
ronal substrates including NET regulation, which in collabora-
tion may evoke cocaine-associated behaviors. In addition, it is
now clear that multiple DA brain regions are implicated in pro-
ducing different aspects of cocaine reward, which may be
attributed by the differences in DAT expression levels in differ-
ent brain regions (78, 79). NET expression is localized to nora-
drenergic terminals where it facilitates transport of NE and DA
(80, 81). Importantly, DA is a better substrate for NET, and
NET plays a critical role in DA clearance in brain regions where
DAT levels are low. In addition, NET also plays a role in striatal
DA clearance in the absence of DA innervation (50, 82).
Cocaine up-regulation of NET is evident in both the PFC and
NAc, which are important brain regions in the mesolimbic
reward pathway. This suggests that cocaine-induced NET-
Thr30 phosphorylation and regulation in these areas may serve
as one of the neural substrates in mediating cocaine behavioral
effects. Thus, it is possible that multiple brain regions and cir-
cuits are involved in a phenomenon as complex as cocaine
reward and reinstatement and that the neuroadaptations
including NET up-regulation by cocaine may be one of the
mechanisms contributing to the altered NE/DA signaling seen
in psychostimulant abuse. In this regard, future investigations
using intracranial infusions of p38 MAPK inhibitors and TAT-
NET peptides are warranted to delineate brain region-specific
involvement of NET regulation in cocaine-induced behaviors.
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