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The Suppressive Effect of an Intra-Prefrontal Cortical
Infusion of BDNF on Cocaine-Seeking Is Trk Receptor
and Extracellular Signal-Regulated Protein Kinase
Mitogen-Activated Protein Kinase Dependent

Timothy W. Whitfield Jr, Xiangdang Shi, Wei-Lun Sun, and Jacqueline F. McGinty

Department of Neurosciences and Neurobiology of Addiction Research Center, Medical University of South Carolina, Charleston, South Carolina 29425

Cocaine-mediated neuroadaptations in the prefrontal cortical-nucleus accumbens pathway underlie drug-seeking in animals with a
cocaine self-administration (SA) history. Neuroplasticity in the cortico-accumbens pathway is regulated, in part, by the expression and
availability of neurotrophic factors, such as BDNF. We have previously demonstrated that infusion of BDNF into the dorsomedial
prefrontal cortex (dmPFC) immediately after the last of 10 cocaine SA sessions attenuates contextual, cue- and cocaine prime-induced
reinstatement of cocaine-seeking (Berglind et al., 2007) and normalizes cocaine-induced disruption of glutamatergic transmission in the
nucleus accumbens (Berglind et al., 2009). In the present study, the suppressive effect of intra-dmPFC BDNF on cocaine-seeking is shown
to depend on Trk receptor-mediated activation of extracellular signal-regulated kinase (ERK) signaling in the dmPFC. The tyrosine
kinase inhibitor, K252a, and the mitogen-activated protein/extracellular signal-regulated kinase kinase inhibitor, U0126 (1,4-diamino-
2,3-dicyano-1,4-bis[2-aminophenylthio|butadiene), prevented BDNF’s suppressive effects on cocaine-seeking. Vehicle-infused rats with
a cocaine SA history showed significant decreases in ERK and cyclic AMP response element binding protein (CREB), but not Akt,
phosphorylation after the final cocaine SA session that were reversed by intra-dmPFC BDNF. Additionally, BDNF’s ability to normalize
cocaine-mediated decreases in ERK and CREB phosphorylation was blocked by U0126, demonstrating that ERK/MAPK activation me-
diated the behavioral effects. This study elucidates a mechanism whereby BDNF/TrkB (tropomyosin receptor kinase B) activates ERK-
regulated CREB phosphorylation in the dmPFC to counteract the neuroadaptations induced by cocaine SA and subsequent relapse to

cocaine-seeking.

Introduction

Cocaine-mediated neuroadaptations in motivational circuits in
the CNS underlie cocaine-taking and seeking in animal models of
addiction (Koob et al., 1997; White and Kalivas, 1998; Nestler,
2001). Within this circuitry, the cortico-accumbens glutamater-
gic pathway originating in the dorsomedial prefrontal cortex
(dmPFC) and projecting to the nucleus accumbens (NAc) core is
critical for the expression and persistence of relapse to cocaine-
seeking (McFarland et al., 2003; McLaughlin and See, 2003;
Fuchs et al., 2005). Persistent cocaine-mediated neuroplasticity
in the cortico-accumbens pathway may be triggered by alter-
ations in BDNF. BDNF mediates plasticity by binding tropomy-
osin receptor kinase B (TrkB) and activating several intracellular
signaling cascades, including mitogen-activated extracellular

Received Sept. 23, 2010; revised Oct. 27, 2010; accepted Nov. 1, 2010.

This work was supported by National Institutes of Health Grants P50 DA015369, T32 DA07288, F31 DA023743,
and C06 RR015455. We thank Adrian Gomez, Phong Do, and Shannon Ghee for technical assistance.

Correspondence should be addressed to Jacqueline F. McGinty, Department of Neurosciences, Medical University
of South Carolina, 173 Ashley Avenue, MSC 510, Charleston, SC29425. E-mail: mcginty@musc.edu.

T.W. Whitfield Jr.'s present address: Committee on the Neurobiology of Addictive Disorders, The Scripps Research
Institute, La Jolla, CA 92037.

DOI:10.1523/JNEUR0SCI.4986-10.2011
Copyright © 2011 the authors  0270-6474/11/310834-09%15.00/0

signal-regulated kinase (ERK), phosphoinositol 3-kinase (PI3K),
and phospholipase Cvy (Patapoutian and Reichardt, 2001) that
converge on and activate cyclic AMP response element binding
protein (CREB) and related transcription factors.

Each of these intracellular signaling cascades has been linked
to the effects of cocaine in the CNS. For instance, acute cocaine
increased the phosphorylation of ERK (p-ERK), but not Akt (p-
Akt), in the mPFC of rats (Fumagalli et al., 2009) and repeated,
noncontingent administration of cocaine increased CREB phos-
phorylation (p-CREB) in the PFC 2 h postinjection (Fumagalli et
al., 2007). Extended access to cocaine self-administration (SA)
increased p-ERK, but not p-CREB, in the mPFC, NAc (shell and
core), immediately after the final SA session (Edwards et al.,
2007). Additionally, cocaine sensitization increased PI3K activity
in the PFC and NAc shell, but decreased PI3K activity in the NAc
core (Zhang et al., 2006). Further, inhibition of PI3K with intra-
ventricular LY294002 decreased cocaine-mediated behavioral
sensitization (Izzo et al., 2002). Collectively, these studies impli-
cate ERK, PI3K, and CREB signaling in cocaine-mediated plas-
ticity in the cortico-accumbens pathway.

Exogenous BDNF differentially modifies cocaine-seeking by
activating these intracellular pathways in specific brain regions.
When infused into the ventral tegmental area(VTA), BDNF en-
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hanced cocaine-seeking in abstinent rats and the ERK kinase
inhibitor, U0126, blocked this induction, demonstrating a de-
pendence on ERK signaling (Lu et al., 2004). Similarly, repeated
BDNF infusion in the NAc shell increased reinstatement of
cocaine-seeking after extinction (Graham et al., 2007). In con-
trast, intra-dmPFC BDNF suppressed cocaine-seeking following
22 h or 6 d of abstinence, and during tests of cue-induced and
cocaine prime-induced reinstatement (Berglind et al., 2007).
Further, shRNA-induced BDNF knockdown in the medial PFC
increased the cocaine SA breakpoint in a progressive ratio para-
digm (Sadri-Vakili et al., 2010). Given that intracellular signaling
is necessary for the behavioral effects of BDNF, TrkB-mediated
activation of ERK, Akt, and CREB in the dmPFC may provide a
means by which BDNF influences cocaine-mediated plasticity
and suppresses cocaine-seeking. Therefore, inhibitors of tyrosine
kinase and ERK were infused into the dmPFC before BDNF to as-
sess the contribution of each to BDNF’s suppression of cocaine-
seeking. Then, the interaction between BDNF and cocaine SA on
the phosphorylation state of ERK, Akt, and CREB in the dmPFC
was evaluated in vivo. The findings support a mechanism by
which BDNF/TrkB activates ERK-regulated CREB phosphoryla-
tion in the dmPFC to counteract the effects of cocaine SA and
subsequent relapse to cocaine-seeking.

Materials and Methods

Animals. Adult male Sprague Dawley rats (n = 181; Charles River Labo-
ratories) were housed individually on a reverse light/dark cycle. Rats were
fed 20-25 g of rat chow daily and water was provided ad libitum. All
animal use protocols were approved by the Institutional Animal Care
and Use Committee of the Medical University of South Carolina and
performed in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals (NIH Publications No. 80-23,
revised 1996).

Surgery. Following arrival, rats were given a 3 d acclimation period and
food deprived 24 h before surgery. All rats weighed ~275-325 g at the
time of surgery. On the day of surgery, rats were anesthetized with ket-
amine (66 mg/kg) and xylazine (1.33 mg/kg), followed by equithesin (0.5
ml/kg a solution of 9.72 mg/ml pentobarbital sodium, 42.5 mg/ml chloral
hydrate, and 21.3 mg/ml magnesium sulfate heptahydrate dissolved in
44% propylene glycol, 10% ethanol solution, i.p.) and ketorolac (2.0
mg/kg, i.p.), and chronic intravenous catheters were implanted into the
right jugular vein. Intravenous catheters were attached to cannulae that
were secured to harnesses (Harvard Apparatus). Immediately following
catheterization, rats were secured using a stereotaxic device (Stoelting)
and bilateral stainless steel guide cannulae precut with 5 mm extending
from the threaded plastic end (Plastics One) were aimed 1 mm above the
dmPFC infusion target (+3.0 mm anteroposterior relative to bregma,
+0.6 mm mediolateral, —1.6 mm dorsoventral) (Paxinos and Watson,
2005). Guide cannulae were affixed to the skull with cranioplastic
cement and anchored with three steel machine screws. Two 10 mm
stylets (Plastics One) were placed into the guide cannulae following
surgery to prevent blockage. Following surgery, rats were infused
intravenously with 0.1 ml each of cefazolin (33.3 mg/kg, 10 mg/0.1
ml/d) and heparinized saline (70 U/ml), as well as twice daily during
a 5 d recovery period.

Cocaine SA. Following 5 d of recovery from surgery, rats were placed
into standard operant chambers (30 X 24 X 30 cm, Med Associates) for
120 min cocaine SA sessions for 10 consecutive days. Each chamber was
equipped with two levers (7 cm above floor), and a circular stimulus light
7 cm above each lever. The infusion lines were attached to a liquid swivel
(Instech) and mounted on a suspended counterbalance. Cocaine self-
administering rats received response-contingent (active lever presses)
infusions of cocaine hydrochloride (0.2 mg/infusion; National Institute
on Drug Abuse, Research Triangle Park, NC) delivered by a computer-
controlled infusion paired with a compound CS (light plus tone) that
consisted of illumination of a white stimulus light directly above the
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Figure 1. Schematic representation of the experimental paradigms used in experiments
1-4.

active lever and a tone (2 kHz, 15 dB above ambient noise). Each cocaine
infusion was followed by a 20 s timeout period in which active lever
responses were recorded, but did not result in infusion of cocaine. Re-
sponses on the left (inactive) lever had no programmed consequences,
but were recorded. The maintenance criterion that rats had to reach for
cocaine SA was at least 10 infusions of cocaine per 2 h session for 10 d. All
rats were infused with 0.1 ml each of cefazolin (33.3 mg/kg, i.v.) and
heparinized saline (70 U/ml) following each SA session. Catheter patency
was tested as needed by infusing 0.1 ml of brevital (sodium methohexital,
10 mg/ml, i.v.). Outlier criteria stipulated that data from any experimen-
tal animal that fell at least 2 SDs from the mean number of cocaine
infusions or active lever responses were removed from the final dataset.

Intracranial infusions. Immediately following the 10th and final SA
session, bilateral infusion cannulae (28 gauge; Plastics One Inc.) were
inserted into the guide cannulae so that 1 mm of the injector length
extended beyond the guide cannula. Infusions were administered using
drug solutions at pH 7.0-7.5 via preloaded tubing attached to Hamilton
gas-tight syringes (10 ul) driven by an infusion pump (Harvard Appara-
tus). Each infusion volume was 0.5 ul per side infused over 2 min at a rate
of 0.25 ul/min. Infusion cannulae remained in the guide cannulae for 1
min before and following the infusion. In experiment 1, rats with a his-
tory of cocaine SA were randomly assigned to groups that received the
following treatments: K252a (35.7 um in 50% DMSO; Biomol), U0126 (1
pg/ul in 25% DMSO; Promega), or vehicle (50% DMSO) 20 min before
BDNF (0.75 ug/side; recombinant human BDNF, R&D Systems) or 10
mM PBS infusion. These rats were then placed directly into home cage
abstinence for 6 d as described below. In experiment 2, drug naive rats
with bilateral intra-dmPFC cannulae received intracranial infusion of
BDNF or PBS as described above and were killed by rapid decapitation
0.5, 2, or 6 h postinfusion. In experiment 3, rats with a cocaine SA or
yoked-saline history received intracranial infusion of BDNF or PBS as
described above and were killed by rapid decapitation 2 or 22 h postin-
fusion. Another group of rats with a similar cocaine SA or yoked-saline
history received no infusions and were killed 7 d after the final day of
cocaine SA. In experiment 4, rats with a cocaine SA or yoked-saline
history received pretreatment with U0126 20 min before intracranial
infusion of BDNF or PBS as described above and were killed by rapid
decapitation 2 h postinfusion. A schematic flowchart of each experiment
is displayed in Figure 1.

Abstinence, extinction, and drug-seeking tests. The testing design (Fig. 1,
experiment 1) was conducted as described previously (Berglind et al.,
2007). Rats in experiment 1 underwent 6 d of abstinence directly follow-
ing intracranial infusions. During abstinence, each rat remained in its
home cage. Following 6 d of abstinence from cocaine SA, the rats were
placed back into their former operant chamber for 2 h and active (right)
and inactive (left) lever presses were recorded but had no programmed
consequences. Rats underwent extinction training following the post-
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abstinence extinction test and after the cue- A
induced reinstatement test. For 7 d before and
after the cue test, responding on the active and
inactive levers during 2 h daily extinction ses-
sions was recorded but had no programmed
consequences and rats received no infusions of
cocaine or saline. Following 7 d of extinction
training, rats were reexposed to the operant
chamber for a 2 h cue-induced reinstatement
test. Rats received response-contingent presen-
tation of the compound CS (light plus tone
complex) for the assessment of cue-induced
cocaine-seeking that was measured as active
(right) lever presses during the reinstatement
test. Inactive (left) lever responses were also re-
corded but had no programmed consequences.
Following the cue-induced reinstatement test,
rats reentered extinction training for 7 more
days. The day after the end of extinction train-
ing, rats were administered a 10 mg/kg i.p. in-
jection cocaine or saline and immediately
placed back into the operant chamber fora2 h
test of cocaine prime-induced reinstatement.
Cocaine-seeking was defined as active (right)
lever presses during the reinstatement test but
responding on the inactive (left) lever was also
recorded. Reponses made on either lever had
no programmed consequences. Immediately
following this reinstatement test, rats were de-
capitated and brains were immediately pre-
pared for verification of cannula placement.

Cannula placement. Upon completion of the behavioral studies in ex-
periment 1, rats were rapidly decapitated and brains were immediately
removed and frozen in isopentane for 30 s and stored at —80°C. Brains
were sectioned on a cryostat at 20 um and placed onto slides for cannulae
placement verification by Nissl-staining (Fig. 2A). Rats from experi-
ments 2—4 were rapidly decapitated and cannula placements at the site of
injection (dmPFC) were immediately verified by observation as the
dmPFC was dissected for protein analysis by Western blotting (Fig. 2 B).

Immunoblotting. The immunoblotting method described by Shi and
McGinty (2007) was used in experiments 2—4. Protein was extracted
from dmPFC tissue by sonication in 1% SDS buffer, boiled for 5 min,
centrifuged for 20 min at 10,000 X gin an Eppendorf tabletop centrifuge,
and the resulting supernatant was isolated as the soluble fraction. Protein
concentrations were measured with the Micro-Bicinchoninic Acid assay
kit (Pierce). Equal protein concentrations (15 ug) were separated by
SDS-PAGE (4-15% polyacrylamide) and transferred onto polyvinyli-
dene difluoride membranes. Membranes were incubated for 1 h in 5%
milk/Tris-buffered saline then overnight at 4°C with primary antibody
diluted in 5% milk/Tris-buffered saline plus 0.1% Tween 20. The mem-
branes were incubated with rabbit primary antisera against p-ERK1/2 (1:
1000), p-Akt-Thr308 (1:2000) p-CREB (1:1000; Cell Signaling Technology).
Each membrane was washed three times for 10 min in 5% milk/Tris-
buffered saline plus 0.1% Tween 20 and subsequently incubated with goat
anti-rabbit horseradish peroxidase-conjugated secondary antiserum (1:
1000-1:5000; Millipore). The membranes were again washed three times for
10 min in Tris-buffered saline plus 0.1% Tween 20 and developed for 1-5
min using the enhanced chemiluminescence (ECL Plus) kit from GE Health-
care Bio-Sciences. ECL-treated membranes were exposed on Hyperfilm (GE
Healthcare Bio-Sciences) and developed. After a 5 min application of a strip-
ping solution (Re-blot Plus mild stripping solution; Millipore), the mem-
branes were reprobed for total protein with primary antisera (1:1000) against
ERK1/2, Akt, and CREB (Cell Signaling Technology) for quantitative
assessment. After establishing that total protein levels did not differ
between groups, the integrated band density for each phosphopro-
tein/total protein was measured using ImageJ software (National In-
stitutes of Health, Bethesda, MD) and analyzed.

Data analysis. The behavioral data were analyzed with a two-way
mixed-factor ANOVA followed by Student—Newman—Keuls (SNK)

Figure 2.
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Graphical representation of histological placement from experiments 1-4. 4, In experiment 1, bilateral cannula
placements within the anterior cingulate and prelimbic regions (dmPFC) are represented by black dots. Rats with tract placements
that were not within the dmPFC were excluded from the schematic maps and the subjects’ data (n = 2) were excluded from the
data analysis. B, Rats from experiments 2, 3, and 4 were decapitated and cannula placement within the dmPFC was verified during

multiple-comparison tests when a significant interaction or main ef-
fect was found. Alterations in phosphoprotein expression were ana-
lyzed using a mixed factor ANOVA followed by SNK comparisons as
above or when only two groups were compared, a Student’s ¢ test was
performed. Statistically significant differences were determined at a
p-value of 0.05.

Results

Histology

Cannula placements from rats in experiment 1 are illustrated
in Figure 2. Tract placements that did not fall within the
dmPFC were excluded from the schematic maps and the sub-
jects’ data (n = 2) were excluded from analysis. After place-
ment verification, the number of rats per experimental group
were as follows: experiment 1: vehicle followed by PBS (V-P;
n = 16), vehicle followed by BDNF (V-B; n = 15), K252a
followed by PBS (K-P; n = 11), K252a followed by BDNF
(K-B; n = 10), U0126 followed by PBS (U-P; n = 9), U0126
followed by BDNF (U-B; n = 10); experiment 2: 30 min post-
PBS infusion (n = 6), 0.5 h post-BDNF infusion (n = 6), 2 h
post-PBS infusion (#n = 6), 2 h post-BDNF infusion (n = 6),
6 h post-PBS infusion (n = 5), 6 h post-BDNF infusion (n =
6); experiment 3: yoked-saline 2 h post-PBS infusion (S-P; n =
8), yoked-saline 2 h post-BDNF infusion (S-B; n = 8), cocaine
SA 2 h post-PBS infusion (C-P; n = 7), cocaine SA 2 h post-
BDNF infusion (S-B; n = 8), yoked-saline 22 h post-PBS in-
fusion (S-P; n = 6), yoked-saline 22 h post-BDNF infusion
(S-B; n = 6), cocaine SA 22 h post-PBS infusion (C-P; n = 6),
cocaine SA 22 h post-BDNF infusion (C-B; n = 6), yoked-
saline with 7 d abstinence (S; n = 8), cocaine SA with 7 d
abstinence (C; n = 8); experiment 4: yoked-saline 2 h post-U0126-
PBS infusion (S/U-P; n = 8), yoked-saline 2 h post-U0126-BDNF
infusion (S/U-B; n = 8), cocaine SA 2 h post-U0126-PBS infusion
(C/U-P; n = 8), cocaine SA 2 h post-U0126-BDNF infusion
(C/U-B; n = 8).
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Experiment 1: BDNF’s suppressive effect on cocaine-seeking
depends on Trk receptor-mediated ERK/mitogen-activated
protein kinase, not PI3K, signaling in the dmPFC

In experiment 1, rats were randomly assigned to groups that
received pretreatment with K252a, U0126, or vehicle 20 min be-
fore receiving BDNF or PBS infusion directly following the final
cocaine SA session to test the roles of tyrosine kinase and ERK
signaling in BDNF’s ability to suppress cocaine-seeking. All rats
reached stable active (right) lever responding during the final 3
sessions of cocaine SA and mean responding for cocaine did not
differ between groups before intracranial infusions (F(; 4, =
1.169, p > 0.05). Immediately following intracranial infusions,
rats were placed directly into 6 d of home cage abstinence.

Test 1: Post-abstinence relapse test

The suppressive effect of intra-dmPFC BDNF was evaluated dur-
ing a post-abstinence (PA) relapse test in which active lever re-
sponses had no programmed consequences (Fig. 3A). There was
a significant treatment by time point interaction (F, ,q) = 7.73,
p < 0.01). SNK tests revealed that V-P-treated ( p < 0.001), but
not V-B-treated ( p > 0.05), rats responded significantly more
during the PA test than during the final 3 d of cocaine SA. Further
testing revealed that V-B rats responded significantly less on the
active lever than V-P rats during the PA test (p < 0.05). For
K252a, there also was a significant treatment by time point inter-
action (F; 44) = 2.887, p < 0.05). SNK tests revealed that K-P-
and K-B-treated rats both showed enhanced responding during
the PA test compared with the final 3 d of cocaine SA ( p < 0.01).
Further SNK testing revealed a significant difference between the
V-B and K-B groups ( p < 0.05) during the PA test, demonstrat-
ing a full reversal of BDNF’s suppressive effect on post-abstinence
relapse by K252a. For U0126, there was a significant treatment by
time point interaction (F; 45, = 2.896, p < 0.05). SNK tests re-
vealed that U-P-treated and U-B-treated rats both showed en-
hanced responding during the PA test compared with the final 3 d
of cocaine SA ( p < 0.05). SNK tests revealed a significant differ-
ence between the V-B and U-B groups ( p < 0.05) during the PA
test, demonstrating a reversal of BDNF’s suppressive effect on
post-abstinence drug-seeking by U0126.

Test 2: Cue-induced reinstatement test

Following extinction training, there were no significant differ-
ences in the average amount of lever pressing between groups
during the final 2 d of extinction. The suppressive effect of intra-
dmPFC BDNF was evaluated during a cue-induced reinstate-
ment test, in which active lever responses resulted in the
presentation of the light + tone compound CS (Fig. 3B). For
BDNEF, there was a significant treatment by time point interaction
(F120) = 9.234, p < 0.01). SNK tests revealed that V-P- and
V-B-treated rats responded significantly more during the cue-
induced reinstatement test than during the final 2 d of extinction
training ( p < 0.01 and p < 0.05, respectively). Further SNK tests
revealed that V-B rats responded significantly less on the active
lever than V-P rats during the cue-induced reinstatement test
(p < 0.01). For K252a, there was a significant treatment by time
point interaction (F; 45) = 2.867, p < 0.05). SNK tests revealed
that K-P- and K-B-treated rats both showed enhanced respond-
ing during the cue-induced reinstatement test compared with the
final 2 d of extinction training ( p < 0.001). Further SNK tests
revealed a significant difference between the V-B and K-B groups
(p < 0.05) during the cue test, demonstrating a full reversal of
BDNF’s suppressive effect on cue-induced reinstatement by
K252a. For U0126, there was a significant treatment by time point
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Figure 3.  K252a and U0126 blocked BDNF's suppressive effect on cocaine-seeking. A, Post-
abstinence test. Left, Before intra-dmPFCinfusions, all rats show similar responding during the last 3 d
of cocaine SA. On the final day of cocaine SA, rats received one of the following treatments: DMSO
vehicle followed by PBS (V-P, black bar), DMSO vehicle followed by BDNF (V-B, black bar with grid
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grid pattern), U0126 followed by PBS (U-P, gray bar), or U0126 followed by BDNF (U-B, gray bar
with grid pattern). Right, Rats receiving V-B treatment showed significantly less cocaine seeking
during the test compared with V-P controls (***p << 0.001). All other treatment groups demon-
strated significantly greater cocaine-seeking in the post-abstinence test compared with cocaine SA
responding (*p < 0.05, " "p<0.01, T "p < 0.001). B, Cue-induced reinstatement test. Left,
Allrats extinguished lever pressing and reached a common baseline of responding. Right, Rats receiv-
ing V-B treatment showed significantly less cocaine seeking during the cue test than V-P controls
(**p << 0.01). All treatment groups demonstrated greater cocaine-seeking in the cue test compared
with extinctionresponding ( *p<<0.05, ¥ Fp<<0.01, " p<<0.001). €, Cocaine prime-induced
reinstatement test. Left, All rats were brought back to a common baseline of responding during
extinction. Right, Rats receiving V-B treatment showed significantly less cocaine seeking during the
cocaine prime test than V-P controls (*p << 0.05). All treatment groups demonstrated greater
cocaine-seeking in the cocaine prime test compared with extinction responding ("p < 0.05,
FFFp<0.01).n = 9-16 per group.

interaction (F; 46 = 2.949, p < 0.05). SNK tests revealed that
U-P- and U-B-treated rats both showed enhanced responding
during the cue-induced reinstatement test compared with the
final 2 d of extinction training ( p < 0.001). Further SNK tests
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revealed a significant difference between the V-B and U-B groups
(p < 0.05) during the cue test, demonstrating a full reversal of
BDNF’s suppressive effect on cue-induced reinstatement by
Uo126.

Test 3: Cocaine prime-induced reinstatement test

Following extinction training, again there were no significant
differences in the average amount of lever pressing between
groups during the final 2 d of extinction. The suppressive effect of
intra-dmPFC BDNF was evaluated during a cocaine-prime-
induced reinstatement test, in which rats received a cocaine in-
jection directly before being placed back into the operant context
where active lever responses had no programmed consequences
(Fig. 3C). For BDNF, there was a significant treatment by time
point interaction (F(, oy = 5.01, p < 0.05). SNK tests revealed
that V-P- and V-B-treated rats responded significantly more dur-
ing the cocaine prime-induced reinstatement test than during the
final 2 d of extinction training ( p < 0.01). SNK tests also revealed
that V-B rats responded significantly less on the active lever than
V-P controls during the cocaine prime-induced reinstatement
test ( p < 0.05). For K252a, there was a significant treatment by
time point interaction (F; 45y = 2.96, p < 0.05). SNK tests re-
vealed that K-P- and K-B-treated rats both showed enhanced
responding during the cocaine prime-induced reinstatement test
compared with the final 2 d of extinction training ( p < 0.01).
Further SNK tests also revealed a significant difference between
the V-Band K-B groups ( p < 0.05) during the cocaine prime test,
demonstrating a full reversal of BDNF’s suppressive effect on
cocaine prime-induced reinstatement by K252a. For U0126,
there was a significant treatment by time point interaction
(F3.46) = 7429, p < 0.001). SNK tests revealed that U-P- and
U-B-treated rats both showed enhanced responding during the
cocaine prime-induced reinstatement compared with the final
2 d of extinction training ( p < 0.01). SNK tests also revealed a
significant difference between the V-B and U-B groups (p <
0.05) during the cocaine-prime test.

Experiment 2: Intra-PFC BDNF activates phosphoprotein
signaling in vivo in the dmPFC of drug naive rats

In experiment 2, drug-naive rats with bilateral intra-dmPFC can-
nulae received an intracranial infusion of BDNF or PBS and were
killed by rapid decapitation 0.5 h, 2 h, or 6 h postinfusion to
demonstrate the time course over which intra-dmPFC BDNF
would increase p-ERK, p-CREB, and p-Akt in vivo in the dmPFC
(Fig. 4). There was a significant main effect of BDNF treatment
on p-ERK (ANOVA, F(, 5o, = 24.96, p < 0.001), p-Akt (F(, 5, =
33.68, p < 0.001), and p-CREB (F,, ) = 48.62, p < 0.001) ex-
pression in the dmPFC. Pairwise SNK comparisons revealed that
BDNF significantly increased p-ERK expression 0.5 h ( p < 0.05)
and 2 h (p < 0.05), but not 6 h (p > 0.05), postinfusion (Fig.
4A), p-CREB expression 0.5h ( p <0.05),2h ( p<0.05),and 6 h
(p < 0.05) postinfusion (Fig. 4 B), and p-Akt expression 2 h ( p <
0.05), but not 30 min or 6 h ( p > 0.05) postinfusion. There were
no differences in total protein expression of t-ERK, t-Akt, and
t-CREB across all treatment conditions (supplemental Table 1,
available at www.jneurosci.org as supplemental material).

Experiment 3: Intra-PFC BDNF counteracts
cocaine-mediated abnormalities in phosphoprotein

signaling in the dmPFC

Given that BDNF increased the levels of all three phosphopro-
teins 2 h postinfusion in experiment 2, this time point was used to
investigate whether a BDNF infusion would alter cocaine SA-
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Figure4. Intra-dmPFCBDNF activates phosphoprotein signalingin the dmPFC of drug-naive
rats. A, p-ERK expression was significantly increased in the dmPFC 0.5 h (black bar with grid
pattern) and 2 h (white bar with grid pattern), but not 6 h (gray bar with grid pattern), postin-
fusion in BDNF-infused rats (*p << 0.05) compared with PBS-infused control rats (solid black bar
for 0.5 h, white bar for 2 h, and gray bar for 6 h). Above graph, Representative Western blot for
p-ERK and total (t)-ERK expression. B, p-CREB expression was significantly increased in the
dmPFC0.5 h (black bar with grid pattern), 2 h (white bar with grid pattern), and 6 h (gray bar
with grid pattern) post-BDNF infusion (*p << 0.05) compared with PBS-infused rats (solid black
bar for 0.5 h, white bar for 2 h, and gray bar for 6 h). Above graph, Representative Western blot
for p-CREB and t-CREB expression. €, p-Akt expression was significantly increased in the dmPFC
2 h (white bar with grid pattern), butnot 0.5 h (black bar with grid pattern) or 6 h (gray bar with
grid pattern) post-BDNF infusion (*p << 0.05) compared with PBS-infused rats (solid black bar
for 0.5 h, white bar for 2 h, and gray bar for 6 h). Above graph, Representative Western blot for
p-Akt and t-Akt expression.

induced changes in these signaling proteins. In experiment 3, rats
received intracranial infusion of BDNF or PBS and were killed by
rapid decapitation 2 h later to characterize BDNF’s effects on
phosphoprotein signaling in rats with a cocaine SA or yoked-
saline history (Fig. 5A—C). For p-ERK (Fig. 5A), there was a sig-
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Figure 5.  Intra-dmPFC BDNF counteracts cocaine-mediated decreases in p-ERK and p-CREB, but not p-Akt, expression 2 h
postinfusion, and this normalization of cocaine-mediated decreases in p-ERK and p-CREB expression is blocked by U0126. 4, p-ERK
expression was suppressed in the cocaine SA group compared with the yoked-saline group (*p << 0.05 C-P vs S-P). Intra-dmPFC
BDNF infusion significantly increased p-ERK expression in the yoked-saline group (**p << 0.01 5-B vs S-P) and normalized p-ERK
expression in the cocaine SA (™ p << 0.05 (-B vs C-P) group. Above graph, Representative Western blot for p-ERK and t-ERK
expression. B, p-CREB expression was suppressed in the cocaine SA group compared with the yoked-saline group (***p << 0.001
C-Pvs S-P). Intra-dmPFC BDNF infusion significantly increased p-CREB expression in the yoked-saline group (*p << 0.05 S-B vs S-P)
and normalized p-CREB expressionin the cocaine SA (™ p << 0.01(-Bvs C-P) group. Above graph, Representative Western blot
for p-CREB and t-CREB expression. €, Intra-dmPFC BDNF infusion significantly increased p-Akt expression in the yoked-saline group
(***p <C0.001 S-B vs S-P) and in the cocaine SA (***p << 0.001 C-B vs C-P) group. Above graph, Representative Western blot for
p-Akt and total Akt expression. D, p-ERK expression was suppressed in both cocaine SA groups compared with the yoked-saline
group (***p <<0.001 S/U-P vs C/U-P and C/U-B). Intra-dmPFC BDNF infusion failed to increase p-ERK expression in the presence of
U0126 for yoked-saline (S/U-B and C/U-B) or cocaine SA rats. Above graph: Representative Western blot for p-ERK and t-ERK
expression. E, p-CREB expression was suppressed in both cocaine SA groups compared with the yoked-saline group (**p << 0.01
S/U-P vs C/U-P and (/U-B). Intra-dmPFC BDNF infusion failed to increase p-CREB expression in the presence of U0126 for yoked-
saline or cocaine SA rats. Above graph, Representative Western blot for p-CREB and t-CREB expression. F, Intra-dmPFC BDNF
infusion significantly increased p-Akt expression in the yoked-saline group (**p << 0.01 S/U-B vs S/U-P) and in the cocaine SA
(**p < 0.01 C/U-B vs C/U-P) groups regardless of U0126 infusion. Above graph, Representative Western blot for p-Akt and total
Akt expression.
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nificant main effect of drug treatment
(cocaine vs saline; F(, 57y = 6.17,p < 0.05) as
well as a significant main effect of infusion
(BDNEF vs PBS; F,, ,,, = 30.12, p < 0.001)
but no interaction. SNK tests revealed that
PBS-infused rats with a cocaine SA history
displayed significantly decreased p-ERK ex-
pression in the dmPFC compared with PBS-
infused yoked saline rats (p < 0.05).
Furthermore, BDNF vs PBS significantly in-
creased p-ERK expression in both yoked-
saline ( p < 0.001) and cocaine SA rats ( p <
0.01). For p-CREB (Fig. 5B), there also was a
significant main effect of drug treatment
(F127y = 26.15,p < 0.001) and a significant
main effect of infusion (F, ,,) = 14.05, p <
0.001). SNK tests revealed that PBS-infused
rats with a cocaine SA history displayed sig-
nificantly decreased p-CREB expression
compared with PBS-infused yoked-saline
controls ( p < 0.001). Additionally, BDNF
vs PBS significantly increased p-CREB ex-
pression in both yoked saline (p < 0.05)
and cocaine SA rats ( p < 0.05). For p-Akt
(Fig. 5C), there was a significant main effect
of infusion only (F, ,,) = 24.19,p < 0.001).
There were no differences in total protein
expression for t-ERK, t-Akt, and t-CREB
(supplemental Table 1, available at www.
jneurosci.org as supplemental material)
across the treatment conditions.

A separate group of rats received intra-
dmPFC infusion of BDNF or PBS and was
killed by rapid decapitation 22 h later to
characterize BDNF’s prolonged effects on
phosphoprotein signaling in rats with a co-
caine SA or yoked-saline history (supple-
mental Fig. S1, available at www.jneurosci.
org as supplemental material). For p-ERK
(supplemental Fig. S1A, available at www.
jneurosci.org as supplemental material),
there were no significant main effects of
drug treatment (cocaine vs saline; F; 5oy =
0.96, p > 0.05) or infusion (BDNF vs PBS;
F(1 20) = 2.73, p > 0.05). For p-CREB (sup-
plemental Fig. S1B, available at www.
jneurosci.org as supplemental material),
there were no significant main effects of
drug treatment (cocaine vs saline; F(; 5oy =
0.16, p > 0.05) or infusion (BDNF vs PBS;
F(120) = 1.7, p > 0.05). For p-Akt (supple-
mental Fig. S1C, available at www.jneurosci.
org as supplemental material), there were
no significant main effects of drug treatment
(cocaine vs saline; F; 5, = 0.84, p > 0.05)
or infusion (BDNF vs PBS; F, 5oy = 0.65,
p >0.05). There were no differences in total
protein expression for t-ERK, t-Akt, and
t-CREB (supplemental Table 1, available at
www.jneurosci.org as supplemental mate-
rial) across all treatment conditions.

Another cohort of rats with a cocaine
SA or yoked-saline history were killed
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by rapid decapitation after 7 d of forced abstinence to charac-
terize cocaine SA’s prolonged effects on phosphoprotein signal-
ing in dmPFC (supplemental Fig. S1D-F, available at www.
jneurosci.org as supplemental material). There was no significant
difference in p-ERK (t,, = —0.66, p > 0.05) or p-Akt (t;, =
—0.99, p > 0.05) levels between the cocaine and saline groups
(supplemental Fig. S1 D, F, available at www.jneurosci.org as sup-
plemental material). However, there was significantly more
p-CREB expression in the dmPFC of the cocaine vs saline group
(supplemental Fig. S1E, available at www.jneurosci.org as sup-
plemental material; #,, = 3.99, p = 0.05). There were also no
differences in total protein expression for t-ERK, t-Akt, and
t-CREB in cocaine vs saline groups (supplemental Table 1, avail-
able at www.jneurosci.org as supplemental material).

Experiment 4: The normalizing effects of intra-dmPFC BDNF
on p-CREB depend on ERK mitogen-activated protein kinase

signaling

In experiment 4, rats with a cocaine SA or yoked-saline history
received pretreatment with U0126 followed by infusion of BDNF
or PBS and were killed 2 h later to determine whether BDNF’s
ability to rescue p-CREB levels in the dmPFC depends on ERK
mitogen-activated protein kinase (MAPK) signaling (Fig. 5). For
p-ERK (Fig. 5D) and p-CREB (Fig. 5E), there was a significant
main effect of drug treatment (cocaine vs saline; p-ERK: F(, ,¢) =
58.28, p < 0.001; p-CREB: (F(, 55, = 24.837, p < 0.05) but no
main effect of infusion. Thus, BDNF treatment failed to signifi-
cantly increase p-ERK and p-CREB expression in yoked-saline
controls or cocaine SA history rats that received BDNF in the
presence of U0126. For p-Akt (Fig. 5F), there was a significant
main effect of infusion only (F(; ,4 = 10.63, p < 0.01). This result
demonstrates that U0126 did not affect BDNF’s ability to activate
p-Akt in saline or cocaine SA rats. To ensure that U0126 did not
influence basal expression of p-ERK, p-Akt, and p-CREB, we
compared the expression of each phosphoprotein between
yoked-saline rats from experiment 3 that received PBS infusion
and yoked-saline rats from experiment 4 that received U0126
followed by PBS infusion. There were no significant main effects
of U0126 for p-ERK (f,, = —1.27, p > 0.05), p-Akt (t,, = —0.14,
p > 0.05), or for p-CREB (t,, = —0.79, p > 0.05, p > 0.05),
demonstrating that there was no effect of U0126 treatment on
basal phosphoprotein expression. Furthermore, there were no
differences in total protein expression for t-ERK, t-Akt, and
t-CREB across all treatment conditions (supplemental Table 1,
available at www.jneurosci.org as supplemental material).

Discussion

The current study demonstrated that an intra-dmPFC infusion of
the tyrosine kinase inhibitor, K252a, and the MEK inhibitor,
U0126, blocked the ability of intra-dmPFC BDNF, when infused
immediately after the last cocaine SA session, to suppress enduring
cocaine-seeking after abstinence and in subsequent reinstatement
testing after extinction. Moreover, BDNF reversed a cocaine-
mediated dephosphorylation of ERK and CREB in the dmPFC 2 h
after intra-dmPFC infusion. Consistent with its ability to block
BDNPF’s enduring suppressive effects on cocaine-seeking, U0126
blocked BDNF’s ability to restore the cocaine-induced decrease in
p-ERK and p-CREB in the dmPFC. These data suggest that there is a
critical, time-restricted window immediately after the end of chronic
cocaine exposure in which intra-PFC BDNF is able to suppress
cocaine-induced neuroadaptations that lead to drug-seeking.
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The suppressive effects of BDNF on cocaine-seeking were
blocked by K252a

Intra-dmPFC BDNF’s ability to persistently suppress cocaine-
seeking after forced abstinence, as well as during cue- and cocaine
prime-induced reinstatement, was blocked by K252a, suggesting
that BDNF binds endogenous TrkB receptors locally in the
dmPFC to exert its behavioral effects. Although K252a is not
selective for Trk receptors, it is a high-affinity tyrosine kinase
inhibitor and it did not alter cocaine-seeking in the absence of
BDNF. This finding indicates that the concentration of K252a
used did not alter basal, but only BDNF-stimulated, signaling in
the dmPFC. Since BDNF does not directly stimulate other Trk
receptor populations (TrkA, TrkC) or ser-thr kinase cascades
(PKA, PKC, CAMK), it is unlikely that K252a’s blockade of
BDNF’s effects was mediated by these non-TrkB signaling mole-
cules. This interpretation is supported by the fact that BDNF’s
ability to suppress cocaine-seeking 22 h after the last SA session
was previously demonstrated to be prevented by the BDNF scav-
enging compound, TrkB-Fc (McGinty et al., 2010).

The suppressive effects of BDNF on cocaine-seeking were
blocked by U0126

Intra-dmPFC BDNF’s ability to persistently suppress cocaine-
seeking after forced abstinence, as well as during cue- and cocaine
prime-induced reinstatement, was also blocked by the selective MEK
inhibitor, U0126, suggesting that after BDNF binds to TrkB recep-
tors, it activates ERK MAPK signaling locally in the dmPFC. This
result is consistent with evidence that implicates ERK signaling in the
behavioral effects of BDNF on cocaine-seeking when it is infused
into the VTA (Lu et al., 2004). In addition, the ability of BDNF to
modify amygdala-dependent fear conditioning (Ou and Gean,
2006), hippocampal-dependent memory (Igaz et al., 2006), and
mood stability (Einat et al., 2003) also depends on ERK MAPK sig-
naling. The ability of K252a, TrkB-Fc (McGinty et al., 2010), and the
selective MEK inhibitor, U0126, to block BDNF’s behavioral effects
reinforces the conclusion that the TrkB-ERK cascade mediates the
suppressive effects of BDNF on cocaine-seeking. Indeed, PI3K inhi-
bition with intra-PFC wortmannin failed to significantly reverse
BDNPF’s suppressive effect on cocaine-seeking in each test (data not
shown), indicating that the behavioral effects of BDNF occur via a
PI3K-independent mechanism. Although wortmannin has been
previously shown to facilitate acute D1 agonist-induced stimulation
of ERK phosphorylation in vitro (Brami-Cherrier et al., 2002), there
was no greater suppression of cocaine-seeking by BDNF in animals
that received wortmannin and BDNF. These data, along with a lack
of effect of cocaine on p-Akt in this study, demonstrate that BDNF’s
behavioral effects on cocaine-seeking selectively require ERK/
MAPK, not PI3K, signaling in the dmPFC.

Cocaine SA caused a significant dephosphorylation of p-ERK
and p-CREB, but not p-Akt, in the dmPFC

The significant decrease in p-ERK and p-CREB, but not p-Akt,
levels in the dmPFC during early withdrawal was remarkable
given that cocaine is generally considered to increase ERK, CREB,
and Akt phosphorylation in the CNS (Berhow et al., 1996; Matt-
son et al., 2005; Valjent et al., 2004). However, the latter conclu-
sion has been drawn mostly from the effects of acute and repeated
noncontingent administration of cocaine. Despite few studies
that have investigated the response of phosphoproteins in the
mPFC to chronic cocaine SA, a recent study by Edwards et al.
(2007) showed that p-ERK, but not p-CREB, was significantly
elevated in the mPFC immediately following the last of 18 daily
4 h cocaine SA sessions. However, our data indicate that p-ERK



Whitfield Jr et al. @ BDNF Suppresses Cocaine Relapse via Trk and ERK MAPK

and p-CREB are rapidly dephosphorylated, with their levels
plummeting below control value during the first hours of with-
drawal from cocaine SA. We hypothesize that this “crash” early in
withdrawal triggers a cascade of deleterious events, possibly af-
fecting CREB targets in the prefrontal-accumbens pathway, that
promote relapse to cocaine-seeking if not immediately reversed.
Given that p-ERK and p-CREB levels in the PFC had normalized
22 h after cocaine SA, it appears that critical events in the dmPFC
underlying persistent drug-seeking occur quickly and transiently
after repeated cocaine exposure. If they are not reversed, then
other long-term neuroadaptations are allowed to occur if absti-
nence continues. Under the conditions of this experiment, 7 d
after the end of cocaine exposure, p-ERK levels in the PFC re-
mained normal but p-CREB levels were elevated, suggesting that
CREB phosphorylation was no longer ERK-dependent. This in-
terpretation is consistent with BDNF-independence of cocaine-
seeking after 7 d of abstinence because when infusion is delayed
for 6 d, BDNF does not alter cocaine-seeking on day 7 (Berglind
et al., 2007).

Although it is unknown how cocaine withdrawal suppresses
ERK and CREB phosphorylation, chronic exposure to psycho-
stimulants upregulates the expression of dual specificity MAP-
kinase phosphatases (MKPs), essential regulators of p-ERK, in
the PFC and striatum (Takaki et al., 2001). Given that upregula-
tion of MKPs corresponds with decreased p-ERK in the hip-
pocampus (Dwivedi et al., 2001), increased MKP activity may
underlie suppressed p-ERK levels during early withdrawal from
cocaine SA. However, future studies will be needed to explore this
question because there are several MKPs that dephosphorylate
ERK and they are not the only phosphatases to do so (Farooq and
Zhou, 2004).

U0126 prevented BDNF’s ability to activate p-ERK and
p-CREB, whereas U0126 had no effect on BDNF’s ability to phos-
phorylate Akt, nor did this dose of U0126 affect basal phospho-
protein expression as previously described (Shi and McGinty,
2006). This result is consistent with other reports indicating that
BDNF’s ability to activate p-CREB-dependent structural and
synaptic plasticity is reversed by U0126 (Ying et al., 2002; Alonso
et al., 2004). These studies also reinforce the finding that BDNF
counteracts cocaine-mediated neuroadaptations by activating
CREB in an ERK MAPK-dependent, not PI3K-dependent, man-
ner in the dmPFC.

BDNF is critically involved in the neuroplasticity of the
dmPFC, as well as the propensity to engage in drug-seeking
behavior in rats with a cocaine SA history

The finding that the expression of p-ERK and p-CREB in the
dmPFC were suppressed during early abstinence from cocaine SA
positively correlates with reports that chronic cocaine SA alters
prefrontal cortical excitability and neuroplasticity. For instance,
acute cocaine induces BDNF mRNA and protein in the mPFC
24 h postinjection; however after 2 or 72 h of withdrawal from
repeated cocaine injections, BDNF protein levels in the PFC were
significantly decreased (Fumagalli et al., 2007). Similarly, the ex-
pression of BDNF mRNA, along with other immediate early
genes in the dmPFC, is decreased 22 h after 10 d of cocaine SA
(McGinty et al., 2010), signifying a decline in cortical activity
during early abstinence. When rats are reexposed to the cocaine-
associated operant context after 22 h or 15 d of abstinence and
allowed to press levers that previously resulted in cocaine deliv-
ery, BDNF and other immediate early gene mRNA was induced
in the mPFC, signifying an increase in cortical activation (Hear-
ing et al., 2008). Prefrontal cortical excitability follows a similar
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pattern, in which basal excitability of the PFC decreases over the
course of cocaine SA, while burst firing during exposure to co-
caine and cocaine-related stimuli is enhanced (Sun and Rebec,
2006). Together, these data indicate that acute cocaine activates
PFC BDNF transcription and translation in a manner consistent
with the sensitizing effects of cocaine, but that repeated cocaine
administration and cocaine SA suppresses prefrontal cortical
plasticity and excitability, in part due to suppression of endoge-
nous BDNF expression. Reversal of this cocaine-mediated sup-
pression in the dmPFC with BDNF infusion restores balance to
plasticity-associated signaling locally in the PFC. As a result,
cocaine-induced abnormalities in glutamate transmission in the
NAc, which have been shown to regulate cocaine-seeking during
relapse (McFarland et al., 2003), are reversed (Berglind et al.,
2009).

Together, these studies have begun to characterize the mech-
anism of BDNF’s suppressive effect on cocaine relapse. Exoge-
nous BDNF’s ability to recover suppressed p-ERK and p-CREB
signaling in the dmPFC during early withdrawal leads to a persis-
tent attenuation of cocaine-seeking. The implication from this
finding is that early intervention during withdrawal from chronic
cocaine administration may be a critical way to facilitate long-
term therapeutic outcomes. Further, the current work solidifies
the site-specific role of BDNF in cocaine-mediated plasticity in
the CNS. Future studies will evaluate the ability of novel thera-
peutic interventions to restore normal BDNF expression and ac-
tivity in the dmPFC to counteract cocaine’s deleterious effects
and suppress addictive cocaine-seeking.
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