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A Single Infusion of Brain-Derived Neurotrophic Factor into
the Ventral Tegmental Area Induces Long-Lasting
Potentiation of Cocaine Seeking after Withdrawal

Lin Lu, Jack Dempsey, Shirley Y. Liu, Jennifer M. Bossert, and Yavin Shaham
Behavioral Neuroscience Branch, Intramural Research Program, National Institute on Drug Abuse, National Institutes of Health, Department of Health and
Human Services, Baltimore, Maryland 21224

Cocaine addiction in humans is associated with long-term propensity to relapse. Using a rat relapse model, we found that cocaine seeking
induced by exposure to cocaine-associated cues progressively increases after withdrawal. This progressive increase is associated with
increases in brain-derived nerve growth factor (BDNF) levels within the mesolimbic dopamine system. Based on these findings, we
studied whether BDNF infusions into the ventral tegmental area (VTA), the cell body region of mesolimbic dopamine neurons, would
potentiate cocaine seeking after withdrawal. Rats were trained to self-administer cocaine for 10 d, and cocaine seeking was measured in
extinction tests 3, 10, or 30 d after withdrawal. During testing, rats were exposed to contextual cues that had predicted cocaine availability
during training, and lever presses resulted in contingent presentations of a discrete tone–light cue that was previously temporally paired
with cocaine infusions. BDNF (0 – 0.75 �g/site) or nerve growth factor (NGF; 0 – 0.75 �g/site) was infused into the VTA 1–2 hr after the last
self-administration session. To examine the role of the mitogen-activated protein kinase (MAPK) pathway in BDNF effects, U0126 (1
�g/site), an MEK inhibitor, was used. A single intra-VTA infusion of BDNF, but not NGF, induced long-lasting enhancement of cocaine
seeking for up to 30 d, an effect reversed by U0126. In contrast, neither BDNF infusions into the substantia nigra, nor acute intra-VTA
BDNF infusions 2 hr before testing on day 3 of withdrawal, were effective. These data suggest that BDNF-mediated neuroadaptations in
mesolimbic areas are involved in the persistent cocaine seeking induced by exposure to drug cues after withdrawal.

Key words: brain-derived nerve growth factor; drug self-administration; extinction; growth factors; MAP kinase; reinstatement; relapse;
substantia nigra

Introduction
In humans, exposure to cues associated with cocaine use can
induce drug relapse after many months of abstinence (O’Brien,
1997). In rats, exposure to cocaine cues provokes drug seeking
several months after withdrawal (Ciccocioppo et al., 2001). How-
ever, until recently (Tran-Nguyen et al., 1998), the impact of the
cocaine withdrawal period on vulnerability to drug seeking in-
duced by exposure to drug-associated cues has not been system-
atically examined. Using a rat relapse model (Shalev et al., 2002),
we assessed cocaine seeking induced by exposure to drug cues, as
measured in extinction and cue-induced reinstatement tests, af-
ter 1, 2, 4, 7, 15, 29, and 60 d of withdrawal and found that drug
seeking in these tests progressively increases, or incubates, after
withdrawal (Grimm et al., 2001). Subsequently, we characterized
cocaine and sucrose (a nondrug reward in rats) seeking over

withdrawal periods of up to 6 months (Shaham, 2002; Grimm et
al., 2003). Cocaine or sucrose seeking induced by re-exposure to
the reward cues after withdrawal followed an inverted U-shaped
curve, indicating that incubation of reward seeking is not drug-
specific. However, for cocaine seeking, responding peaks after 1
month and persists for up to 3 months, whereas for sucrose seek-
ing, responding peaks after 1– 4 weeks, but completely decays
after 2 months.

The persistent cocaine seeking after prolonged withdrawal pe-
riods may be mediated by neuroadaptations within the mesolim-
bic dopamine system that are induced by chronic cocaine expo-
sure and subsequent withdrawal (White and Kalivas, 1998;
Nestler, 2001). Based on this postulation, we studied whether the
persistent increase in cocaine seeking after withdrawal is associ-
ated with alterations in brain-derived nerve growth factor
(BDNF) in the ventral tegmental area (VTA), accumbens, and
amygdala (Grimm et al., 2003). BDNF is involved in different
forms of neuronal plasticity (Thoenen, 1995) and the survival
and function of dopamine neurons (Hyman et al., 1991). BDNF
infusions into mesolimbic areas increase psychostimulant-
induced locomotion (Pierce and Bari, 2001) and cocaine-
induced enhancement of responding for cues paired with water
reward (Horger et al., 1999). Also, BDNF expression in mesocor-
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ticolimbic areas is increased after amphetamine exposure
(Meredith et al., 2002).

We found that BDNF levels in the VTA, accumbens, and
amygdala progressively increase after withdrawal from cocaine,
but not sucrose, self-administration (Grimm et al., 2003). Fur-
thermore, we found that the time-dependent changes in BDNF
levels in the VTA, the cell body region of mesolimbic dopamine
neurons, most closely parallel those of drug seeking. These find-
ings, however, are correlational and, therefore, do not establish a
direct role for BDNF in cocaine seeking.

Here, we studied whether intra-VTA BDNF infusions would
enhance cocaine seeking after withdrawal, as measured in extinc-
tion tests wherein rats are re-exposed to contextual cues previ-
ously paired with cocaine availability, and lever presses result in
contingent presentations of a discrete cue previously paired with
cocaine infusions. We hypothesized that BDNF infusions would
enhance cocaine seeking during the first several days of with-
drawal, when cocaine seeking is substantially lower than it is after
1–3 months (Grimm et al., 2001, 2003). We also studied the role
of the mitogen-activated protein kinase (MAPK) pathway, which
is involved in BDNF effects (Poo, 2001; Shirayama et al., 2002).

Materials and Methods
Subjects
The subjects were 199 male Long–Evans rats (Charles River, Raleigh,
NC) weighing 350 – 400 gm before surgery. Rats were housed in the
animal facility and were maintained on a reverse 12 hr light/dark cycle
(lights off at 9:00 or 10:00 A.M.) with food and water available ad libitum
in the home cage. Experimental procedures followed the Principles of
Laboratory Animal Care (National Institutes of Health publication num-
ber 86 –23, 1996).

Intracranial and intravenous surgery
Rats were anesthetized with a xylazine– ketamine mixture (10 � 100
mg/kg, i.p.), and permanent guide cannulas (23 gauge; Plastics One,
Roanoke, VA) were implanted bilaterally 1 mm above the VTA or sub-
stantia nigra (SN). The coordinates (Paxinos and Watson, 1998) for the
VTA were: anteroposterior (AP) �5.2 mm; lateral (L) �1.8 mm (10°
angle), and dorsoventral (DV) �7.5 mm. Cannulas were aimed at the
middle part of the VTA, where tyrosine hydroxylase staining is much
higher than in the anterior or posterior portions of the VTA (Swanson,
1982). The coordinates for the SN were: AP �5.2 mm; L �2.8 mm (10°
angle), and DV �7.5 mm. After cannulas implantation, catheters were
inserted into the jugular vein and were passed subcutaneously to the top
of the skull. The catheters were then attached to a modified 22 gauge
cannula (Plastics One) and mounted to the rat’s skull with dental cement
(Shalev et al., 2001). Buprenorphine (0.1 mg/kg, s.c.) was given as an
analgesic after surgery, and rats were given 5–7 d to recover from surgery.
Catheters were flushed with sterile saline containing gentamycin (0.08
mg/ml) every 24 – 48 hr during the recovery and training phases.

Intracranial infusions and histology
Intracranial microinjections of BDNF or NGF (R & D Systems, Minne-
apolis, MN) were made with 10 �l Hamilton syringes (Hamilton, Reno,
NV) that were connected via polyethylene-50 tubing to 30 gauge injec-
tors (Plastics One). BDNF and NGF were dissolved in sterile PBS–saline
solutions (1:1, v/v) and were infused bilaterally to the VTA or SN at a
volume of 0.5 �l/side. The MEK inhibitor U0126 (Calbiochem, La Jolla,
CA), was dissolved in 10% DMSO and was infused bilaterally into the
VTA. Infusions were performed over 15 min, and the injectors were left
in place for an additional 5 min. At the end of the experiments, rats were
anesthetized with ketamine–xylazine (100 � 10 mg/kg, i.p.) and were
infused with 2% Evans Blue (0.25 �l per side; Sigma, St. Louis, MO) into
the VTA or SN. Rats were then decapitated, and the brains were removed.
Coronal sections (50 �m) were sliced on a freezing cryostat, and the
sections were stained with cresyl violet (ICN Biomedicals, Aurora, OH).
Eleven rats were excluded because the tip of the injectors was outside of

the VTA or SN, as anatomically defined by the atlas of Paxinos and
Watson (1998).

Apparatus
The self-administration chambers, controlled by a Med Associates
(Georgia, VT) system, had two levers located 9 cm above the grid floor,
but only one lever (an active, retractable lever) activated the infusion
pump. Presses on the other lever (an inactive, stationary lever) were also
recorded. The modified cannula on the rat’s skull was connected to a
liquid swivel (Instech, Plymouth Meeting, PA) with polyethylene-50 tub-
ing that was protected by a metal spring and connected to the syringe (20
ml) of the infusion pump.

Procedures
The experiments consisted of three phases: self-administration training,
withdrawal, and tests for cocaine seeking under extinction conditions.
During the training phase (10 d), rats were trained to lever press for
cocaine infusions; each infusion was paired with a discrete tone–light
cue. During the withdrawal phase, rats were not exposed to cocaine or to
cues associated with cocaine self-administration. During the tests for
cocaine seeking, rats were exposed to the cocaine-associated contextual
cues that predicted cocaine availability during training (e.g., house light,
lever insertion) and responding on the previously active lever resulted in
contingent presentations of a discrete tone–light cue that was previously
paired with cocaine infusions. Rats in experiments 1–3 and 5 were tested
for 2 hr for cocaine seeking under extinction conditions that were con-
ducted 3 and 10 d or 3 and 30 d after withdrawal, respectively. Rats in
experiment 4 were tested for cocaine seeking under extinction conditions
for 2 hr after 3 d of withdrawal. The procedure used here to assess cocaine
seeking after withdrawal is different from our previous procedures
(Grimm et al., 2001, 2002, 2003) in two ways.

First, in the present experiments, we tested for cocaine seeking using
the same groups of rats on day 3 and 10 or day 3 and 30 withdrawal,
whereas in our previous studies independent groups of rats were tested
after withdrawal. In pilot studies, we found that increased cocaine seek-
ing in the extinction and cue-induced reinstatement tests is reliably ob-
served in rats tested twice after 1 and 15 d. Thus, repeated testing allows
us to decrease the number of subjects needed for the experiments de-
scribed below.

Second, in the present experiment, we assessed cocaine seeking in an
extinction test in which rats were exposed to contextual cues that had
previously indicated cocaine availability during training (e.g., house
light, lever insertion), and lever presses resulted in contingent presenta-
tions of a discrete tone–light cue that was previously temporally paired
with each cocaine infusion during training. In previous studies, we ini-
tially determined cocaine seeking in an extinction test in the presence of
the contextual cues, but in the absence of the discrete tone–light cue.
Subsequently, we determined cue-induced reinstatement of cocaine
seeking in a test in which responding led to presentations of the discrete
tone–light cue, which serves as a conditioned reinforcer during this test.
We found, however, that cocaine seeking in the extinction and the cue-
induced reinstatement tests followed a similar time course and was
highly correlated (Grimm et al., 2001, 2003), suggesting that the different
sets of cocaine cues, which control behavior in these two tests, induce a
similar motivational state that underlies drug seeking after withdrawal.
Therefore, in the present experiments we assessed cocaine seeking in an
extinction test in which rats were exposed to contextual cues previously
associated with cocaine availability, and lever presses resulted in contin-
gent presentations of a discrete tone–light cue that was previously tem-
porally paired with cocaine infusions. Similar extinction procedures have
been used to assess behavioral and neuronal mechanisms underlying
cue-controlled operant responding previously maintained by drug (Phil-
lips et al., 1994; Shalev et al., 2001) or non-drug reinforcers (Balleine and
Dickinson, 1998). Furthermore, we recently used the extinction proce-
dure used here (lever presses results in contingent tone–light cue presen-
tations) and found that cocaine seeking after withdrawal followed a time
course similar to that previously observed in extinction tests conducted
in the absence of the discrete tone–light cue or in the subsequent cue-
induced reinstatement test (Shaham, 2002).
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Training phase
On the first day of training, rats were brought to the self-administration
room where they were chronically housed in the experimental chambers.
Rats were trained to self-administer cocaine-HCl (supplied by the Na-
tional Institute on Drug Abuse) during six 1 hr daily sessions that were
separated by 5 min over 10 d. Cocaine was dissolved in saline and was
self-administered at a dose of 0.75 mg/kg per infusion; the volume of each
infusion was 0.10 ml, and cocaine was delivered over 3.75 sec. The self-
administration sessions started at the onset of the dark cycle. Responding
on the active lever resulted in cocaine infusions that were accompanied
by a 5 sec tone (2900 Hz, 20 dB above background noise level) and light
(7.5 W white light located 7 cm above the active lever) compound cue. A
fixed-ratio-1 schedule (each lever press is reinforced) was used, with a 40
sec time out period after each infusion. Responses on the inactive lever
were recorded, but had no programmed consequences. Each session be-
gan with the insertion of the active lever and the illumination of a red
house light that remained on for the entire session. At the end of each
session, the house light was turned off, and the active lever was retracted.
To facilitate the acquisition of cocaine self-administration, food was re-
moved from the chambers during the 6 hr sessions of the first 5 d of the
training phase. The number of cocaine infusions was limited to 20/hr to
minimize overdose. At the end of the training phase, the groups in the
different conditions of each experiment (see below) were matched for
their cocaine intake during training. Thirty-seven rats were excluded
because of loss of catheter patency during training (n � 16), poor health
or death during the training or withdrawal phases (n � 16), or failure to
acquire cocaine self-administration (�15 infusions per day; n � 5).

Withdrawal phase
At the end of training, rats were kept in the self-administration chambers
and were handled daily until the tests for cocaine seeking on day 3. After
this test, rats were returned to the animal facility and were handled three
times per week until the second test on day 10 or 30.

Tests for cocaine seeking
These tests consisted of two 1 hr extinction sessions that were separated
by 5 min. The testing conditions were the same as in training, with the
exception that responses on the previously active lever were not rein-
forced with cocaine. The tests started at the onset of the dark cycle. Each
session began with the insertion of the active lever and the illumination of
the red house light that remained on for the entire session. At the end of
each session, the house light was turned off, and the active lever was
retracted. Each lever press during the test sessions resulted in the contin-
gent presentation of the tone–light cue previously paired with cocaine
infusions.

Experiment 1: effect of intra-VTA infusions of BDNF or NGF on cocaine
seeking. BDNF or NGF was infused 1–2 hr after the last training session,
and each rat was tested for cocaine seeking on days 3 and 10 of withdrawal
from cocaine. Four groups of rats (n � 7–11) were infused with BDNF (0,
0.075, 0.25, or 0.75 �g), and three groups of rats (n � 7– 8) were infused
with NGF (0, 0.075, or 0.75 �g). The doses of the growth factors and the
delay period between the infusions and the test days are based on the
study of Shirayama et al. (2002). These authors found that BDNF induces
antidepressant-like effects 3 and 10 d after a single intrahippocampal
infusion. NGF was used as a control growth factor because it is not
colocalized with midbrain DA neurons (Seroogy et al., 1994), and it does
not alter cocaine-induced locomotion (Pierce and Bari, 2001). Addition-
ally, we found that NGF levels in the VTA are not altered after withdrawal
from cocaine (Grimm et al., 2003).

Experiment 2: effect of intra-SN infusions of BDNF on cocaine seeking.
To examine the anatomical specificity of the effect of BDNF on cocaine
seeking, the high dose of the BDNF was infused into the nearby SN, the
dopamine cell body region of the nigrostriatal system. Two groups of rats
(n � 7 per group) were used. BDNF (0 or 0.75 �g) was infused 1–2 hr
after the last training session, and each rat was tested for cocaine seeking
on day 3 and 10 of withdrawal from cocaine.

Experiment 3: effect of U0126 on the enhancement of cocaine seeking
induced by intra-VTA BDNF infusions. To examine the role of the MAPK
pathway in the effect of intra-VTA infusions of BDNF on cocaine seek-

ing, U0126, a MEK inhibitor, was used. MEK is a kinase that phosphor-
ylates the extracellular signal-regulated kinase (ERK), a key step in the
MAPK signaling pathway (Sweatt, 2001). Four groups of rats (n � 9 –11)
were used in a 2 (BDNF dose: 0 or 0.75 �g) � 2 (U0126 dose: 0 or 1 �g)
factorial design. Each rat was tested on days 3 and 10 of withdrawal. Rats
received bilateral intra-VTA infusions of U0126 or its vehicle (10%
DMSO solution) 20 min before infusions of BDNF or its vehicle. The
dose of U0126 and the pretreatment time were chosen based on previous
studies demonstrating that intracranial infusions of the MEK inhibitor
block the behavioral effects of BDNF and BDNF-induced ERK phos-
phorylation (Shirayama et al., 2002) and also block Pavlovian fear con-
ditioning and conditioning-induced ERK phosphorylation (Schafe et al.,
2000).

Experiment 4: acute effect of intra-VTA infusions of BDNF on cocaine
seeking. To further characterize the effect of intra-VTA BDNF infusions
on cocaine seeking, we examined whether acute infusions of BDNF,
given just before the test session on day 3 of withdrawal, would enhance
cocaine seeking. Two groups of rats (n � 7 per group) were used, and
BDNF (0 or 0.75 �g) was infused 2 hr before the 2 hr test session. The 2
hr pretreatment time is based on the results of Shirayama et al. (2002),
who found that immunolabeling of BDNF is maximal 2 hr after intra-
hippocampal injection of the growth factor. These authors also found
that increased levels of BDNF are detected after 24 hr, but not 72 hr, after
infusions.

Experiment 5: long-term effect of intra-VTA infusions of BDNF on co-
caine seeking. To further study the time course of the effect of intra-VTA
BDNF infusions on cocaine seeking, we examined lever pressing after
these infusions after 3 and 30 d of withdrawal. Two groups of rats (n �
13–15) were used. BDNF (0 or 0.75 �g) was infused 1–2 hr after the last
training session, and each rat was tested on days 3 and 30 of withdrawal
from cocaine. The number of rats used was larger than those in experi-
ments 1– 4 to detect group differences on day 30, in which cocaine seek-
ing is much higher and more variable than during early withdrawal
(Grimm et al., 2001).

Statistical analyses
The data from the test sessions were analyzed separately for total (non-
reinforced) active- and inactive-lever responses. Data were analyzed with
mixed-model ANOVAs, using the appropriate between- and within-
subjects factors (see Results). Post hoc analyses of significant effects were
followed by a Fisher’s protected least significant difference test (two-
tailed). Also, in some of the experiments, we found significant effects of
the withdrawal period on inactive-lever responding, a potential measure
of general (non-directed) activity and response generalization (Shalev et
al., 2002). Thus, data were re-analyzed, using ANOVA of change-scores
(active-lever minus inactive-lever presses) and ANCOVA, with the
inactive-lever values as covariates. These change-score and covariate
analyses replicated those of active-lever responding (results not shown),
suggesting that inactive-lever responding cannot account for the results
obtained for active-lever responding.

Results
Rats demonstrated reliable cocaine self-administration during
the training phase of experiments 1–5, and no significant differ-
ences were observed in cocaine intake across these experiments
( p � 0.4). The mean � SEM number of cocaine infusions (data
collapsed from experiments 1–5, total n � 151) on the last three
training days were 65.3 � 2.1, 68.6 � 2.0, and 68.6 � 1.9, respec-
tively. The tips of the injectors for VTA microinjections were
located in the middle part of the VTA (Fig. 1D).

Experiment 1: effect of intra-VTA infusions of BDNF or NGF
on cocaine seeking
Figure 1 shows the mean � SEM number of nonreinforced
presses on the active lever during the tests for cocaine seeking
under extinction conditions conducted 3 and 10 d after with-
drawal from cocaine in rats given intra-VTA infusions of vehicle,
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BDNF, or NGF, 1–2 hr after the last training session. The mixed
ANOVA included the between-subjects factor of BDNF dose or
NGF dose and the within-subjects factor of withdrawal day.

BDNF
Cocaine seeking during the extinction tests was higher after 10 d
than after 3 d, confirming our previous findings on the progres-
sive increase in drug seeking induced by exposure to cocaine cues
after withdrawal. More important, the two higher doses of BDNF
significantly increased cocaine seeking after 3 and 10 d of with-
drawal. Analysis of active-lever responding revealed significant
effects of BDNF dose (F(3,29) � 8.3; p � 0.01) and withdrawal day
(F(1,29) � 17.1; p � 0.01). Inactive-lever responding was signifi-
cantly lower than active-lever responding during the extinction
tests ( p � 0.001). No significant effects of BDNF dose ( p � 0.9)
or withdrawal day ( p � 0.1) were found for inactive-lever re-
sponding. Inactive responding on day 3 (group means 0.8 –5.9
responses per 2 hr), however, tended to be lower than the re-
sponding on day 10 (group means 5.9 –12.4 responses per 2 hr).
Finally, no significant changes in weight gain were observed after
the intra-VTA BDNF infusions in experiment 1 or in the other
experiments (data not shown).

NGF
Cocaine seeking during the extinction tests was higher after 10 d
than after 3 d, but no group differences were observed after infu-
sions of the different doses of NGF. Analysis of active-lever re-
sponding revealed a significant effect of withdrawal day (F(1,12) �
9.0; p � 0.01). The effect of NGF dose was not significant ( p �
1.0). Inactive-lever responding was significantly lower than
active-lever responding during the tests for cocaine seeking ( p �
0.001). The effect of NGF dose on inactive-lever responding was
not significant ( p � 0.4), but a significant effect was found for
withdrawal day (F(1,12) � 6.9; p � 0.05). Inactive responding on
day 3 (group means 2.9 –7.5 responses per 2 hr) was lower than
the responding on day 10 (group means 8.1–15.6 responses per 2
hr).

Experiment 2: effect of intra-SN infusions of BDNF on
cocaine seeking
Figure 2 shows the mean number of nonreinforced presses on the
active-lever during the tests for cocaine seeking in rats given
intra-SN infusions of vehicle or BDNF 1–2 hr after the last train-
ing session. The mixed ANOVA included the between-subjects
factor of BDNF dose and the within-subjects factor of withdrawal
day. Cocaine seeking during the test sessions was higher after 10 d
than after 3 d, but no group differences were observed after infu-
sions of the high dose of BDNF into the SN. Analysis of active-
lever responding revealed a significant effect of withdrawal day
(F(1,12) � 13.7; p � 0.01), but not of BDNF dose ( p � 0.93).
Inactive-lever responding was significantly lower than active-
lever responding during the test sessions ( p � 0.001). No signif-
icant effects of BDNF dose ( p � 0.35) or withdrawal day ( p �
0.52) were found for inactive-lever responding: day 3 (group
means 4.1– 6.1 responses per 2 hr) was similar to that of day 10
(group means 5.1–7.7 responses per 2 hr).

Experiment 3: effect of U0126 on the enhancement of cocaine
seeking induced by intra-VTA BDNF infusions
Figure 3 shows the mean number of nonreinforced presses on the
active-lever during the tests for cocaine seeking in rats given
intra-VTA infusions of U0126, BDNF, or their respective vehicles
1–2 hr after the last training session. The mixed ANOVA included

Figure 1. Ventral tegmental area infusions of BDNF (A), but not NGF ( B), potentiate cocaine
seeking induced by re-exposure to cocaine cues after 3 and 10 d of withdrawal. Data are mean
(�SEM) responses per 2 hr on the previously active lever during the tests for cocaine seeking
performed under extinction conditions after 3 and 10 d of withdrawal from cocaine. During the
test sessions, cocaine was not available, and lever presses resulted in the delivery of the tone-
light cue previously paired with drug infusions. Vehicle, BDNF, or NGF was infused bilaterally
into the VTA 1–2 hr after the last training session. C, Timeline of the experiment. D, Schematic
illustration of the approximate cannula placements within the VTA of the 56 rats used in exper-
iment 1. Coronal sections were reproduced from the atlas of Paxinos and Watson (1998), and
coordinates are posterior to bregma in millimeters. *Significantly different from vehicle, p �
0.05 (n � 7–11 per group). SA, Self-administration.
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the between-subjects factor of U0126 dose and BDNF dose and
the within-subjects factor of withdrawal day. As in experiment 1,
responding during the tests for cocaine seeking was higher after
10 d than after 3 d, and BDNF infusions enhanced responding on
both test days. More important, this effect of BDNF was blocked
by infusion of U0126 at a dose that had no effect on cocaine
seeking when infused without BDNF. Analysis of active-lever re-

sponding revealed significant effects of withdrawal day (F(1,35) �
59.6; p � 0.01) and U0126 dose by BDNF dose (F(1,35) � 4.3; p �
0.05). Inactive-lever responding was significantly lower than
active-lever responding during the test sessions ( p � 0.001).
Analysis of inactive-lever responding revealed a main effect of
withdrawal day (F(1,35) � 23.1; p � 0.01), but the effects of U0126
dose, BDNF dose, or U0126 dose by BDNF dose were not signif-
icant ( p values �0.45). The effect of withdrawal day is attribut-
able to the lower responding on day 3 (group means 1.3–3.1
responses per 2 hr) than on day 10 (group means 7.2–10.2 re-
sponses per 2 hr).

Experiment 4: acute effect of intra-VTA infusions of BDNF on
cocaine seeking
Figure 4 shows the mean number of nonreinforced presses on the
active-lever during the tests for cocaine seeking in rats given
intra-VTA infusions of vehicle or the high dose of BDNF (0.75
�g) 2 hr before the test session on day 3 of withdrawal. The
ANOVA included the between-subjects factor of BDNF dose.

Figure 2. Substantia nigra infusions of BDNF have no effect on cocaine seeking induced by
re-exposure to cocaine cues after 3 and 10 d of withdrawal. A, Mean (�SEM) responses per 2 hr
on the previously active lever during the tests for cocaine seeking conducted after 3 and 10 d of
withdrawal from cocaine. During the test sessions, cocaine was not available, and lever presses
resulted in the delivery of the tone–light cue previously paired with drug infusions. Vehicle or
BDNF was infused bilaterally into the SN 1–2 hr after the last training session (n � 7 per group).
B, Timeline of the experiment. C, Schematic illustration of the approximate cannula placements
within the SN of the 14 rats used in experiment 2. Coronal sections were reproduced from the
atlas of Paxinos and Watson (1998), and coordinates are posterior to bregma in millimeters. SA,
Self-administration.

Figure 3. Ventral tegmental area infusions of the MEK inhibitor U0126 attenuate BDNF-
induced potentiation of cocaine seeking induced by re-exposure to cocaine cues after 3 and 10 d
of withdrawal. A, Mean (�SEM) responses per 2 hr on the previously active lever during the
tests for cocaine seeking conducted after 3 and 10 d of withdrawal from cocaine. During the test
sessions, cocaine was not available, and lever presses resulted in the delivery of the tone–light
cue previously paired with drug infusions. Infusions of U0126 or its vehicle (10% DMSO) were
given 20 min before the infusions of BDNF or its vehicle, which were given 1–2 hr after the last
training session. B, Timeline of the experiment. *Significantly different from the other groups,
p � 0.05 (n � 9 –11 per group). SA, Self-administration.
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Infusions of BDNF 2 hr before the test for cocaine seeking had no
effect on active or inactive-lever responding ( p values �0.2).
Inactive-lever responding was significantly lower ( p � 0.001)
than active-lever responding during the tests.

Experiment 5: long-term effect of intra-VTA infusion of
BDNF on cocaine seeking
Figure 5 shows the mean number of nonreinforced presses on the
active lever during the tests for cocaine seeking conducted 3 and
30 d after withdrawal from cocaine in rats given intra-VTA infu-
sions of vehicle or BDNF 1–2 hr after the last training session. The
mixed ANOVA included the between-subjects factor of BDNF
dose and the within-subjects factor of withdrawal day. Cocaine
seeking during testing was higher after 30 d than after 3 d. More
important, the higher dose of BDNF significantly increased re-
sponding after both 3 and 30 d of withdrawal. Analysis of active-
lever responding revealed significant effects of BDNF dose (F(1,26)

� 21.6; p � 0.01) and withdrawal day (F(1,26) � 34.1; p � 0.01).
Inactive-lever responding was significantly lower than active-
lever responding during the tests for cocaine seeking ( p � 0.001).
Analysis of inactive-lever responding revealed an effect of with-
drawal day (F(1,35) � 23.1; p � 0.01), but not of BDNF dose ( p �
0.7). The effect of withdrawal day is caused by the lower respond-
ing on day 3 than the responding on day 30.

Discussion
Using a rat relapse model, we previously found that cocaine seek-
ing induced by re-exposure to cocaine-associated cues progres-
sively increases over the first months of withdrawal (Grimm et al.,
2001), an effect associated with increases in BDNF levels in me-
solimbic areas (Grimm et al., 2003). Based on these data and
those demonstrating long-lasting behavioral effects of intracra-
nial BDNF infusions (Shirayama et al., 2002), we hypothesized
that intra-VTA BDNF infusions, given at the end of the training
phase, would enhance cocaine seeking during the first days of
withdrawal; during early withdrawal, cocaine seeking and BDNF
levels in the VTA are lower than after 1–3 months of withdrawal
(Grimm et al., 2001, 2003).

We found that intra-VTA BDNF infusions enhance cocaine
seeking for up to 30 d after withdrawal from cocaine. This effect is
blocked by a MEK inhibitor, suggesting that BDNF-induced po-
tentiation of cocaine seeking is mediated by the MAPK pathway.
Importantly, the effects of intra-VTA infusions of BDNF on co-
caine seeking are temporally, anatomically, growth factor, and
behaviorally specific. First, intra-VTA infusions of BDNF 2 hr
before the tests for cocaine seeking were not effective. Second,
infusions of BDNF into the nearby SN or intra-VTA infusions of
NGF had no effect on cocaine seeking. Finally, intra-VTA BDNF
infusions had no effect on responding on the inactive lever, which
was not associated with cocaine infusions during training.

Methodological considerations
Several methodological issues should be considered in the inter-
pretation of the present data. First, in studies using intracranial

Figure 4. Ventral tegmental area infusions of BDNF 2 hr before testing on day 3 of with-
drawal have no effect on cocaine seeking induced by re-exposure to cocaine cues. A, Mean
(�SEM) responses per 2 hr on the previously active lever during the test session conducted after
3 d of withdrawal from cocaine. During testing, cocaine was not available, and lever presses
resulted in the delivery of the tone–light cue previously paired with drug infusions. Vehicle or
BDNF was infused bilaterally into the VTA 2 hr before the test session. B, Timeline of the exper-
iment (n � 7 per group). SA, Self-administration.

Figure 5. Ventral tegmental area infusions of BDNF potentiate cocaine seeking induced by
re-exposure to cocaine cues after 3 and 30 d of withdrawal. A, Mean (�SEM) responses per 2 hr
on the previously active lever during the tests for cocaine seeking conducted after 3 and 30 d of
withdrawal from cocaine. During the test sessions, cocaine was not available, and lever presses
resulted in the delivery of the tone–light cue previously paired with drug infusions. Vehicle or
BDNF was infused bilaterally into the VTA 1–2 hr after the last training session. B, Timeline of
the experiment. *Significantly different from vehicle, p � 0.05 (n � 13–15 per group). SA,
Self-administration.
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drug infusions, drugs may diffuse away from the injection site
and act in adjacent areas (Wise and Hoffman, 1992). However, it
is unlikely that the effects of intra-VTA BDNF are caused by its
diffusion to nearby sites because infusions of BDNF into the SN
had no effect on cocaine seeking. Furthermore, after intracranial
infusions, BDNF remains localized within �0.5 mm of the injec-
tion site (Shirayama et al., 2002). On the other hand, it cannot be
ruled out that the behavioral effects observed here are attribut-
able to anterograde transport of BDNF (Altar and DiStefano,
1998) from the VTA to mesolimbic projection areas such as the
accumbens and amygdala.

Second, increased lever pressing during testing may be caused
by BDNF-induced locomotion. Infusions of BDNF into mid-
brain dopamine areas increase spontaneous (Martin-Iverson and
Altar, 1996) and cocaine-induced (Horger et al., 1999; Pierce et
al., 1999) locomotion. However, it is unlikely that BDNF-
induced locomotion can account for our data. Intra-VTA BDNF
infusions had no effect on inactive-lever responding (a potential
measure of general activity and/or response generalization) (Sha-
lev et al., 2002), and infusions of BDNF 2 hr before testing, at
doses previously shown to increase locomotion (Pierce et al.,
1999), had no effect on cocaine seeking.

Third, an unexpected finding was that responding on the in-
active lever during the extinction tests was higher after 10 or 30 d
of withdrawal than after 3 d in two of the four experiments. These
data are different from those of our recent studies in which we
found that time-dependent increases in inactive-lever respond-
ing only emerge after 6 months of withdrawal (Shaham, 2002), an
observation that may be related to time-dependent flattening of
the generalization gradient of conditioned cues after reward re-
moval (Riccio et al., 1992). In our previous studies, different
groups of rats were tested at the different withdrawal periods,
whereas, here, rats were tested repeatedly after 3 and 10 or 30 d.
Thus, repeated testing may have accelerated response generaliza-
tion, resulting in higher inactive-lever responding on the second
test for cocaine seeking that was conducted after 10 or 30 d.

BDNF and cocaine seeking after withdrawal: a
behavioral perspective
The exact role of BDNF in the VTA in the incubation of cocaine
seeking after withdrawal is not known. Incubation of reward
seeking also occurs over the first weeks after withdrawal from oral
sucrose self-administration. This incubation, however, is not as-
sociated with increases in mesolimbic BDNF levels and it dissi-
pates after 2–3 months, a time period in which responsiveness to
cocaine cues is maximal and is accompanied by increases in me-
solimbic BDNF levels (Shaham, 2002; Grimm et al., 2003). These
observations suggest that although mesolimbic BDNF may be
involved in the persistent responsiveness to cocaine cues after
prolonged withdrawal periods (Grimm et al., 2003), it is probably
not directly involved in the basic process underlying the incuba-
tion of responsiveness to drug and nondrug reward cues.

The present data appear to support this postulation. Intra-
VTA BDNF infusions induced a parallel upward shift in the with-
drawal period– extinction–response curve, without having an ef-
fect on the slope of this time–response function (Figs. 1–3, 5).
Furthermore, intra-VTA infusions of the MEK inhibitor U0126,
which blocks BDNF-induced potentiation of cocaine seeking,
had no effect on the slope of the time–response curve (Fig. 3).
Thus, the actions of BDNF in the VTA do not appear to mediate
the basic process of incubation of reward seeking, which controls
the slope of the time–response curve. Rather, BDNF enhances
cocaine seeking after intra-VTA injections and possibly main-

tains heightened cocaine seeking at the late withdrawal periods,
when its expression is increased in mesolimbic areas after 1 and 3
months (Grimm et al., 2003).

BDNF and cocaine seeking after withdrawal: a
molecular perspective
We found that a single intra-VTA BDNF infusion has long-
lasting effects on cocaine seeking for up to 30 d after withdrawal.
These effects are blocked by the MEK inhibitor U0126, suggesting
the involvement of the MAPK pathway in BDNF actions. These
data are in agreement with those of Shirayama et al. (2002), who
found that the effects of intrahippocampal BDNF infusions on
learned helplessness behavior 3 or 10 d after these infusions are
mediated by the MAPK pathway. In this study, BDNF infusions
also induced ERK phosphorylation and Fos expression (a MAPK
pathway-mediated effect), further confirming the involvement of
the MAPK pathway in the behavioral effects of BDNF.

The neuronal processes downstream from the MAPK path-
way that are involved in the long-lasting effects of intra-VTA
BDNF on cocaine seeking are not known. After acute adminis-
tration, BDNF enhances excitatory synaptic transmission (Poo,
2001) and increases dopamine cell firing in midbrain cell body
neurons (Shen et al., 1994). These potentially acute effects of
BDNF, however, had no effect on cocaine seeking when the
growth factor was infused into the VTA 2 hr before testing. BDNF
also has long-term effects on other forms of synaptic plasticity,
such as alterations in neuronal morphology and synaptic remod-
eling (McFarlane, 2000; Poo, 2001). Thus, BDNF infusions may
have produced morphological and other synaptic alterations in
the VTA, and possibly also produced neuronal changes in me-
solimbic projection areas via anterograde transport of BDNF (Al-
tar and DiStefano, 1998) that may underlie the enhanced cue-
controlled cocaine seeking after withdrawal.

Intra-VTA BDNF infusions may enhance the behavioral ef-
fects of cocaine or cocaine-associated cues by reversing certain
cocaine-induced neuroadaptations in the VTA and accumbens,
including increases in tyrosine hydroxylase (VTA) and PKA ac-
tivity (accumbens) (Berhow et al., 1995). Because BDNF was
found to potentiate certain behavioral effects of cocaine, these
adaptations in tyrosine hydroxylase and PKA activity were hy-
pothesized to be involved in tolerance to the behavioral effects of
cocaine (Horger et al., 1999). Tentative support for this hypoth-
esis is provided by our findings that the time course of the alter-
ations in tyrosine hydroxylase in the VTA and PKA activity in the
accumbens (Lu et al., 2003) is opposite from that of BDNF ex-
pression (Grimm et al., 2003) in these brain areas after with-
drawal from cocaine.

Finally, the main hypothesis that guides current neurobiolog-
ical research on cocaine relapse is that chronic drug exposure
causes long-lasting neuroadaptations in the brain that underlie
relapse vulnerability during abstinence periods (Nestler, 2001;
Everitt and Wolf, 2002; Bonci et al., 2003; Kalivas and McFarland,
2003). However, despite numerous reports on cocaine-induced
neuroadaptations (Nestler, 2001; Kalivas et al., 2003), a causal
relationship between specific neuroadaptations and drug relapse
has not been clearly established [Shaham et al., 2003; but see
Baker et al. (2003) for a recent exception]. We previously found
that the time-dependent changes in BDNF levels in mesolimbic
areas are associated with increased cocaine seeking after with-
drawal (Grimm et al., 2003). Here, we found that a single intra-
VTA infusion of BDNF, a growth factor involved in synaptic
plasticity, has long-lasting effects on cocaine seeking induced by
re-exposure to cocaine-associated cues after withdrawal. These
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data suggest that BDNF-mediated neuroadaptations in mesolim-
bic areas may be involved in the persistent cocaine seeking in rats
after prolonged withdrawal periods and possibly play a role in
drug seeking in humans after prolonged abstinence periods.
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