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Enhancement of Locomotor Activity and Conditioned Reward to
Cocaine by Brain-Derived Neurotrophic Factor
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The mesolimbic dopamine (DA) system has been implicated in
drug reward, locomotor sensitization, and responding for
reward-related stimuli [termed conditioned reinforcers (CR)].
Here, we investigated the effect of brain-derived neurotrophic
factor (BDNF), which enhances the survival and function of
dopaminergic neurons, on stimulant-induced locomotor sensi-
tization and responding for CR. In experiment 1, BDNF was
infused into the nucleus accumbens (NAc) or ventral tegmental
area over 2 weeks via chronically implanted minipumps (1-2.5
ng/d), and the psychomotor stimulant effects of cocaine (5-15
mg/kg, i.p.) were studied. We found that BDNF enhanced the
initial stimulant effects of cocaine and seemed to facilitate the
development of sensitization to repeated cocaine doses. In
experiment 2, we studied the effects of intra-NAc BDNF infu-
sions on responding for CR. BDNF-treated rats showed twice
as many CR responses compared with controls when saline
was first administered. BDNF enhanced responding on the CR

lever more than four times that seen in control animals after a
cocaine injection (10 mg/kg, i.p.). The enhanced response to
cocaine in BDNF-treated animals persisted for more than a
month after the BDNF infusions had stopped, indicating long-
lasting changes in the mesolimbic DA system caused by BDNF
administration. In experiment 3, we examined locomotor sen-
sitization to cocaine in heterozygous BDNF knock-out mice and
found that the development of sensitization was delayed com-
pared with wild-type littermates. These results demonstrate the
profound effects of BDNF on the enhancement of both cocaine-
induced locomotion and facilitation of CR and suggest a pos-
sible role for BDNF in long-term adaptations of the brain to
cocaine.
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Brain-derived neurotrophic factor (BDNF), a member of the
nerve growth factor (NGF)-related family of neurotrophins, sup-
ports the survival and function of midbrain dopamine (DA)
neurons in vivo and in vitro (Hyman et al., 1991; Altar et al., 1992;
Shen et al., 1994; Shults et al., 1994; Spina et al., 1992). BDNF
utilizes the TrkB receptor—protein tyrosine kinase as the primary
means of signal transduction, and mRNA for both BDNF and
TrkB are widely expressed in the rat forebrain, including DA cell
body regions and their terminal fields (Ip et al., 1992; Loughlin
and Fallon, 1993; Seroogy and Gall, 1993; Stephens et al., 1994;
Kawamoto et al., 1996; Schmidt-Kastner et al., 1996; Siuciak et
al., 1996; Frank et al., 1997, Numan and Seroogy, 1997). Behav-
ioral studies have found that local administration of BDNF or
other neurotrophic factors can augment nigrostriatal dopaminer-
gic functioning and locomotor behavior (Altar et al., 1992;
Martin-Iverson et al., 1994, 1996; Shen et al., 1994; Hebert et al.,
1996; Horger et al., 1998). However, the impact of BDNF on
behavior associated with the mesolimbic DA system has yet to be
determined.

The mesolimbic DA system, composed of DAergic neurons in
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the ventral tegmental area (VTA) and their projections to the
nucleus accumbens (NAc) and other forebrain structures, has
been implicated in the reinforcing and locomotor-activating prop-
erties of cocaine (Bozarth and Wise, 1986; Wise and Bozarth,
1987; Liebman and Cooper, 1989; Kuhar et al., 1991; Koob, 1992;
Kalivas et al., 1993). Moreover, adaptations in the mesolimbic
DA system after repeated exposures to drugs of abuse have been
suggested to underlie motivational aspects of drug addiction
(Koob and Le Moal, 1997; Nestler and Aghajanian, 1997). Inter-
estingly, several interactions have been demonstrated between
BDNF and adaptations to chronic drug exposure. Administration
of BDNF directly into the VTA prevents several characteristic
biochemical changes normally elicited by cocaine or morphine in
the VTA and NAc (Berhow et al., 1995). Intra-VTA BDNF also
prevents the effects of chronic morphine on the morphology of
VTA DA neurons (Sklair-Tavron et al., 1996). In addition,
chronic cocaine or morphine administration alters the function-
ing of specific proteins in the intracellular signaling cascades that
mediate BDNF action (Berhow et al., 1996). Together, these
findings suggest that BDNF and drugs of abuse, such as cocaine,
may regulate the mesolimbic DA system in part through converg-
ing cellular pathways and that BDNF may thereby influence the
reinforcing and locomotor activating properties of cocaine.

The aim of this study was to test this hypothesis by examining
the effects of BDNF on locomotor activity and responding for
conditioned reinforcers (CR). Stimulant-induced locomotor
activation and sensitization, characterized by the progressive
increase in locomotor activity resulting from repeated drug
exposure, appears to be dependent on mesolimbic DAergic trans-
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mission (Kalivas and Stewart, 1991; Kalivas, 1993; Robinson and
Berridge, 1993). The role of DA in the incentive motivational
effects of stimulant drugs, measured by enhanced responding for
CR, also has been demonstrated (Taylor and Robbins, 1984, 1986;
Robbins et al., 1989; Everitt and Robbins, 1992). CR are origi-
nally neutral stimuli that gain incentive properties by their asso-
ciation with primary reinforcers. In the present study, we dem-
onstrate profound effects of BDNF infusions on the locomotor
and incentive motivational effects of cocaine.

MATERIALS AND METHODS
Animals

Male Sprague Dawley rats (initial weight of 250-275 gm) were used in
these studies (Camm, Wayne, NJ). The animal colony was climate-
controlled and kept on a 12 hr light/dark cycle. They were housed in pairs
in plastic cages with corn chip bedding with food and water made
available ad libitum, except for the CR study. For the CR study, animals’
water was restricted to 30 min/d after training or testing sessions, except
during surgery and recovery. This caused rats to be maintained at ~80%
of initial free-feeding weight (~280-350 gm) throughout the experi-
ments. Food was available ad libitum in the home cage. Weights were
monitored daily.

Mice were male and female heterozygous BDNF knock-out mice, and
controls were wild-type littermates obtained from Regeneron Pharma-
ceuticals (Tarrytown, NY) (Korte et al., 1995; Vaidya et al., 1999).
Heterozygotes were used because homozygous knock-outs are not viable.
The BDNF knock-out mice were heavier than their littermate controls,
weighing ~35 gm compared with 25 gm. They were ~6 months old and
were housed by litter, not by genotype; each cage contained approxi-
mately half BDNF knock-out animals and half control animals. The
colony room was climate-controlled and kept on a 12 hr light/dark cycle,
with food and water made available ad libitum.

Intracranial surgical procedures

Minipumps (0.5 ul/hr for 14 d; Alzet model 2002, Alza Scientific
Products, Palo Alto, CA) were filled 24 hr before surgery with either
vehicle (10 mM sodium phosphate, pH 7.4, 0.9% NaCl, and 1% bovine
serum albumin) or BDNF [human recombinant BDNF, expressed in
Escherichia coli (gift from Regeneron Pharmaceuticals)] to deliver 1.0
ng/d/side for 14 d for the NAc and 2.5 pg/d for 14 d for the VTA. In a
control group, NGF (gift from Genentech, San Francisco, CA) was
similarly infused into the VTA at 2.5 ug/d for 14 d. Minipumps were
placed in saline solution and incubated at 37°C overnight to ensure
immediate infusion of solution after placement.

Bilateral L-shaped cannulas for the NAc placements (28 gauge, 9.0 mm
long, bilateral connector 3 mm apart; model 3220PD, Plastics One) were
implanted under Equithesin (4.5 mg/kg, i.p.) anesthesia. Unilateral can-
nulas were used for the midline VTA infusions. Standard stereotaxic
procedures (David Kopf, Tujunga, CA) were used with aseptic surgical
techniques. Coordinates were based on the Paxinos and Watson atlas
(1982) with skull flat, i.e., incisor bar at approximately —3.3 mm. Coor-
dinates for NAc were as follows: anteroposterior (AP), +1.5 mm from
bregma; mediolateral (ML), = 1.5 mm; and dorsoventral (DV), —6.7 mm
from dura. For the VTA, they were as follows: AP, —5.3 mm from
bregma; and DV, —8.4 mm from dura. The skull was exposed, and burr
holes were drilled on either side of the midline for the NAc; single
placements were midline for the VTA. Cannulas were lowered using a
mounting holder (model MH-300; Plastic Products).

Stainless steel mounting screws and light curable dental resin were
used to achieve permanent cannula implantation and fixation to the skull.
Animals were surgically prepared with two osmotic minipumps loaded
with BDNF or vehicle solution, which were connected to cannula termi-
nating in the NAc. For the VTA infusions, one osmotic minipump was
implanted. Minipumps were placed subcutaneously between the scapulas
and attached via plastic tubing (PE 60) to the implanted cannula. At the
end of implantation, the head incision was sutured closed. In the CR
study, the pumps were removed under light metaphane anesthesia ~1
month after implantation, and the wound was cleaned. Antibiotic oint-
ment was applied to the wound area.

Drug treatments

Drug doses, determined from previous studies on sensitization and CR,
were as follows. In the intra-NAc BDNF study, an initial challenge dose
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of 15 mg/kg cocaine intraperitoneally (cocaine hydrochloride; National
Institutes on Drug Abuse, Bethesda, MD) was administered. Cocaine
dosage was subsequently lowered to a subthreshold dosage of 5 mg/kg
because of an observed “ceiling effect.” This dosage was then given over
subsequent days (for review, see Horger et al., 1994; Taylor and Horger,
1999). In two separate replications with intra-NAc BDNF infusions, 7.5
or 10.0 mg/kg cocaine was administered over days. A dose of 10 mg/kg
cocaine intraperitoneally was administered throughout the CR study
(Beninger et al., 1981) and was administered to mice in the sensitization
study (Hiroi et al., 1997). In the intra-VTA BDNF study, an initial dose
of 15 mg/kg cocaine intraperitoneally was used. On two subsequent days,
30 mg/kg cocaine was given and, on the final test day, the dose of cocaine
administered was 15 mg/kg. Cocaine was dissolved in sterile 0.9%
sodium chloride, which was used for vehicle control injections.

Apparatus

Locomotor activity studies. Horizontal locomotor activity was quantified
using the automated Omnitech (Columbus, OH) Digiscan Micromonitor
system equipped with 16 photocells and the same type of cage used to
house rats in the colony room. Locomotor activity was collected in 10
min intervals. The activity chambers were plastic cages (42 X 21 X 20
cm), located inside a sound-attenuated room equipped with a white-noise
generator. During activity testing, the room was illuminated with red
light only. For the intra-VTA studies, locomotor activity was tested in a
circular donut-shaped chamber with a similar computerized photocell
arrangement to detect horizontal ambulatory movement. Locomotor
activity was also collected over 10 min intervals. For the BDNF knock-
out mouse study, locomotor activity was determined in an automated
system in which the activity chambers were plastic cages (12 X 18 X 33
cm) with 10 pairs of photocell beams dividing the chamber into 11
rectangular fields, as described previously (Hiroi et al., 1997).

CR studies. Four aluminum operant chambers (12 X 8 X 10 inches)
with grid floors were used (ENV-008CT; Med Associates Inc., E. Fair-
field, VT). Each chamber was housed in a soundproof outer chamber
(24 X 24.5 X 16 inches) equipped with a white-noise generator and
ventilating fan to minimize external noise. A liquid dipper (0.06 ml cup
size) delivered water as the reinforcer into the magazine. Head entries
were detected by a photocell above the reinforcer receptacle. Above this
magazine was a 2.5 W, 24 V light. Two removable levers were situated
equidistant from, but on the same wall as, the magazine with a stimulus
light above the magazine. The chamber was illuminated by a white light
on the back wall of the chamber. A Sonalert tone (10 kHz) generator
(Med Associates, Inc.), which could emit a 65 dB tone above background
noise, was mounted above the magazine. A personal computer with a
Med Associates Inc. interface controlled the boxes.

Statistical analyses

Locomotor activity was analyzed by a two-way repeated measures
ANOVA, followed by one-way ANOVA to determine whether there
were differences between the groups before and after cocaine-saline
administration. Post hoc comparisons using the Scheffe method were
used to determine differences between the groups at each of the 10 min
time points before and after the challenge injection. Activity scores for
the mice were assessed similarly as locomotor activity scores by ANOVA
with post hoc comparisons between the groups.

CR data were analyzed by ANOVA with a general design of groups
(BDNF or vehicle) X drug X lever/measure. Data were then analyzed by
one-way ANOVA to determine differences between the groups on the
CR and no CR (NCR) levers separately under the saline or cocaine tests
(Winer, 1974). Post hoc comparisons were conducted using the Scheffe
method to determine differences between the levers for animals in the
groups after the saline or cocaine tests.

Histological analyses

Determination of the location of the infusion cannula placements was
assessed at the completion of the experiments. Brains were removed by
decapitation and cut into coronal sections on ice. Sections were visually
inspected by an experimenter unaware of the treatment group, and
infusion cannula placements were examined to verify that their location
was within the NAc or VTA as intended.
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Table 1. Experimental design for sensitization and conditioned reinforcement studies

Event Description d/time Schedule/procedure
Locomotor sensitization:
Phase 1 Habituation 2-4 Locomotor testing (2 hr)
Phase 2 Surgery Intra-NAc or intra-VTA osmotic pump
Phase 3 Recovery 4 Home cage
Phase 4 Saline 2 Locomotor testing (2 hours)
Cocaine (NAc 15-5, 7.5, and 10 mg/kg; and
Phase 5 Testing daily VTA, 15, 30, 30, and 15 mg/kg)
Conditioned reinforcement
Phase 1 Pretraining 2 FI 15 sec CS-UCS
Phase 2 Training 14 RI 30 sec CS-UCS
Phase 3 Surgery Intra-NAc osmotic pump
Phase 4 Recovery 7 Home cage
Phase 5 Testing 1, 2, 3, and 5 weeks CR and NCR levers; saline or cocaine 10 mg/kg

Experiment 1: effects of intra-NAc or VTA BDNF on cocaine-
induced locomotor activity

Intra-NAc BDNF. The general experimental design is presented in Table
1. All animals were habituated to the locomotor test apparatus before the
start of the experiment. Four sessions were given. Animals were placed
in the apparatus for 1 hr. An intraperitoneal saline injection was subse-
quently given, and they were placed back in the apparatus for an addi-
tional 1 hr time period. Surgery was performed to implant osmotic
minipumps that were loaded with BDNF or phosphate buffer (vehicle
control). Four days after surgery, the rats were again habituated to the
locomotor test environment for 2 hr (as described above). Habituation
sessions were given over 2 consecutive days, and saline injections were
given intraperitoneally 1 hr after the start of the session. This served to
assess the baseline activity in the test environment in response to a mild
stressor. On the first drug test day, animals were placed in the locomotor
test apparatus for 1 hr before receiving a cocaine injection (15 mg/kg,
i.p.). Locomotor activity was monitored for 1 hr after cocaine adminis-
tration. Subsequently, drug test sessions were conducted every day for a
total of seven test sessions. On the second day of drug testing, the dose
was reduced to 5 mg/kg in an attempt to avoid a ceiling effect, because
near maximal rates of locomotor activity were observed in BDNF-
infused animals after 15 mg/kg cocaine. Animals were killed 24 hr after
the last drug test session.

The effects of 7.5 and 10.0 mg/kg cocaine were similarly studied in
separate groups of intra-NAc-infused animals. Doses of either 7.5 or 10.0
mg/kg cocaine were given according to the same schedule and experi-
mental design as detailed above.

Intra-V'TA BDNF. The effects of cocaine were also studied in separate
groups of rats that had undergone surgery to infuse BDNF into the
VTA. Here, the design differed as follows. Two days after surgery to
implant intra-VTA cannula filled with BDNF or vehicle, animals began
habituation sessions. Animals were placed in the test chambers for 30
min over 4 consecutive days, totaling 2 hr. Animals were given saline
injections before these sessions to habituate them to the test environ-
ment. Stable baselines were established. On the first drug exposure day,
animals were given 15 mg/kg cocaine intraperitoneally immediately
before the session, on the second and third session they were given 30
mg/kg cocaine intraperitoneally, and on the final day they received the 15
mg/kg intraperitoneal dose. Locomotor activation on this test day were
compared with the effects of the drug on the first test day. Generally, in
this paradigm, naive animals show a 100-200% increase in locomotor
activity after cocaine (Kalivas and Duffy, 1993).

We also infused NGF into the VTA using the above procedures as a
control to determine whether the effects were selective to the specific
neurotrophic factor. Given that NGF utilizes the TrkA receptor (Kaplan
et al.,, 1991) that and there are no TrkA receptors in the VTA, NGF
infusions into the VTA were predicted to have no effects on spontaneous
or cocaine-induced locomotor activation. This condition also served to
provide some evidence of regional selectivity because diffusion of NGF
to other sites could potentially influence behavior.

Experiment 2: effects of intra-NAc BDNF on CR

The general experimental procedure for these studies consisted of five
phases, as depicted in Table 1. We used a CR procedure that has been
published previously in detail with minor modifications (Taylor et al.,
1984, 1986; Taylor and Horger, 1999). It has been termed the “acquisition
of the new response” procedure because animals are not trained to lever
press before the test phase; as a result, the lever-pressing response is
reinforced by the presentation of the conditioned stimulus (CS), thus
acting as a CR (Mackintosh, 1974; Robbins, 1978).

Pretraining. For the first 20 min pretraining session, water-deprived rats
were habituated to the operant chamber with both levers absent; presen-
tations of water reward as the unconditioned stimulus (UCS) were given
every 15 sec, and the dipper was elevated for 5 sec. Presentation of the
water was immediately preceded by a combination CS: a 3 sec illumina-
tion of the tray light plus tone, house-light offset (and characteristic
sound of the dipper elevating). The house-light offset served to increase
the salience of the visual component of the compound stimulus as in our
previous study (Taylor et al., 1986). In a second 20 min session, animals
were discouraged from entering the magazine for water reward prema-
turely by introducing a time-out 3 sec delay in subsequent UCS presen-
tations. The use of this delay ensures that a 3 sec period with no
magazine entries elapsed before the CS onset and ensures a more
explicit association of the CS with the UCS. There were 30 CS-UCS
presentations in a fixed interval (Table 1, FI) schedule in the pretraining
sessions. All sessions began with illumination of the house light.

Training. Training occurred daily with one session per day. The CS—
UCS pairing were presented according to a random interval (RI) 30 sec
schedule with the 3 sec “penalty” delay period in place. There were 30
CS-UCS presentations during each of 15 sessions. Head entries during
CS-UCS and RI periods were used to assess discriminative approach
(Burns et al., 1994). As animals learn the CS-UCS association, they
make fewer magazine entries and spend less time with their heads in the
magazine at times other than during the CS-UCS presentation. This
acquisition curve can thus be used to confirm that all animals are
learning.

Testing. Levers were present in the chamber for the first time. Cocaine
(10 mg/kg, i.p.) and saline injections were given in a counterbalanced
order such that animals were tested twice each week, preceded by either
a saline injection or a cocaine injection. Injections were given 5 min
before placement in the operant chamber. Responding the CR lever
resulted in presentation of the stimuli associated with water, and re-
sponding on the NCR lever had no programmed consequences. Sessions
lasted 30 min from the first response on the CR lever. The CR and NCR
levers were randomly assigned but remained constant throughout the
experiment. Responding on the CR lever resulted in appropriate stimulus
presentation for 3 sec, 50% of the time. Eight test sessions were given (four
saline, four cocaine). There were at least 2 d between saline and cocaine
injections and 1 week between these test sessions. Note that 2 d before the
third test session, the pumps were removed under anesthesia (see above).
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Nucleus Accumbens (NAc)

Figure 1.

J. Neurosci., May 15, 1999, 19(10):4110-4122 4113

Ventral Tegmental Area (VTA)

The locations of the cannula placements within the NAc and VTA are illustrated in diagrams of coronal sections reproduced from the atlas

of Paxinos and Watson (1997). The region of the NAc (left) and VTA (right) where infusion tips were located are shown as hatched regions.

Experiment 3: development of locomotor sensitization after 10
mglkg cocaine in BDNF knock-out mice

Mice were tested at the same time each day by an experimenter who did
not know whether the animals were heterozygous BDNF knock-out
(+/—;n = 5) or wild-type (+/+; n = 4) mice. Heterozygous mice were
used because homozygous BDNF knock-out mice are not viable. More-
over, it is known that the heterozygous mice show reduced levels of
BDNF in brain (Vaidya et al., 1999). For the first 3 d (H1-H3), they were
habituated to the chambers immediately after an intraperitoneal saline
injection. Horizontal activity was then measured for 10 min. Baseline
activity counts were calculated as the average of the second and third
habituation days. On days 4-9, they were tested after an intraperitoneal
injection of 10 mg/kg cocaine (C1-C6), and activity was measured for 10
min. Locomotor activity predominates in this schedule (Hiroi et al.,
1997) and, although not formally measured, focused stereotypy was not
observed in the wild-type or mutant mice.

RESULTS

Histological analysis

Histological analyses revealed that all animals had evidence of
cannula placements and infusion tracts that were within the NAc
or VTA, as depicted in Figure 1. The cannula placements within
the NAc were localized medial to the anterior commissure in the
posteromedial region of the NAc. The infusion sites ranged
approximately between 1.2 and 0.8 mm ML and between 1.2 and
1.7 mm AP and thus were located primarily within the lateral
shell region of the NAc. However, diffusion of BDNF to core
regions cannot be ruled out, because infusion sites were close to
the shell-core border. Tracts in the VTA were also restricted to
this region, ranging from —4.8 to —5.3 mm AP. There was no

apparent relationship between infusion site and behavioral re-
sponse. Damage to the overlying regions appeared to be minimal.

Experiment 1: effects of intra-NAc or intra-VTA BDNF
on cocaine-induced locomotor activity

Effects of BDNF into the NAc or VTA on weight

In the sensitization study, weight was monitored daily. No signif-
icant overall differences were noted between control and BDNF
animals over time (F, ;o) = 1.38; p < 1.0) Both control and most
of the BDNF animals showed a significant increase in weight gain
over time (F( 19, = 54.15; p < 0.01). However, two BDNF
animals were consistently found to be 25% below weight imme-
diately after surgery when compared with control and healthy
BDNF animals. A significant trend for weight loss in these two
BDNF animals compared with weight gain in control and the
other BDNF animals continued over time (F(; 19, = 6.10; p <
0.001); these animals were not tested and were killed for humane
reasons 9 d after surgery. After intra-VTA BDNF infusions,
weight gain was observed to increase ~8% over the 10 d of the
experiment, whereas vehicle-infused animals showed a greater
increase (24%) in weight gain over the experimental period
(Berhow et al., 1995).

Effects of BDNF into the NAc on stress-induced

locomotor activity

Saline injections (0.3 ml, i.p.) increased locomotor activity on
days 5 and 6 (after surgery) to a greater extent in the BDNF-
infused compared with the vehicle-infused group (Fig. 2). In
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Intra-NAc BDNF infusions

Figure 2. Effects of intra-NAc BDNF
infusions on locomotor behavior in re-
sponse to saline injections. Saline injec-
tions (0.3 ml, i.p.) significantly increased
locomotor activity for 10 min after
the injection (*p < 0.05) on days 5 and 6
(after surgery) in the BDNF-infused
compared with the vehicle-infused group.
In contrast, there were no differences
before the injections on either day. Data
are expressed as the mean = SEM num-
ber of photocell disruptions over the 30
min test period.

Mean activity counts {+/-SEM)

Intra-NAc BDNF infusions

200 7 . —e— BDNF-infused

2000 A . —a—— Vehicle-infused

1800 -

Mean activity counts (+/-SEM)
e
S

60 40 20 0 20 40 60
Time (min) before and after cocaine (15 mg/kg) injection

Figure 3. Effects of intra-NAc BDNF infusions after cocaine challenge.
Cocaine injection (15 mg/kg) given on day 7 (after surgery) resulted in
locomotor activity rates that were markedly increased in the BDNF-
infused compared with the vehicle-infused group; locomotor activity in
the BDNF group was significantly higher at 10, 20, 30, 40, and 50 min after
the cocaine injection (F(; 1o, = 13.04, 11.93, 11.43, 16.95, and 7.02, respec-
tively; *p < 0.01). No differences before the injection were found. Data
are expressed as the mean = SEM number of photocell disruptions over
the 30 min test period.

contrast, there were no differences before the injections on either
day, as indicated by a significant interaction between group X
time (Fy 10y = 2.28; p < 0.02; F(y 4y = 2.38; p < 0.02, on days 5
and 6, respectively). The significant difference between control
and BDNF animals was found at 10 min after saline administra-
tion on both days.

Effects of BDNF into the NAc on locomotor activity

There was a significant difference in locomotor activity and in
the development of sensitization between BDNF-infused and
vehicle-infused animals. After the 15 mg/kg cocaine injection,
there was a significant increase in locomotor activity in BDNF-
infused compared with vehicle-infused animals. A significant
interaction between time X group was found, indicating
differences after, but not before, the cocaine injections (day 7,
Fii110) = 9-19; p < 0.001) (Figure 3). BDNF infusions into the
NAc resulted in cocaine-induced locomotor activity rates that

1600 ] Day 6

BDNF-infused

1200 ———{——  Vehicle-infused

60 -40 -20 0 20 40 60

Time (min) before and after saline injection

were triple those seen in control animals for the 10 min immedi-
ately after the cocaine injection. Further, the significant increase
in BDNF-infused animals compared with vehicle-infused ani-
mals continued to be evident at 20, 30, 40, and 50, but not 60, min
after the cocaine injection. No differences between the groups
were observed before the cocaine challenge. A significant en-
hancement of the locomotor activating effects of cocaine was
therefore found in the BDNF-infused animals.

At 5 mg/kg cocaine, a subthreshold dose for the induction of
sensitization, BDNF-infused animals developed sensitization
over time as a result of the intra-NAc BDNF infusions. Vehicle-
infused animals did not show sensitization (Fig. 4). On day 8 (the
second cocaine injection), there were no differences between
vehicle-infused and BDN F-infused animals at any time before or
after the cocaine injections, as indicated by a lack of significant
interaction between group X time (F(; 0y = 0.39; p < 0.1).
However, by day 9, the BDNF-infused animals began to show an
enhanced response to the locomotor-activating effects of cocaine,
as indicated by a group X time interaction (F; 1,9y = 3.53; p <
0.001). These effects continued on days 10, 11, and 12 (F(; 40y =
2.89, 4.91, and 2.69, respectively; p < 0.05). Sensitization did not
develop in vehicle-infused animals at this subthreshold dose of 5
mg/kg cocaine.

Together, these data indicate that intra-NAc BDNF-infused
animals showed an enhanced response to the locomotor-
activating effects of 15 mg/kg cocaine and showed locomotor
sensitization after repeated injections of 5 mg/kg cocaine, effects
not observed in vehicle-infused animals.

Effects of BDNF into the NAc on locomotor activity after 7.5
or 10.0 mg/kg cocaine

Repeated administration of cocaine at either dose of 7.5 or 10.0
mg/kg resulted in a more rapid development of sensitization over
time as a result of intra-NAc BDNF infusions compared with
vehicle infusions, as shown in Figures 5 and 6. The pattern of
results was slightly different from that described above and was
dose-related; 10 mg/kg cocaine resulted in a more robust sensi-
tization than 7.5 mg/kg cocaine, and vehicle-infused animals
became sensitized notably at the 10 mg/kg dose of cocaine.

No differences between the groups were observed after the first
injection (day 7) of 7.5 mg/kg cocaine (Fig. 5). On the second day
(day 8), cocaine induced markedly higher levels of locomotor
activity in the BDNF-infused compared with the vehicle-infused
animals; no differences in activity were observed before the
injection of cocaine (F(;; 46, = 3.55; p < 0.01). Activity rates were
elevated in the BDN F-infused compared with the vehicle-infused
animals for 30 min after the injection. Although locomotor activ-
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Figure 4. Effects of intra-NAc BDNF infusions on locomotor activation after a low dose of cocaine (5 mg/kg). At 5 mg/kg cocaine, a subthreshold
sensitization dose, animals infused with BDNF developed sensitization, whereas vehicle-infused animals did not show sensitization. On day 8, there were
no differences, whereas on days 9-12 there were significant differences between the groups at each of the time points shown (*p < 0.05). Differences were
as follows: day 9 BDN F-infused animals had increased locomotor rates at 10 and 20 min after cocaine (F(y 1, = 6.33 and 5.97, respectively; p < 0.05);
day 10 increases were found at 10 min after cocaine (F(;59) = 5.21; p < 0.05); on day 11, a significant difference between vehicle-infused and
BDNF-infused animals was observed at 10, 20, 30, and 40 min after the cocaine injection (F(MO) = 5.33, 12.03, 7.10, and 8.94, respectively; p < 0.05);
on day 12, there continued to be differences between the BDNF-infused and vehicle-infused animals; significant differences between the groups were
found at 10 min after the cocaine injection and a trend at 30 min (F, ;0, = 7.71 and 3.76, respectively; p < 0.05 and 0.08, respectively). There were no
differences between the groups before the cocaine injections. Data are expressed as the mean = SEM number of photocell disruptions over the 30 min

test period.

ity remained generally increased in BDNF-infused animals over
the repeated days of the cocaine injections, vehicle-infused ani-
mals also showed some increases in locomotor activity over time
and, thus, there were only significant differences between the
groups on day 10 [group X time interaction (F(; 45y = 2.69; p <
0.01)]. Differences between the groups were not observed before
the cocaine injections. In the vehicle-infused animals, this dose of
cocaine produced sensitization, but the effects were less robust
and more variable than the effects in the BDNF-infused group.
This dose of 7.5 mg/kg cocaine is known to have somewhat
variable effects in control animals. Nevertheless, in BDNF-
infused animals, 7.5 mg/kg cocaine resulted in rapid sensitiza-
tion. Similar effects were observed with 10 mg/kg cocaine, but the
magnitude of the locomotor sensitization was greater.

As depicted in Figure 6, intra-NAc BDNF-infused animals
compared with vehicle-infused animals showed an increase in the
development of sensitization to 10 mg/kg cocaine; also, there
appeared to be some enhancement of the initial locomotor-
activating effects of cocaine similar to that observed with the 15
mg/kg dose of cocaine in these intra-NAc BDNF-infused ani-
mals. After the first dose of cocaine (day 7), there were already
differences between the groups, which continued to be observed

over the next two injection days (days 7, 8, and 9, group X time
interaction, F' (;; ¢6) = 7.87, 8.44, and 3.81, respectively; p < 0.01).
By day 10, there was only a trend (F; 44 = 1.68; p < 0.07).
Thereafter, the vehicle-infused animals showed similar increases
in activity as the BDN F-infused animals, indicating sensitization,
except on day 13 when activity rates in the vehicle-infused group
were somewhat low compared with previous and subsequent
sessions (F(;q 66 = 4.13; p < 0.01). Again, there were no signifi-
cant differences between the groups before cocaine injections
on any day of testing. In contrast to the effects obtained with
7.5 mg/kg, at the 10 mg/kg dose, BDNF-infused animals
showed greater increases in locomotor activity over days, and
the vehicle-infused animals showed a more robust sensitization
at this higher dose.

Effects of BDNF or NGF into the VTA on locomotor activity

Animals that received a chronic intra-VTA BDNF regimen
showed higher levels of activity in response to cocaine (Fig. 7).
On the first exposure to cocaine, intra-VTA BDNF animals had
a 268% increase in locomotor activity compared with vehicle-
infused animals receiving the same dose of cocaine (Fig. 7, left).
BDNF-infused animals showed a significant increase in locomo-
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Figure 5. Effects of intra-NAc BDNF infusions on locomotor activation after 7.5 mg/kg cocaine. At 7.5 mg/kg cocaine, a near threshold sensitization
dose, animals infused with BDNF showed a more rapid development of sensitization. Vehicle-infused animals also showed some evidence of
sensitization. Cocaine injections (7.5 mg/kg) given on days 8 and 10 (after surgery) resulted in activity rates that were markedly increased in
BDN F-infused compared with the vehicle-infused animals. Significant differences (*p < 0.05) at time points after cocaine injections were as follows: day
8 at 10, 20, and 30 min, F; 5, = 16.25, 12.01, and 10.67, respectively; day 10 at 10 and 20 min, F(; 5y = 6.41 and 7.41, respectively. No differences between
the groups were found before the cocaine injections. Data are expressed as the mean = SEM number of photocell disruptions over the 30 min test period.

tor activity after 15 mg/kg cocaine compared with vehicle-infused
animals, on both the first test day (C1) and the final test day
(C-TEST). However, there were no changes in locomotor activity
in response to cocaine over these test days in BDNF-infused
animals (i.e., C1 vs C-TEST). The vehicle-infused animals did
show a rapid and robust locomotor sensitization over the test
sessions (Cl and C-TEST). Nevertheless, the failure of the
BDNF-infused animals to show a progressive increase over time,
indicative of sensitization, was probably caused by ceiling effects,
as suggested by the intra-NAc BDNF studies with moderate to
high (10-15 mg/kg) doses of cocaine in which an initial enhance-
ment of the locomotor-activating effects of cocaine was also
observed. There were no significant differences between the
groups during baseline (H4); however, BDNF-infused animals
showed somewhat higher rates. In contrast to the potent
locomotor-activating effects of cocaine after intra-VTA BDNF
infusions, intra-VTA infusions of NGF did not augment the
locomotor response to cocaine; intra-VTA NGF infusions pro-
duced comparable rates of activity with vehicle-infused animals
after cocaine (Fig. 7, right). Animals with intra-V TA infusions of
NGF, like both groups of vehicle-infused animals (Fig. 7), none-
theless did show sensitization to cocaine over time. The lack of
effect of NGF is consistent with the lack of biochemical effects
and the absence of its TrkA receptors in this brain region (Ber-
how et al., 1995).

Experiment 2: effects of intra-NAc BDNF on
responding for CR

In the CR paradigm, as in the previous paradigms, no differences
were observed in weight gain between intra-NAc BDN F-infused
and vehicle-infused animals over time.

Effects of BDNF in the NAc on responding for CR

Enhanced responding for CR was found after intra-NAc BDNF
infusions, as shown in Figure 8 (group X lever interaction,
F(7 45y = 11.7; p < 0.001). Intra-NAc BDNF enhanced responding
on the CR lever compared with animals given intra-NAc vehicle
after a saline challenge test. After a cocaine (10 mg/kg, i.p.)
challenge, animals given chronic intra-NAc BDNF showed an
even greater potentiated responding on the CR lever compared
with intra-NAc vehicle-infused animals. Intra-BDNF infusions
also produced significantly more CR lever responses after cocaine
compared with saline injections (F(; 5, = 10.37; p < 0.01). Re-
sponding on the control lever (NCR) was lower than on the CR
lever under all conditions.

BDNF- and vehicle-infused animals were repeatedly tested
with saline and cocaine injections, as shown in Figure 9. Note that
challenge days 1 and 2 occurred when BDNF was being infused,
challenge day 3 occurred the week after BDNF infusions ceased,
and day 4 occurred 2 weeks later. After the first saline injection
(sall), there were differences between the two groups on the two
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Figure 6. Effects of intra-NAc BDNF infusions on locomotor activation after 10 mg/kg cocaine. BDNF-infused animals showed higher activity rates
than vehicle-infused animals after repeated cocaine injections (days 7-9). By day 10, the vehicle-infused animals were similar to BDN F-infused animals
because they had become sensitized to this moderate dose of cocaine. No further differences between the groups were observed over subsequent days,
except on day 13 when vehicle-infused animals showed lower activity rates (see Results). Significant differences (*p < 0.05) at time points after cocaine
injections were as follows: day 7 at 10, 20, and 50 min, F(; ¢y = 15.35, 120.81, and 6.35, respectively; day 8 at 10, 20, 50, and 60 min, F; ¢, = 6.03, 7.41,
6.11, and 6.47, respectively; day 9 at 10, 30, 40, and 50 min, F; 5, = 6.19, 6.67, 6.40, and 6.66, respectively; day 13 at 10, 20, and 50 min F; ¢ = 11.35,
5.82, and 6.24, respectively. No differences between the groups were found before the cocaine injections. Data are expressed as the mean = SEM number

of photocell disruptions over the 30 min test period.

levers (F(; 6, = 8.21; p < 0.02); CR lever presses were increased
in the BDNF group compared with the vehicle group, but there
were no differences between the groups for NCR lever presses.
After the second saline injection, differences between the groups
on the two levers were also found (sal2, F, 4y = 6.62; p < 0.05),
and there was a trend for a selective CR increases in the BDNF
group on sal2. After the other saline (sal3 and sal4) injections,
only preferences for the CR lever over the NCR were found
(Fa,6) = 17.32 and 16.77, respectively; p < 0.01).
BDNF-infused animals showed enhanced responding after re-
peated testing with injections of 10 mg/kg cocaine (group X days,
F740, = 845, p < 0.01), as shown in Figure 9. There were
differences in responding on the levers in the BDNF-infused
subjects after cocaine injections on cocl, coc2, and cocd (F 5 =
22.03, 13.29, and 14.22, respectively; p < 0.01), with selective
increases on the CR lever in the BDNF-infused compared with
the vehicle-infused group (Fig. 9). After the third cocaine injec-
tion (coc3), the BDN F-infused subjects tended to respond more
on the CR lever than vehicle-infused subjects, but this difference
did not reach statistical significance. Because the osmotic pumps
had been removed under anesthetic a few days before this test
day, this event may have resulted in lower response rates. More-
over, there was a significant main effect of group for the CR lever

responses (test days cocl-cocd, F 5 15 = 19.02; p < 0.01), but no
main effect of day or interaction (group X day), confirming that
BDNF-infused subjects responded more on the CR lever than did
vehicle-infused subjects. Thus, in BDNF-infused subjects, the
number of responses on the CR lever was markedly increased
compared with the NCR lever, and notably, cocaine challenges
produced persistent enhanced responding for the CR lever. No
differences in responding on the NCR lever were observed over
any of the saline or cocaine test days for the groups.

Experiment 3: development of locomotor sensitization
in BDNF knock-out mice

Figure 10 shows the development of sensitization after repeated
injections with 10 mg/kg cocaine in heterozygous BDNF knock-
out mice compared with wild-type littermates. Although there
were no differences between the groups during the baseline
period, BDNF knock-out mice were initially less sensitive than
the wild-type mice to the locomotor stimulant effects of cocaine.
Nevertheless, with repeated injections of cocaine (C1-C6), they
did show the development of sensitization. Differences between
the groups after repeated cocaine exposures compared with the
habituation sessions was confirmed by an interaction between
group and session (Fs 35, = 2.82; p < 0.01). After the first cocaine
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Figure 7. Effects of intra-VTA BDNF (left) or intra-VTA NGF (right) infusions on locomotor activation after 15 mg/kg cocaine. Intra-VTA
BDNF-infused animals (n = 13) showed a greater amount of activity compared with vehicle-infused animals (» = 11) after the first 15 mg/kg cocaine
injection (C1) and the final 15 mg/kg injection (C-TEST). Intra-VTA infusions of NGF (n = 5) did not result in activity counts that differed from
vehicle-infused animals (n = 4) during habituation (H4), C1, or C-TEST. Both groups of vehicle-infused animals and NGF-infused animals showed
sensitization to cocaine, whereas BDN F-infused animals did not show a progressive increase in locomotor activity over the C1 and C-TEST session (see
Results). Significant differences are shown for BDN F-infused compared with vehicle-infused animals; *p < 0.05. Data are expressed as the mean = SEM
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Figure 8. Effects of intra-NAc BDNF infusions on responding for CR.
Enhanced responding for CR was found after intra-NAc BDNF infusions.
Intra-NAc BDNF infusions enhanced responding on the CR lever com-
pared with animals given intra-NAc vehicle infusions after a saline (sal)
challenge test (F(; 5, = 9.10; *p < 0.02). After a cocaine (coc; 10 mg/kg,
i.p.) challenge, animals given intra-NAc BDNF infusions showed an even
greater potentiated responding on the CR lever (F(;q = 19.81; **p <
0.01). Responding on the control lever (NCR) was lower than the CR
lever under all conditions.

challenge (C1), there was a significant difference between the
groups; BDNF knock-out mice had activity rates that were 60%
less than those of the wild-type littermate controls. Although the
BDNF knock-out mice initially had lower activity rates, they

eventually became sensitized to the 10 mg/kg dose of cocaine.
Activity rates remained lower in BDNF knock-out animals over
several sessions, but by the second cocaine injection (C2) there
were no significant differences between the groups. No evidence
of cocaine-induced stereotypy was observed. BDNF animals
showed differences in habituation to the saline injections
(Fa,14y = 4.36; p < 0.05), where on the final habituation session
(H3; data not shown), their rates were lower (F(, ;) = 12.45; p
<0.01). As noted, BDNF knock-out mice were significantly
heavier than the wild-type littermate animals, averaging 35.6 gm
(SEM 1.93) compared with 24.5 gm (SEM 0.67), respectively
(Fa7 = 22.76; p < 0.01).

DISCUSSION

The results of this study demonstrate that chronic infusions of
BDNF into the mesolimbic DA pathway exert potent and long-
lasting behavioral effects. Intra-NAc or intra-VTA BDNF infu-
sions increased locomotor activity and enhanced the development
of locomotor sensitization to cocaine over a wide range of doses.
Conversely, the heterozygous BDNF knock-out mice were ini-
tially less sensitive to the locomotor stimulant effects of cocaine
than were the wild-type mice. Intra-NAc BDNF infusions also
potentiated the ability of a stimulus to act as a CR and augmented
cocaine-induced potentiated responding for CR. Potentiated re-
sponding for CR after cocaine challenge was seen up to 1 month
after BDNF infusions. The potent actions of BDNF on mesolim-
bic DA function support the hypothesis (Berhow et al., 1995,
1996; Nestler et al., 1996) that BDNF and drugs of abuse may
regulate the mesolimbic DA system, in part through converging
cellular pathways.

The behavioral effects of BDNF seen in the present study are
consistent with previous reports that BDNF enhances nigrostri-
atal DA function. BDNF augments striatal DA release and turn-
over (Altar et al., 1992, 1994) and induces behavioral changes,
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Figure 10. Development of sensitization after 10 mg/kg cocaine in
BDNF knock-out mice. Heterozygous BDNF knock-out animals showed
a delay in the development of sensitization compared with wild-type
littermate control animals. Data are expressed as the mean = SEM
number of photocell disruptions over the 30 min test period. BDNF
knock-out animals (n = 5) showed a reduced amount of activity compared
with littermate controls (n = 4) after the first 10 mg/kg cocaine injection
(C1) but eventually became sensitized to cocaine. No differences between
the groups were observed during baseline. Significant differences are
shown for BDNF knock-out compared with wild-type littermate animals;
F7 = 5.70; *p < 0.05.

indicative of increased DA release (Martin-Iverson and Altar,
1996). Notably, chronic supranigral BDNF increases the number
of spontaneously active DA neurons and cell firing rates (Shen et
al., 1994). In the present study, we found that low doses of BDNF
achieve significant effects in the mesolimbic system (2 vs 12
pg/day), which is consistent with earlier biochemical studies (Ber-
how et al., 1995). Interestingly, basal levels of BDNF mRNA in
the NAc and VTA are more than twofold higher than those in the
striatum and substantia nigra (Hung and Lee, 1996).
BDNF-infusions have also been reported to induce weight loss
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Figure 9. Long-term effects of intra-NAc BDNF
infusions after saline or cocaine on responding for
CR up to 5 weeks after cessation of BDNF admin-
istration. BDN F-infused animals showed enhanced
responding for CR. After the first saline infusion
(sall), there were differences between the groups on
the levers; CR lever responses were increased in the
BDNF-infused compared with the vehicle-infused
group (*p < 0.01). Similar effects were observed in
sal2 in which there was a trend for a selective CR
increase (F(; 4 = 5.44; p = 0.06). After subsequent
saline (sal3-sal4) injections, only preferences for CR
over the NCR lever were found. Responding on the
CR lever was markedly increased and persisted in
the BDNF-infused compared with the vehicle-
infused animals after these cocaine challenges on
days cocl, coc2 (F(; 6 = 19.81 and 13.01; p < 0.01),
and coc4 (F(; 6 = 6.87; p < 0.05), and there was
a trend on coc3. Significant differences are shown
as **. No differences in responding on the NCR lever
were observed. Note that the data for sall and cocl
are the same as depicted in Figure 8.
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in rodents, while increasing feeding and food retrieval (Lapchak
and Hefti, 1992; Sauer et al., 1993; Pelleymounter et al., 1995;
Martin-Iverson and Altar, 1996). In the current study, no consis-
tent group effects on weight loss were found after infusion of
lower doses of BDNF into the NAc; however, intra-VTA infu-
sions did produce weight loss, and BDNF knock-out mice were
heavier than their wild-type littermates. These data suggest that
the site and dose of BDNF infusion may play a role in its effects
on weight loss.

In the present study, BDNF infusions into the NAc or VTA
appeared to increase the sensitivity to the locomotor-activating
effects of a challenge dose of 15 mg/kg cocaine. It was also
possible to show augmented sensitization to lower doses of co-
caine in the NAc BDNF-infused animals. Such NAc infusions
promoted the development of locomotor sensitization to a sub-
threshold cocaine dose (5 mg/kg), as well as to doses that nor-
mally can produce sensitization (7.5-10 mg/kg). Moreover, het-
erozygous BDNF knock-out mice showed delayed development
of sensitization. Sensitization to cocaine is believed to be medi-
ated by progressive increases in DA transmission (Kalivas, 1993)
and alterations in intracellular signal transduction systems (Nes-
tler and Aghajanian, 1997) in the VTA-NAc pathway. For exam-
ple, intra-NAc infusions of agents that activate the cAMP path-
way cause sensitization to cocaine or amphetamine (Cunningham
and Kelley, 1993; Miserendino and Nestler, 1995). Together,
these studies raise the possibility that intra-NAc infusions of
BDNF enhanced the development of sensitization to the loco-
motor stimulant effects of cocaine by increasing the efficacy of DA
neurotransmission in the VTA-NAc pathway.

Enhanced responding for CR after BDNF infusions is likely
caused by increased DA neurotransmission in this same pathway.
Compounds that enhance synaptic DA release strongly potentiate
responding for CR (Beninger et al., 1981; Robbins et al., 1983;
Cador et al., 1991; Kelley and Delfs, 1991b; Chu and Kelley 1992;
Cunningham and Kelley, 1992; Phillips et al., 1994; Ranaldi and
Beninger, 1995). Intra-NAc infusions of agents that activate the
cAMP pathway also enhance responding for CR (Kelley and
Holahan, 1997). Chronic cocaine exposure, which is known to
upregulate the cAMP pathway in the NAc (Nestler and Aghaja-
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nian, 1997), similarly enhances responding for CR (Taylor and
Horger, 1999). Although we cannot rule out diffusion of BDNF to
nearby regions, the range of diffusion after intracerebral infusion
of BDNF is known to be highly limited (Berhow et al., 1995).
Indeed, it is known that the NAc and surrounding ventrolateral
striatum are critical sites for enhanced responding for CR (Taylor
and Robbins, 1984, 1986; Cador et al., 1991; Kelley and Delfs,
1991a). The magnitude of responding on the CR lever in BDNF-
infused animals after systemic cocaine was impressive; increases
were 15- to 20-fold higher in BDNF-infused compared with
vehicle-infused animals. Notably, this potentiation was selective
to the incentive motivational effects of the CR stimulus (Taylor
and Robbins, 1984), because no increases in control lever (NCR)
responses were found.

In humans and laboratory animals, it is well known that drug-
taking behavior can be maintained or reinstated not only by the
primary reinforcing effects of drugs themselves but by external
stimuli or factors that may come to act as CR through associative
learning (Davis and Smith, 1974; De Wit and Stewart, 1981;
Childress et al., 1988, 1992; Robbins et al., 1989; O’Brien et al.,
1992; Shaham and Stewart, 1995). Conditioned stimuli predictive
of drug state may thereby cause relapse to drug-seeking behavior.
Investigation of the conditioned incentive-motivational effects of
drugs is seen, therefore, as critical for understanding drug-seeking
behavior and craving (Markou et al., 1993). Our data provide
direct evidence that BDNF, via actions in the mesolimbic DA
system, can potently augment the effects of cocaine on incentive
motivation.

BDNF also affected mesolimbic DA function in response to
mild stress. Intra-NAc BDNF increased saline-induced respond-
ing for CR and saline-induced locomotor activity. These effects,
too, may be mediated by potentiated mesolimbic DA function.
Stress is well known to activate DA neurons, and saline infusions
or injections can act as mild stresses. Furthermore, BDNF-
infused animals were not basally hyperactive, because activity
rates were never increased before a saline injection. Interestingly,
after the BDNF infusion period, these effects of mild stress were
no longer observed, whereas augmented drug-induced behavioral
effects were long-lasting, as mentioned above.

BDNF is known to be retrogradely transported from nerve
terminals to cell body regions after binding to the TrkB receptor
(DiStefano et al., 1992; Bothwell, 1995) and, after intrastriatal
infusions, BDNF is transported to the substantia nigra, where it
is localized in DA-containing neurons (Mufson et al., 1994).
Although BDNF and TrkB receptors are expressed in both the
NAc and VTA, it is not clear whether BDNF acts locally in an
autocrine manner in regions where it is synthesized or whether it
is transported from the NAc to the VTA or vice versa. In contrast
to the more pronounced behavioral effects of intranigral versus
intrastriatal BDNF (Martin-Iverson et al., 1994), we found here
that intra-NAc BDNF infusions were at least as potent as intra-
VTA infusions. Regardless of these possible sites of action, our
results indicate that BDNF infusion into either site produced
similar behavioral effects.

Presumably, the behavioral effects of BDNF demonstrated in
the present study are mediated via long-term adaptations within
the mesolimbic DA system induced by BDNF infusions. Our
previous work has shown that BDNF prevents some biochemical
and morphological changes in the VTA and NAc induced by
chronic administration of cocaine or other drugs of abuse (Ber-
how et al., 1995, 1996; Sklair-Tavron et al., 1996). These obser-
vations, coupled with the current findings, suggest that these
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particular biochemical and morphological changes reflect toler-
ance to aspects of repeated drug exposure. According to this
hypothesis, BDNF may prevent certain aspects of tolerance to
cocaine and thereby produce an even greater behavioral response
to the drug. A related possibility, which requires further research,
is to determine whether BDNF infusions induce additional ad-
aptations in the VTA-NAc pathway, which by themselves pro-
mote behavioral responses to drugs of abuse (Robinson and Kolb,
1997). Moreover, the finding that BDNF knock-out mice show
delayed locomotor sensitization to cocaine suggests that, in addi-
tion to the ability of exogenous BDNF to modulate responses to
cocaine, endogenous BDNF systems are required for the normal
development of behavioral adaptations to this drug.

There is considerable interest in the potential clinical use of
neurotrophic factors or agents that activate neurotrophic signal-
ing pathways for the treatment of neurodegenerative diseases,
such as Parkinson’s disease (Lindsay et al., 1995). In this disease,
the major pathological changes occur in the nigrostriatal DA
pathway, while the mesolimbic pathway is relatively spared
(Javoy-Agid et al., 1981). Given that the behavioral effects of
BDNF on mesolimbic DA function are dramatic and tend to
promote cocaine action, the results of the present study should
raise caution with regard to the clinical use of certain neurotro-
phic factors or similarly acting agents.

Conclusions

These data provide behavioral evidence for overall enhancement
of the psychomotor stimulant and rewarding effects associated
with cocaine after infusion of BDNF into the mesolimbic DA
system. Such enhanced functioning of the mesolimbic DA system
was seen both under normal conditions (i.e., in response to mild
stress) and in response to acute and repeated cocaine adminis-
tration. We hypothesize that these effects are caused by long-term
adaptations within the mesolimbic DA system and that endoge-
nous BDNF systems may play a role in the long-term adaptations
of the brain to cocaine.
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