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Amphetamine-Induced Place Preference and Conditioned
Motor Sensitization Requires Activation of Tyrosine Kinase
Receptors in the Hippocampus
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'Neuroscience Program and Department of Pharmacology and Experimental Therapeutics, Loyola University Chicago Medical Center, Maywood, Illinois
60153, and ?Department of Cellular and Molecular Pharmacology, Chicago Medical School, Rosalind Franklin University of Medicine and Science, North
Chicago, Illinois 60064

The environmental context in which abused drugs are taken contribute to the drug experience and is a powerful and persistent stimulus
to elicit memories of that experience even in the abstinent addict. Using amphetamine (AMPH) as the unconditioned stimulus, the
present study compared two popular context-dependent paradigms in rats, conditioned motor sensitization (CMS) and conditioned
place preference (CPP), to ascertain whether particular brain regions were differentially involved. The neuronal substrates underlying
these context-dependent behaviors are poorly understood, but regulators of the neuronal plasticity that accompany learning, such as
neurotrophic factors and their cognate tyrosine kinase receptors (e.g., TrkB), are credible candidates. We found a significant elevation of
TrkB-like immunoreactivity specifically in CA3/dentate gyrus (DG) subregions of the hippocampus after AMPH (0.3 mg/kg)-induced
CPP, but not in the delayed-paired (control) AMPH condition. A higher AMPH dose (1.0 mg/kg) induced both CPP and CMS and elevated
TrkB in the CA3/DG as well as in the nucleus accumbens shell. The development of both conditioned behaviors was blocked by intra-
CA3/DG infusion of the Trk inhibitor K-252a. These findings reveal that CPP and CMS are induced by different doses of AMPH and are
associated with TrkB changes in particular brain regions. Moreover, Trk receptors in the hippocampus are critical mediators of the
neuronal changes necessary for inducing both forms of conditioning. Thus, although these two conditioning models are distinct, because
they are commonly regulated by the hippocampal Trk system, these receptors may be a therapeutic target for attenuating the significance

of contextual cues that otherwise strengthen the addictive properties of abused drugs.
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Introduction

Psychostimulants such as amphetamine (AMPH) increase
monoamine transmission, thus initiating a cascade of cellular
events that in turn modifies behavior. When AMPH administra-
tion is repeatedly associated with a distinct environment, the en-
vironment serves as a cue and can elicit positive subjective feel-
ings even in the absence of drug. AMPH-induced associative
learning is maladaptive, and once consolidated, these drug-
associated memories contribute to the difficulty of current treat-
ments to prevent relapse in the drug-withdrawn addict. Thus, the
advent of efficacious therapies for addiction requires under-
standing the brain events that are involved in drug-induced asso-
ciative learning.
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AMPH-induced conditioned place preference (CPP) in rats is
a popular model of drug-mediated associative learning in hu-
mans. Conditioned rats demonstrate a preference for the envi-
ronment previously paired with AMPH in a drug-free state
(Sherman et al., 1980; Bardo and Bevins, 2000). Repeated inter-
mittent exposure to AMPH, such as that used for CPP, also pro-
duces a progressive enhancement of motor behavior (Segal and
Mandell, 1974). In rats not previously habituated to the test en-
vironment, repeated exposure to drug can induce motor activity
that reflects unconditioned, drug-induced, and conditioned en-
vironmental context-elicited responses (Vezina and Stewart,
1984; Gold et al., 1988; Anagnostaras and Robinson, 1996). Many
aspects of CPP and conditioned motor sensitization (CMS) seem
to overlap (Robinson et al., 1998); however, comonitoring these
psychostimulant-induced behaviors in the same rat reveals im-
pressive distinctions (Hemby et al., 1992; Olmstead and Franklin,
1994), suggesting different neural substrates are involved in the
two conditioned behaviors. These insightful evaluations illustrate
that enhanced understanding of the selective substrate(s) under-
lying these two behaviors induced by repeated AMPH exposure
can be gained by concurrent assessment of CPP and CMS, and
this approach was used here.

Neurotrophic factors are critical mediators of neuroplasticity
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(Thoenen, 1995), long-term potentiation (LTP) (Yamada et al.,
2002), and a number of mnemonic tasks (Figurov et al., 1996;
Dragunow et al., 1997). Brain-derived neurotrophic factor
(BDNF), by activating its cognate tyrosine kinase B (TrkB) recep-
tors, can induce morphological changes in neurons including
synaptogenesis (Lu et al., 2002), spine creation, and dendritic
growth (McAllister et al., 1999). These adaptations increase syn-
aptic strength to promote neuronal processes that are thought to
underlie learning and memory (Geinisman, 2000; Geinisman et
al.,, 2000), psychostimulant-induced behavioral sensitization
(Horger et al., 1999), and drug-secking behavior (Grimm et al.,
2003; Lu et al., 2004).

The hippocampus is required for many aspects of mnemonic
processes in both humans and animals (Milner and Penfield,
1955; Milner et al., 1998) and may contribute to the increase in
incentive salience that drugs of abuse acquire after repeated ex-
posure (Winocur et al., 1987; Kilts et al., 2001; Meyers et al.,
2003). The present study was designed to investigate whether (1)
AMPH-induced CPP can facilitate TrkB expression in the hip-
pocampus, (2) CMS and/or CPP engage the hippocampus, and
(3) Trk receptors in the hippocampus are critical mediators for
both AMPH-induced CPP and CMS.

Materials and Methods

Animals

Male Sprague Dawley rats weighing 280-320 g (Harlan, Indianapolis,
IN) were housed in environmentally controlled conditions (12 h light/
dark cycle: 7:00 A.M. light/7:00 P.M. dark, with temperature maintained
at 23-25°C) with continuous access to rat chow and water. The rats were
housed in pairs, except for those rats implanted with intracerebral can-
nulas, which were housed individually after implantation surgery. The
rats were acclimated to colony conditions for at least 1 week before any
experimentation or surgery. All animals were handled in accordance with
the procedures established in the Guide for the Care and Use of Laboratory
Animals (National Research Council, Washington, DC). The specific
protocols were approved by the Loyola University Medical Center Insti-
tutional Animal Care and Use Committee.

Apparatus for monitoring rat behavior

The behavioral-monitoring box used for CPP and CMS (63 X 30 X 30
cm; AccuScan Instruments, Columbus, OH) was divided into three
chambers by two removable guillotine doors, with square-shaped left
and right chambers connected by a smaller rectangular center chamber.
The left and right chambers contained vertical or horizontal stripes on
the wall and distinct floor textures. Motor activity and time spent in each
chamber were recorded simultaneously by two banks of photobeams
(VersaMax software; AccuScan Instruments).

Drugs

D-Amphetamine-sulfate (Sigma-Aldrich, St. Louis, MO) was dissolved in
sterile 0.9% saline, and the doses (0.3 or 1.0 mg/ml/kg) were calculated as
the salt. The tyrosine kinase inhibitor K-252a (Calbiochem, La Jolla, CA)
was dissolved in 25% DMSO/saline to a final concentration 25 ng/0.5 ul
(Tapley et al., 1992; Rattiner et al., 2004) and stored in aliquots at —20°C
in the dark.

Treatment and behavioral testing procedures

One hundred forty rats were pretested at least 48 h before initiating the
conditioning sessions for unconditioned preference. During the 15 min
pretest session, rats were allowed to explore the entire apparatus, and
those that did not spend >70% of the time in one chamber (n = 136)
were included in the study. These rats were randomly assigned to three
conditioning treatments: (1) AMPH, (2) saline, and (3) AMPH delayed
pairing. Within each drug treatment group, the drug-paired chamber
was assigned in a counterbalanced order, with some individuals assigned
to their pretest “more time spent” side, whereas others were assigned to
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their pretest “less time spent” side; thus, the average time spent for each
group in the drug-paired and saline-paired side were approximately
equal before conditioning. The treatment protocols were as follows.

AMPH

Group A. Rats received an intraperitoneal injection of 0.3 mg/ml/kg (n =
16) or 1.0 mg/ml/kg (n = 24) AMPH on days 1, 3, and 5 immediately
before being confined to one side of the activity box (drug-paired side)
for 45 min and returned to their home cage. On days 2 and 4, the rats
received an intraperitoneal injection of saline (1 ml/kg) before placement
in the opposite side for 45 min (saline-paired side) and were returned to
their home cage. Motor activity was recorded during each 45 min condi-
tioning period.

Group B. Repeated intermittent injections of AMPH are known to
progressively enhance motor responses [i.e., sensitization (Segal and
Mandell, 1974)]. We sought to determine whether motor sensitization
was obtained with the present paradigm and, if so, whether it was context
dependent. To that end, rats were conditioned with 1.0 mg/kg AMPH on
days 1 and 3 with one side of the CPP box and with saline on days 2 and
4 with the opposite side. On the fifth day, immediately after the intra-
peritoneal 1.0 mg/kg AMPH injection, one set of rats (n = 7) was con-
fined to the previously AMPH-paired side, whereas the other set (n = 8)
was confined in the side previously paired with saline, and motor activity
was measured for 45 min.

Saline

Rats in the saline (i.e., vehicle) control group (1 = 24) received 1 ml/kg
saline intraperitoneally and were immediately confined to one side of the
activity box on days 1, 3, and 5 (considered “drug-paired side”) and
confined to the opposite side on days 2 and 4 (saline-paired side) for 45
min for 5 consecutive days.

AMPH delayed pairing

To distinguish the effects of drug-induced learning from the effects of
drug exposure alone, we tested a set of rats (n = 8) that received AMPH
as above, but the time interval between the unconditioned stimulus
(UCS; i.e., AMPH) and the conditioned stimulus (CS; the environmental
context) was lengthened to 4 h so that no association could be made
between the drug effect and the environment. Four hours was selected
because this is sufficient for this dose of intraperitoneal AMPH to be
mostly cleared from the rat brain (Honecker and Coper, 1975). Accord-
ingly, rats received 1 mg/kg AMPH intraperitoneally and were returned
to their home cage for 4 h before being confined for 45 min to one side of
the activity box on days 1, 3 and 5 and to the opposite side after saline
injection on days 2 and 4.

Three days (~72 h) after the last injection, all rats were habituated to
the test room for 1 h, after which time, drug-free rats were placed in the
center of the activity box while the two guillotine doors were in the down
position. Both doors were removed allowing the rats to freely move
throughout the box for 30 min. The amount of time spent in each cham-
ber was tallied.

Immunohistochemistry

Immunohistochemistry (IH) was performed at day 9 (1 d after the CPP
test and ~96 h after the last AMPH injection). Using the same treatment
and behavioral paradigm in a separate group of rats (n = 20), the CPP
expression induced by 0.3 mg/kg AMPH was determine to persist at least
to day 10 (1005 = 51 s in the drug-paired side vs 562 * 49 s in the
saline-paired side; paired ¢ test, p = 0.0003). Twenty (11 AMPH-
conditioned, 4 delayed-pairing, and 5 saline-treated) rats were perfused
for IH evaluations. The behavior of these rats met two criteria: (1) for
CMS, day 5 motor scores after 1 mg/kg AMPH had to be greater than
those on day 1; and (2) for CPP (0.3 and 1.0 mg/kg AMPH), the CPP
scores (described in the legend to Fig. 1) were rank ordered, and rats with
the top 50% were perfused. It is important to note that the score differ-
ence was minor, because the CPP score of the AMPH-treated perfused
rats (n = 11) was 149 = 31 s (SEM) and not statistically different from the
nonperfused rats (91 = 16 s; n = 29; p > 0.05). To perfuse, the rats were
deeply anesthetized with chloral hydrate (400 mg/kg, i.p.), and transcar-
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dial perfusion of cold saline followed by 4% paraformaldehyde in 0.1 m
phosphate buffer (PB), pH 7.4, was used. Brains were postfixed in the
same fixative for 120 min, allowed to sink in gradient sucrose in PB, and
cut in 40 wm coronal sections on a freezing microtome. Sections were
immunoreacted, free floating, in rabbit anti-TrkB (Santa Cruz Biotech-
nology, Santa Cruz, CA) diluted 1:400 in 0.1 M PBS containing 0.2%
Triton X-100 for 24 h at 4°C. The reaction was developed using the
appropriate secondary antiserum and an avidin—biotin—peroxidase
incubation (Elite kit; Vector Laboratories, Burlingame, CA) and re-
vealed using 0.05% 3'-3-diaminobenzidine hydrochloride (Sigma, St.
Louis, MO) and 0.01% H,O,. Brain sections were then mounted on
slides and coverslipped. The IH for all treatment groups was per-
formed at the same time.

Three different controls were performed before IH staining to dem-
onstrate that the antibody was TrkB specific: TrkB blocking peptide was
mixed with primary antiserum, the primary antiserum was omitted, or
sections were incubated in normal rabbit IgG. TrkB staining was absent
after all three control procedures (data not shown). Moreover, the stain-
ing pattern produced in the current study with the TrkB antibody (Santa
Cruz Biotechnology) was very similar to that reported by Yan et al.
(1997) using antibodies raised on site.

To quantify the optical density of TrkB staining, the treatment groups
for all slides were blind coded, and selective brain regions were qualita-
tively surveyed by two treatment-“blind” observers. Regions that dem-
onstrated staining (regardless of treatment group) were digitally cap-
tured using an Olympus AH-2 microscope and DP-11 digital camera
system (Olympus America, Melville, NY). To remove light-intensity
variation in the microscope field and tissue background, for each image a
negative control (primary omit) coverslipped tissue at the similar loca-
tion was imaged, and this image was digitally subtracted from a photomi-
crograph of interest using image analysis software (Scion Image; Scion,
Frederick, MD). The image was quantified as an integrated density score
(mean density X the number of labeled pixels in the region) (Wang and
McGinty, 1995; Zhou et al., 2004). The integrated density for three
consecutive sections at different levels [CAL, CA3, dentate gyrus
(DG), and basolateral amygdala (blA): bregma, —2.8 and —4.1 mm
average; shell and core of nucleus accumbens (NAc): bregma, +1.6
mm; ventral pallidum (VP): bregma, —0.4 mm] was measured and
averaged in each rat.

In situ hybridization

In situ hybridization assays were conducted on hippocampal sections
taken from six rats showing CPP after AMPH conditioning (1.0 mg/kg,
i.p.) and six rats conditioned only with saline. Two hours after the CPP
test, rats were anesthetized with pentobarbital (75 mg/kg, i.p.) and im-
mediately decapitated. The brains were removed, immediately frozen in
isopentane on dry ice, and stored at —70°C until they were cutin 12 um
sections using a cyostat/microtome. Sections were dry mounted onto
poly-L-lysine-coated slides, fixed (4% paraformaldehyde), defatted, and
pretreated before being hybridized. An oligonucleotide probe (34 mer,
complementary to nucleotides 2214—2247; GenBank accession number
M55291; Invitrogen, Rockville, MD) was used to detect rat full-length
TrkB cDNA. The probe was radiolabeled at the 3’ end using [a->°S]
deoxyadenosine triphosphate (1250 Ci/mmol; PerkinElmer, Boston,
MA) and terminal deoxynucleotidyl transferase to a specific activity of
8-10 X 10° cpm/ul (Meredith et al., 2002). Slides were incubated over-
night at 37°C in a humidified chamber and apposed to Kodak (Rochester,
NY) Bio-max film for 10 d at 4°C.

Gene expression in the DG was assessed. All measurements were made
using NIH Image (Scion, Rockville, MD). Films were captured using a
light table (Northern Light; Imaging Research, Ontario, Canada) and a
video camera. For each animal, optical density measurements from two
to three sections were obtained and averaged. A white-matter reading
was subtracted from each of the gray values recorded as background
correction. The measurements were averaged for each animal and ex-
pressed as the percentage of controls.
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Surgical procedures for intracerebral implantation of

guide cannulas

Procedures followed those described in previous reports from the Napier
laboratory (Napier and Chrobak, 1992). In brief, after 1 week of acclima-
tion to the Loyola vivarium, 48 rats were anesthetized with pentobarbital
(50 mg/kg, i.p.) and placed in a Kopf Instruments (Tujunga, CA) stereo-
taxic frame. After the skull was exposed, guide cannulas (23 gauge; Legg
Plastic Products, Roanoke, VA) were lowered bilaterally into the hip-
pocampus (3.0 mm posterior to bregma, 1.6 mm lateral to midline, and
2.4 mm ventral to skull, which is 1.3 mm above the DG/CA3 target). For
placement controls, cannulas were implanted dorsal to these stereotaxic
coordinates (3.0 mm posterior to bregma, 1.6 mm lateral to midline, and
1.5 mm ventral to skull, which is 0.5 mm above the cortical target).
Stainless steel mounting screws and dental acrylic were used to fix the
cannulas to the skull. The skin incision was closed with sutures, and
antibiotic ointment was applied. A dummy injector (30 gauge, which did
not extend below the tip of the implanted cannulas) was inserted into
each cannula. One-week recovery was allowed between the surgery and
behavioral training.

Intracerebral microinjection

During the last 3 d of the recovery period, the rats were acclimated to the
intracerebral injection procedures as follows. The dummy injectors were
removed, and 30 gauge sham injectors were inserted into the implanted
cannulas (but did not extend below the implanted cannulas tips) and left
in place for 6 min. The sham injectors then were removed, dummy
injectors reinserted, and the rats were returned to their home cage. For
intracerebral injection, the injectors extended 1.3 mm below the hip-
pocampal cannula tips and 0.5 mm below the cortical cannula tips. The
opposite end of the injectors was connected to 10 ul Hamilton (Reno,
NV) syringes via PE10 polyethylene tubing (Becton Dickinson, Franklin
Lakes, NJ); the syringes were placed in CMA infusion pumps (Carnegie
Medicine, Stockholm, Sweden) set to deliver fluid at a rate of 0.1 wl/min.
A total volume of 0.5 ul was delivered per side. One minute later (to allow
for diffusion of the drug away from the injector tip), the injectors were
removed and dummy injectors were replaced; the intraperitoneal injec-
tion was immediately administered (AMPH or saline), and the rats were
placed into the activity box. On AMPH-conditioning days (days 1, 3, and
5), the tyrosine kinase inhibitor K-252a (25 ng/0.5 ul of 25% DMSO/
saline per side) or the vehicle alone (0.5 ul of 25% DMSO in 0.9% sterile
saline per side) was bilaterally injected into the hippocampus (or cortex
for the placement controls). Sham injections were given on saline-paired
days (days 2 and 4). A sham intracerebral injection also was given imme-
diately before CPP test on day 8, and the test time was 30 min.

Verification for cannulation site

After the completion of behavioral testing, rats were deeply anesthetized
with chloral hydrate (400 mg/kg, i.p.). The brains were removed, fresh
frozen using dry ice, and cut in 60 wm coronal sections. Sections
mounted on subbed slides were stained with cresyl violet. The intracere-
bral infusion site (marked by lesion produced by injector) was agreed on
by two treatment-blind observers using light microscopy and recon-
structed onto a rat stereotaxic brain map (see Fig. 3).

Statistical analysis

The effect of AMPH on motor activity was determined by two-way
repeated-measures of ANOVA, followed by post hoc Newman—Keuls
multiple comparisons tests (Table 1). To directly compare dose effects
for repeated AMPH-induced behaviors between CMS and CPP, the be-
havioral scores were standardized (detailed in the legend to Fig. 1) and
zero was set as a theoretical mean (see Fig. 1B). Statistical evaluations
were conducted using a two-tailed one-sample ¢ test with the Bonferroni
adjustment (i.e., the a of 0.05 was divided by the number of treatments;
see the legend to Fig. 1). To track behavioral responses of individual rats,
paired t tests were used to compare the first (day 1) and last (day 5) day of
conditioning for motor score, as well as drug-paired side versus saline-
paired side for CPP score; the Bonferroni adjustment was performed
when appropriate (refer to the legends to Figs. 4 and 5). Data from IH
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(see Fig. 2; Table 2) were analyzed by one-way
ANOVA, followed by post hoc comparisons
(Newman—Keuls test). Data from in situ hy-
bridization were assessed by comparing the two
treatment groups via a Student’s ¢ test. A priori
set (planned) contrasts were evaluated in those
cases in which multiple data sets were collected
within each treatment group for several differ-
ent treatments (Table 3). Except when Bonfer-
roni adjustment was used, the « level was set at
p < 0.05. Data are presented as the sample
mean = SEM.

Results
AMPH-induced motor sensitization
Group A: development
As reported previously (Browman et al.,
1998), our data showed that a single injec-
tion of 0.3 or 1.0 mg/kg AMPH produced a
dose-related increase in locomotor activity
(Table 1). However, when motor activity
was quantified 4 h after intraperitoneal 0.3
mg/kg AMPH (Table 1, delayed-pairing
group), the psychostimulant effect of the
drug was no longer apparent and motor
scores were even lower than those ob-
served for saline-treated rats. This suggests
the amount of AMPH remaining in the
brain 4 h after injection was no longer suf-
ficient to produce a psychomotor behav-
ioral response (Honecker and Coper,
1975; Kuczenski and Segal, 1990, 1999).
The increased motor activity induced
by asingle 1.0 mg/kg intraperitoneal injec-
tion of AMPH (measured from 0 to 45 min
after injection) was enhanced, or sensi-
tized, subsequent to two additional intra-
peritoneal treatments (Table 1, Fig. 1). In
contrast, although 0.3 mg/kg AMPH was
sufficient to induce an acute motor effect,
the magnitude of the response was not in-
creased by two additional treatments (Ta-
ble 1, Fig. 1B). Motor scores obtained after
repeated injections of saline showed a de-
crease on day 5 compared with that of day
1 (Table 1, Fig. 1B), consistent with habit-
uation to the protocol (King et al., 2005).

Group B: context dependency of
motor behavior
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Table 1. Representative measurements of locomotor (horizontal activity, total distance) and vertical activity on
days 1and 5 for group Arats

Treatment conditions
Saline Delayed pairing 0.3 mg/kg AMPH 1.0 mg/kg AMPH
Motor activity (n=124) (n=18) (n=16) (n=124)
Horizontal activity .
Day 1 2336 = 100 1746 + 128 2939 = 134** 4228 = 1704
Day 5 1549 = 76* 1243 =90 2784 *+ 237 4943 = 187*
Total distance (cm)
Day 1 393 + 27 284 + 30 490 + 39 785 = 56°
Day 5 223 £ 23* 174 =23 494 * 65 1057 = 80*
Vertical activity
Day 1 801 = 52 610 = 83" 1304 + 96" " 2123 + 119
Day 5 384 = 35% 375+7 1157 £ 138 2779 = 146*

The horizontal and vertical activity data were presented as the number of photobeam breaks, the order of which reflected the behavioral profile indicated. The
data were pooled across 0 —45 min after intraperitoneal injection and are presented as mean = SEM. Data from two-way repeated-measures ANOVA are as
follows: (1) Horizontal activity exhibited a treatment effect (F 5 ¢5) = 78.70; p << 0.0001) and effect of time (F, 55) = 4.27; p = 0.0426), and an interaction
between the two (F3 143 = 13.66; p << 0.0001); (2) Total distance exhibited a treatment effect (F 55 = 32.83; p < 0.0001) without an effect of time
(Fi,68) = 0.00118; p = 0.9727) but with an interaction between the two (F; 143 = 12.03; p << 0.0001); (3) Vertical activity exhibited a treatment effect
(Fi3,68) = 91.27; p << 0.0001) without an effect of time (F; 55) = 0.227; p = 0.636) but with an interaction between the two (F 3 153) = 9.93; p < 0.0001).
Data from post hoc Newman—Keuls test are as follows: *p < 0.01, different from day 1 within each treatment group; “p < 0.01, different from saline-treated
group; *p < 0.01, different from delayed pairing group; p << 0.01, different from 0.3 mg/kg AMPH-treated group.

Table 2. Quantification of TrkB-like immunoreactivity in the CA1 subregion of the hippocampus, VP, blA, and
core of the NAc (NAcC)

Delayed 0.3 mg/kg 1.0mg/kg
Brain region Saline pairing AMPH AMPH
CAT(n=4-6) 549 £ 0.6 527 £ 14 1.0+ 16 13.5 = 2.0%
VP(n=4-7) 1.86 = 0.2 324 £04 435+ 1.1 7.26 = 1.8*
blA (n = 4-6) 712113 148 =29 124+123 138 =43
NAcC (n = 4-7) 3.81£05 743+03 88122 9.01+23

The integrated density values were expressed as mean == SEM in 10°. All data were analyzed using one-way ANOVA across treatment conditions: CA1,
Fi315) = 6.010, p = 0.0067; VP, F3 14 = 4.163, p = 0.0210; bIA, F 3 1) = 0.9202, p = 0.4534; NACC, F 3 ) = 2.046, p = 0.1397. Data from post hoc
Newman—Keuls test are as follows: *Different from saline (g = 4.734—4.879; p < 0.05); *Different from the delayed-pairing group (g = 4.866; p < 0.05).

Table 3. Measurements of horizontal activity on days 1, 5, 15, and 19

Day 15 Day 19
Treatment (days 1,3, and 5) Day 1 Day 5 (AMPH) (AMPH)
Intra-DG/CA3 K-252a, i.p. AMPH (n = 14) 4341 + 293° 4205 = 240 4997 + 313 4810 = 29
Intra-DG/CA3 vehicle, i.p. AMPH (n = 10) 3925 =+ 394° 4986 + 411 5120 = 462 5357 = 464
Intra-DG/CA3 K-252a, i.p. saline (n = 8) 1834 + 158 1644 + 138 471 = 267 4887 + 267¢

Data were presented as the number of photobeam breaks and were presented as mean = SEM. i.p., Intraperitoneal.

“Toindicate the effects of intra-DG/CA3 K-252a infusion on acute response to 1.0 mg/kg AMPH, horizontal activity only on day 1 was analyzed using one-way
ANOVA across treatment conditions (F; 55, = 15.78; p << 0.0001).

®Post hac Newman—Keuls test for day1 horizontal activity was different from intra-DG/CA3 K-252a infusion with intraperitoneal saline (g = 6.033-7.742;
p < 0.001). Thereis no difference between intra-DG vehicle and intra-DG K252a when 1.0 mg/kg AMPH was administered systemically ( post hoc Newman—
Keuls test: ¢ = 1376, p > 0.05).

“To indicate the intra-DG/CA3 infusion of K-252a had no permanent effect on development of AMPH-induced CMS, comparisons were made for horizontal
scores between days 15 and 19 for the rats previously infused with K-252a in the DG/CA3 region and that had received intraperitoneal saline (paired  test:
tgy=3.077,p = 0.017).

AMPH-induced CPP

In a separate group of rats, we determined that the motor sensi-
tization induced by 1.0 mg/kg AMPH was a conditioned response
(i.e., it was context specific). Using the same treatment paradigm
used for group A, rats that received the third repeated injection of
1.0 mg/kg AMPH on day 5 in an environment previously paired
with AMPH developed motor sensitization from day 1 to day 5
(3628 = 201 vs 4333 * 265 beam breaks, respectively) (Fig. 1C).
In contrast, no motor enhancement was observed if rats received
AMPH on day 5 in an environment previously paired with saline
(Fig. 1C). All other motor measurements also showed context
dependency (data not shown). These results indicate that the
environmental context linked to drug administration served as a
critical cue for development of motor sensitization with this
treatment protocol, and thus validating that the phenomenon
was indeed a “conditioned” motor sensitization (i.e., CMS).

To ascertain whether the environmental context was also mne-
monically linked to the conditioned rewarding value of the drug,
group A rats were tested for CPP on day 8 (Fig. 1A). Rats condi-
tioned with saline or with the delayed-pairing AMPH paradigm
did not show a preference for either side of the activity box on the
CPP test day. When pairing was conducted without a delay be-
tween the injection and exposure to the chamber, both 0.3 and
1.0 mg/kg AMPH-treated rats expressed CPP on day 8 (132 * 45
vs 90 * 19 s, respectively) (Fig. 1 B). Therefore, consistent with
our parallel study (Rademacher et al., 2006), the low dose of
AMPH (i.e., 0.3 mg/kg) was sufficient to induce CPP but was
subthreshold to the dose needed to induce CMS (i.e., 1.0 mg/kg).
The difference in the AMPH threshold requirement suggested
these two conditioned drug-induced behaviors might engage dif-
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Figure 1.  Different threshold doses were needed for AMPH-induced place preference and

context-dependent motor sensitization. A, Timeline of drug treatment and behavioral para-
digm. B, €, CMS presented was measured on days 1and 5. CPP was assessed in the same rats on
day 8. B, Comparisons of CMS (filled square) and CPP (open square) for the four treatments
(group A rats) studied. This graph illustrates that 0.3 mg/kg AMPH was a discriminating dose,
inducing CPP without motor sensitization, and 1.0 mg/kg AMPH induced both behaviors. An
example of CMS as the difference between horizontal scores obtained on day 5 from that on day
1is shown on the left y-axis. Horizontal activity (photobeam breaks) was used as the example
for CMS, because this behavior mirrored some other locomotor measures (see Table 1). Anindex
of CPP presented as the “change of preference” (in seconds), obtained by determining the
differencein time spentin the drug-paired and saline-paired sides on the CPP test day minus the
difference in time spent in the drug-paired and saline-paired sides on the pretest day, is shown
on the right y-axis. For rats receiving only saline, the side used on days 1,3, and 5 is considered
the “drug-paired” side. Data were averaged in 5 min bins to standardize between the 15 min
pretestand 30 min CPP test periods. The saline and delayed-pairing (DP) groups did not express
(PP, and during conditioning, these rats demonstrated a decrease in horizontal activity.
For all experiments, data are shown as mean number = SEM for each group. Data from
two-tailed one-sample t tests (theoretic mean was set at zero, « value was Bonferroni
adjusted t0 0.0125) are as follows: for CMS: *p << 0.0125, ***p < 0.00025; saline: t 53, =
12.07,p < 0.0001; DP: £ = 4.313, p = 0.0035; 0.3 mg/kg AMPH: t,15, = 0.5984, p =
0.5585; 1.0 mg/kg AMPH: 55, = 4.822, p < 0.0001; for CPP: "'p <'0.00025; saline:
t3 = 03388, p = 0.7378; DP: ;) = 0.2411, p = 0.8164; 0.3 mg/kg AMPH: t,5, =
5.589, p < 0.0001; 1.0 mg/kg AMPH: t3) = 4.863, p < 0.0001. C, Demonstration that
motor sensitization was context dependent (group B rats). Horizontal activity induced by
1.0 mg/kg AMPH on days 1and 5 is illustrated. Open bars, AMPH-induced activity on day
5when the rats were placed in the side paired with AMPH on days 1and 3; stippled bars,
AMPH-induced activity on day 5 when the rats were placed in the side paired with saline
on days 1 and 3. For all experiments, data are shown as mean number == SEM for each
group (bar graph), with individual scores recorded from each rat (line graph overlay).
*p < 0.005, two-tailed paired ¢ test (« value was Bonferroni adjusted to 0.025). Day 5
paired with the AMPH-conditioned side: ;) = 4.530, p = 0.0040; day 5 paired with the
saline-conditioned side: t;) = 0.6447, p = 0.5397.
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ferent brain regions, and this possibility was explored using im-
munohistochemical assessments of TrkB receptor protein.

Brain TrkB after AMPH-induced CMS and/or CPP
Immunoreactivity for TrkB was quantified in the hippocampus,
blA, NAc, and VP based on two criteria: these regions are known
to be involved in reward (Gong et al., 1996; Gooney and Lynch,
2001; Chao and Nestler, 2004) and with qualitative assessment
showed TrkB staining. Immunohistochemical quantification re-
vealed that the CA3/DG subfields of the hippocampus increased
in TrkB staining in rats showing CPP induced by the 0.3 and 1.0
mg/kg AMPH compared with saline and delayed-pairing control
groups (Fig. 2C). Linear regression analysis of both AMPH doses
revealed that the magnitude of CPP score (described in legend to
Fig. 1) induced by AMPH did not correlate to the density of TrkB
immunolabeling in the DG (F;o, = 0.2227; r* = 0.027; p =
0.6496) or CA3 subfield (F(,) = 3.405; 2 =0.2984; p = 0.1022).
With 1.0 mg/kg AMPH, which induced both CPP and CMS, TrkB
was elevated in the shell of NAc in addition to the CA3/DG (Fig.
2C). Again, there was no correlation between the magnitude of
the CMS (described in the legend to Fig. 1) versus the TrkB im-
munolabeling in the shell of NAc (F s, = 0.1235; r* = 0.02995; p
= 0.7430). In the CA1 hippocampal subfield, 1.0 mg/kg AMPH
increased TrkB staining compared with saline and delayed-
pairing treatments, but in the VP, differences only occurred be-
tween 1.0 mg/kg AMPH and saline (Table 2). These results sug-
gest that the CA1 may be involved in certain context-dependent
behaviors; however, the VP may predominantly influence “drug-
only” effects instead of the associative learning. AMPH did not
alter TrkB immunoreactivity in either the blA or core of NAc
(Table 2). There was no difference between the saline and
delayed-pairing groups ( p > 0.05) in any regions quantified,
which distinguished the drug effect from the drug-induced learn-
ing. These findings indicate that the two conditioned responses,
induced by different doses of AMPH, reflect adaptations in brain
regions specific for reward and learning and that TrkB might be
involved.

Similar to what was observed with TrkB IH, TrkB mRNA
levels were increased in the DG of rats showing AMPH (1.0 mg/
kg)-induced CPP (Fig. 3). The converging evidences from both
IH and in situ hybridization demonstrate the involvement of
TrkB in the hippocampus in AMPH-induced conditioned learn-
ing and implicate gene transcription and protein synthesis in the
process.

Intra-DG/CA3 infusion of K-252a disrupted the
AMPH-induced CPP and CMS

To ascertain whether the hippocampal TrkB receptors are neces-
sary for conditioned behaviors, rats bearing bilateral indwelling
cannulas aimed at the DG/CA3 subfields (Fig. 4) were condi-
tioned as in the previous experiments. The tyrosine kinase inhib-
itor K-252a was injected bilaterally into the DG/CA3 region (25
ng/0.5 ul of 25% DMSO/saline per side) immediately before 1.0
mg/kg intraperitoneal AMPH or saline, administered once every
other day (Fig. 5A). Rats receiving this intracerebral treatment
failed to develop either CMS (Table 3, Fig. 5B) or CPP (Fig. 5C).
To ascertain the anatomical specificity of this effect, a separate
group of animals received same intracerebral K-252a and sys-
temic AMPH injections, with the exception that K-252a was in-
fused into the overlying associative cortex (immediately dorsal
toDG/CA3). These rats developed both conditioned behaviors
(CMS, 3023 = 545 beam breaks on day 1 vs 4427 * 341 beam
breaks on day 5; CPP, 1299 * 129 s in the drug-paired side vs
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307 * 69 sin the saline-paired side) (Fig.
5B,C). Intra-DG/CA3 injections of the
DMSO vehicle solution did not interfere
with the ability of the rats to acquire
CMS (Table 3, Fig. 5B) and CPP (940 *
58 s spent in the AMPH-paired side vs
539 * 40 s spent in the saline-paired
side) (Fig. 5C) after three alternative day
pairings of 1.0 mg/kg AMPH. The intra-
DG/CA3 injections of K-252a did not
cause place aversion (or preference; 680
+ 98 s spent in the K252a-paired side vs
704 = 118 s spent in the sham-injected
side) (Fig. 5C) or alter the acute motor
responses to 1.0 mg/kg AMPH (Table 3,
Fig. 5B). In summary, these results sug-
gested that the hippocampal Trk recep-
tors were necessary for the induction of
both AMPH-induced CMS and CPP.

To determine whether the effects of
K-252a on the induction of conditioning
reflected a specific receptor antagonizing
rather than a permanent damage to the
hippocampus, rats that had previously re-
ceived intra-DG/CA3 infusions in the ini-
tial training session were “reconditioned”
(from days 15 to 19) and retested for CPP
on day 22 in a drug-free state after a 1 week
rest in their home cage without any treat-
ment (Fig. 6A). AMPH (1.0 mg/kg) was
paired on days 15, 17, and 19 without in-
tracerebral injection. Rats that received in-
tra-DG/CA3 vehicle expressed CMS and
CPP on day 8 (Fig. 5C) and day 22 (920 *
86 s in the AMPH-paired side vs 487 * 56
s in the saline-paired side) (Fig. 6B).
Moreover, after these additional AMPH
pairings, rats previously treated (on days 1,
3, and 5) with intra-DG/CA3 K-252a and
intraperitoneal AMPH (and failed to ex-
press AMPH-induced CPP on day 8) re-
tained their capacity to learn, and expres-
sion was observed on day 22 CPP (944 =
65 s in the AMPH-paired side vs 486 = 51
s in the saline-paired side) (Fig. 6 B). This
suggests that the effect of the antagonist
was a result of temporary blockade of Trk
receptors but not to permanent damage or
alteration of receptor function. Rats previ-
ously treated with intra-DG/CA3 K-252a
plus intraperitoneal saline and condi-
tioned with 1.0 mg/kg AMPH in the ab-
sence of K-252a on days 15-19 subse-
quently demonstrated CMS (Table 3) and
expressed CPP on day 22 (890 = 84 sin the
AMPH-paired side vs 526 * 77 s in the
saline-paired side) (Fig. 6 B). Therefore, it
seems that blocking the ability of endoge-

nous neurotrophins to activate the hippocampal TrkB receptors
during initial conditioning does not influence the capacity to
acquire future AMPH-induced associations.

We further discriminated the effect of K-252a on AMPH-
induced CPP expression (after the memory developed) from the
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Figure2. Immunohistochemical staining for TrkB in hippocampal subfields (CA3 and DG) and the shell region of the NAc (NAc
shell) was upregulated after AMPH-induced CPP and CMS. A, Areas used for IH quantification are indicated with square boxes.
Stereotaxic maps were adapted from Paxinos and Watson (1998). B, Representative photomicrographs of TrkB staining in DG and
(A3 hippocampal subfields and in the NAc shell taken from rats treated with saline, delayed pairing (DP), and 0.3 and 1.0 mg/kg
AMPH. Scale bars are as indicated. C, TrkB-like immunoreactivity in CA3 and DG subfields was increased in the rats showing
AMPH-induced CPP. In the NAc shell, TrkB level was elevated only in the rats treated with the higher dose (1.0 mg/kg) of AMPH.
The integrated density quantification of TrkB staining for the corresponding regions is shown in B. Three consecutive slices from
the locations illustrated in A were averaged (see Materials and Methods). For the CA3 and DG, paired ¢ test evaluations were not
different for sections taken from bregma, —2.8 and —4.1 mm; thus, these were averaged for each rat for additional analysis (as
shownin (). Data are shown as mean == SEM for each group. Data from one-way ANOVA are as follows: DG: F 3 ;,) = 9.871,p =
0.0006; CA3: F 3 17, = 7.588, p = 0.0026; NAc shell: F 5 ;) = 4.845, p = 0.012. Data from the post hoc Newman—Keuls test are
as follows: *p << 0.05, ¢ = 3.432-4.862; **p < 0.01, g = 4.951-6.540.

acquisition phase. To do so, we used a group of rats (n = 6) that
failed to express CPP on day 8 after conditioning with intra-DG
K-252a plus intraperitoneal AMPH (on days 1-5) but that did
express CPP on day 22 after reconditioning with AMPH alone
(from days 15 to 19) (Figs. 5C, 6 B, diagonal filled bars). These rats
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Figure 3.  Insitu hybridization staining for TrkB mRNA in the DG of the hippocampus. Rep-
resentative photomicrographs are shown. The corresponding bar graph illustrates that TrkB
mRNA was upregulated after AMPH (1.0 mg/kg)-induced CPP. Data are shown as mean den-
sity == SEM for each group. Student’s t test and values are expressed as percentage of controls.
*p < 0.01; 1) = 3.483; p = 0.0059.

received the same intra-DG/CA3 dose of the Trk antagonist
K-252a on day 23 immediately before being subjected to the CPP
test (no systemic injections were administered). These rats ex-
pressed CPP, even when K-252a was present in the brain, spend-
ing significantly more time on the drug-paired side (982 = 78 s)
compared with the saline-paired side (427 = 46 s) (p < 0.01,
paired t test). Although additional studies are needed with, for
example, proper intra-DG vehicle, the findings suggest that Trk
receptors in the DG/CA3 are involved in development but not
expression of AMPH-induced CPP.

Discussion

Dose-effect evaluations of AMPH on behavior and

TrkB expression

CMS and CPP develop when a psychostimulant is repeatedly
administered in the context of a specific environment (Segal and
Mandell, 1974; Wise et al., 1976; Segal et al., 1981; Vezina and
Stewart, 1984; Robinson and Becker, 1986; Gold et al., 1988). In
laboratory rats, these behavioral outcomes share many common
neuronal features and thus it has been argued that these two
behaviors represent adaptations in common brain substrates (for
review, see Robinson and Berridge, 2000; Vanderschuren and
Kalivas, 2000). The current study revealed that TrkB is differen-
tially expressed in rats showing CPP only, versus those that also
exhibit CMS, which adds to the growing body of evidence that
distinguishes the two (Swerdlow and Koob, 1984; Hemby et al.,
1992; Olmstead and Franklin, 1994; Rademacher et al., 2006).
First, we observed pharmacological differences; three repeated
injections of 0.3 mg/kg AMPH were sufficient to induce CPP,
without inducing a sensitized motor response as assessed by sev-
eral indices of motoric function. We determined that a higher
dose, 1.0 mg/kg, retained the capacity to induce CPP and also was
sufficient to induce CMS. Second, we observed differences in
neuroanatomical substrates associated with these behaviors (i.e.,
the Trk receptor for neurotrophic factors was uniquely upregu-
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Figure 4. Intracerebral injection sites. A, Photomicrographs of Nissl-stained coronal brain
sections showing cannulas (white arrows) and injector tips (black arrows). The left and middle
panels show the DG in low and high magnification, respectively. The right panel shows the
overlying cortex (Ctx; low magpnification). B, lllustration of the injector tip location for all intra-
cerebral sites tested. Sterotaxic maps were adapted from the atlas of Paxinos and Watson
(1998). The numbers refer to the coronal locale of the section, in millimeters relative to bregma.
In the left maps, the injector tip location from rats receiving intra-DG/CA3 (DG) K-252a followed
by intraperitoneal 1.0 mg/kg AMPH are llustrated (O; n = 14). In the right maps, the following
controlsareillustrated: A, intra-DG vehicle with intraperitoneal 1.0 mg/kg AMPH (n = 10); ],
intra-DG K-252a with intraperitoneal saline (n = 8); <, intra-cortex K-252a with intraperito-
neal 1.0mg/kg AMPH (n = 5). Thessites injected in each treatment group overlapped, revealing
that similar regions were evaluated.

lated in the DG/CA3 hippocampal subfields during the learning
processes engendered by the low dose of AMPH, but this drug
effect did not occur in the absence of learning resulting from
temporally separating the conditioned and unconditioned stim-
uli). Moreover, changes did not occur in the NAc until the high,
motor-enhancing dose of AMPH was used. The results show that
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Figure 5.  Development of AMPH-induced CMS and CPP require hippocampal Trk receptors.
A, Timeline of intracerebral and systemic drug treatments and the behavioral paradigms. On
AMPH-conditioning days 1,3, and 5, the tyrosine kinase inhibitor K-252a (25 ng/0.5 wl 0f 25%
DMSQin saline perside) or its vehicle was infused intracerebrally into the DG/CA3 (DG) or cortex
immediately before each systemic injection (1.0 mg/kg AMPH or saline), and rats were placed
into the activity chambers. B, C, Intracerebral injections listed are those given on days 1,3, and
5; vehicle was 25% DMSO in saline. Data are presented as mean == SEM. *p < 0.0125; **p <
0.0025; two-tailed paired t test (c value was Bonferroni adjusted to 0.0125). B, Horizontal
activity. AMPHinduced CMSinrrats pretreated with intra-DG vehicle or intra-cortex K-252a. Rats
pretreated with intra-DG K-252a failed to develop AMPH-induced CMS. DG K-252a with intra-
peritoneal saline, f;, = 1.089, p = 0.3124; DG vehicle with intraperitoneal AMPH, ¢, =
3.374,p = 0.0082; DGK-252ain the DG with intraperitoneal AMPH, t ;3 = 1.118,p = 0.2838;
cortex K-252a in the cortex with intraperitoneal AMPH, t ,, = 3.836, p = 0.0105. , CPP. Rats
conditioned with intra-DG K-252a before AMPH intraperitoneally on days 1, 3, and 5 failed to
express AMPH-induced CPP on the test day (day 8), whereas CPP remained intact in rats condi-
tioned with intra-DG vehicle or intra-cortex K-252a. DG K-252a with intraperitoneal saline,
t;y=0.1284,p = 0.9014; DGvehicle with intraperitoneal AMPH, t,) = 4.425,p = 0.0017; DG
K-252a with intraperitoneal AMPH, t;5) = 0.4129, p = 0.6864; cortex K-252a with intraperi-
toneal AMPH, ¢, = 5.096, p = 0.0070. .c., Intracerebral; i.p., intraperitoneal; Ctx, cortex.

low doses of AMPH can result in TrkB increases in the hippocam-
pus along with CPP expression, an index of conditioned reward
value (Bardo and Bevins, 2000), independent of overt motor ef-
fects. These results thus indicate that drug reward induced by
such low AMPH doses (Gaiardi et al., 2001) appears to be distinct
from TrkB changes in the accumbens, likely resulting from
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Figure 6.  The capacity to acquire learned associations recovered in rats that did not show

AMPH-induced conditioning with intrahippocampal injections of the Trk antagonists K-252a.
The data show that effects of K-252a were attributable to antagonizing hippocampal TrkB
receptors during AMPH conditioning but not any permanent damage to the brain region. 4,
Timeline of treatment and behavioral paradigms. B, K-252a (25 ng/0.5 wl) did not affect the
capacity of the animal to acquire AMPH-induced place learning after antagonist was no longer
present in the brain. After “retraining,” rats spent more time on the AMPH-paired side in all
three groups regardless of the drug treatment history in the first training session (days 1-5). For
all experiments, data are presented as mean == SEM. *p << 0.0167, **p << 0.003 [two-tailed
paired t test (v value was Bonferroni adjusted to 0.0167)]. Rats with a history of intra-DG
K-252a with intraperitoneal saline, t,5) = 3.731, p = 0.0141; intra-DG vehicle with intraperi-
toneal AMPH, o) = 3.216, p = 0.0105; intra-DG K-252a with intraperitoneal AMPH, t ;) =
4.176,p = 0.0011.

changes in monoaminergic transmission that bypass accumbal
TrkB signaling. Whereas drug-associated learning or condition-
ing may uniquely involve the hippocampus. The latter possibility
was explored further in the final experiment, in which we dem-
onstrated that AMPH-mediated induction of both forms of con-
ditioning (i.e., CPP and CMS) required activation of Trk recep-
tors in the DG/CA3, thus providing a plausible mechanism
underlying the ability of AMPH to engender conditioned
responding.

Role of the Trk system in drug-induced

context-dependent behaviors

The current study demonstrated that Trk receptors in the hip-
pocampus are critical for context-dependent associative learning.
Neurotrophic factors and their cognate Trk receptors are essen-
tial to learning and memory (Tyler et al., 2002; Purcell and
Carew, 2003). The disruption of AMPH-induced context-
dependent behaviors with intra-DG infusions of the Trk antago-
nist K-252a during acquisition of drug/context associations indi-
cates the hippocampal Trk system is critical for this type of
learning. This effect was reversible, because CPP and CMS were
established with AMPH reconditioning when the antagonist
was no longer present in the system. Together, these studies
provide strong evidence that the acquisition of conditioned
learning and the development of a conditioned motoric re-
sponse to AMPH require the neurotrophic receptor activation
in the hippocampus.
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Because K-252a is a nonselective Trk receptor antagonist, act-
ing on TrkA, TrkB, and TrkC receptors (Tapley et al., 1992), the
current results from intracerebral injections of K-252a are not
conclusive for an involvement of the TrkB subtype. They are
consistent, however, with our IH demonstration of TrkB upregu-
lation after development of AMPH-induced conditioning. Vari-
ous negative controls (primary omit, blocking peptide, and nor-
mal rabbit IgG), as well as the similar staining pattern obtained as
the antibodies raised on site (Yan et al., 1997), demonstrated the
IH results did not likely reflect nonselective staining of TrkA and
TrkC receptors. Our findings also concur with demonstrations of
BDNF and TrkB involvement in acquisition of other fundamen-
tal forms of associative learning that reflect emotionally laden
stimuli paired with a particular context (e.g., fear conditioning)
(Hall et al., 2000; Rattiner et al., 2004; Ou and Gean, 2006). More-
over, Rattiner et al. (2004) demonstrated that the ability of
K-252a to block associative fear learning mirrored that seen with
a lentiviral vector expressing a dominant-negative TrkB isoform
that is highly specific for TrkB.

Hippocampal circuits and drug-induced associative learning
The present results agree with the well accepted role for the hip-
pocampus in the acquisition of new information, shown both in
rats (Kim and Fanselow, 1992) and humans (Scoville and Milner,
1957). The results also enhance our understanding of the role of
TrkB receptors in neural system dynamics that contribute to
drug-induced associative learning. Abused drugs, such as AMPH,
are thought to serve as an UCS and are rewarding by virtue of
their ability to increase dopamine concentrations in termination
sites of ventral tegmental area projections, such as the NAc (Gold
et al., 1989). Anatomical assessments describe circuits that pro-
vide a means for this “reward message” to be relayed to the blA
and back to the hippocampus (Finch et al., 1986; Jas et al., 2000).
Sensory information regarding environmental context (i.e., the
CS) that is temporally associated with an UCS also is processed in
the hippocampus (Buchel et al., 1999). This reward—context link
is strengthened with repeated CS—UCS pairing and, based on the
present results, likely involves increased expression of TrkB re-
ceptors in the DG/CA3 hippocampal subfields. Activation of
TrkB receptors increases glutamatergic transmission in the hip-
pocampus by increasing the presynaptic glutamate release (Less-
mann, 1998) and postsynaptically by phosphorylating NMDA
receptors (Suen etal., 1997). This promotes NMDA facilitation of
dendritic spine Ca®" influx to enhance intracellular signaling
mechanisms that underlie LTP (Tyler et al., 2002), a putative
cellular mechanism of learning and memory. Changes in TrkB-
mediated neuronal activity alter the strength of hippocampal
outputs that ultimately influence drug/context-dependent be-
haviors; candidate structures include NAc, blA, and VP. Al-
though TrkB did not appear to be critically regulated in these
regions (current study), each region does show increased c-Fos
and synaptophysin with the AMPH-induced CPP/CMS para-
digm used here (Rademacher et al., 2006). Thus, adaptations in
TrkB receptor function in the hippocampus is critical for making
associations between drug UCS and contextual CS, and these
changes engage various other mechanisms of neuroplasticity in
other regions of the limbic circuit to influence the expression of
conditioned behaviors.

Recent electrophysiological investigations of the NAc provide
insight into how alterations in hippocampus drive can bring
about changes in the function of hippocampal-associated struc-
tures. The hippocampus provides inputs to the NAc that contain
glutamate (O’Donnell and Grace, 1995) that regulates dopami-
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nergic transmission in this region (Nicola et al., 2000) and influ-
ences the motor stimulant effects of AMPH (Parkinson et al.,
1999). Hippocampal inputs to the NAc also determine the impact
of glutamatergic influences from other sources, including the
prefrontal cortex (O’Donnell and Grace, 1995; O’Donnell et al.,
1999). Purportedly, the hippocampus imposes a modest depolar-
ization on a subset of NAc medium spiny neurons, moving them
from a hyperpolarized (termed “down”) state to a subthreshold
depolarized (termed “up”) state (O’Donnell et al., 1999), and, in
so doing, makes these accumbal neurons more likely to generate
action potentials in response to synchronous activation of gluta-
matergic afferent inputs from other regions including the pre-
frontal cortex (O’Donnell and Grace, 1995; O’Donnell et al.,
1999; Parkinson et al., 1999; Vorel et al., 2001; Everitt and Rob-
bins, 2005). Upregulation of TrkB receptors would enhance
NMDA-mediated spiking of hippocampal outputs (Suen et al.,
1997), switching more accumbal neurons to their up state, and
thus promote behaviors regulated by the NAc. This line of think-
ing implies that those NAc neurons contacted by hippocampal
neurons that upregulate TrkB with low-dose AMPH in the cur-
rent study are more critically involved in reward mechanisms,
whereas NAc neurons recruited by hippocampal inputs that up-
regulate TrkB only after high-dose AMPH are the NAc neurons
that are more involved in motor function. The notion that both
of these output consequences are initiated via hippocampal TrkB
receptors is supported by our discovery that blocking these recep-
tors is sufficient to antagonize both CMS and CPP, and by impli-
cation, this is accomplished by leaving a significant portion of
NAc cells in down state.

VP (Golmayo et al., 2003) and bIA (Farb and LeDoux, 1999)
neuronal activity also are regulated by hippocampal and cortical
activation, and VP neurons are known to exhibit up and down
states (Lavin and Grace, 1996) similar to that reported for the
NAc. It would be of interest to ascertain hippocampal influences
on these regions mirror that observed for the NAc and whether
these are altered during AMPH-induced CPP/CMS.

In summary, our results indicate that TrkB receptors in the
hippocampus may be one of the common and critical mediators
of the neuronal changes necessary for the induction of both forms
of conditioning. As the hippocampus and its connected circuitry
are profoundly affected by drugs of abuse, it may indeed be that
the synaptic mechanisms regulated by neurotrophic factors and
their cognate receptors underlie long-lasting changes that con-
tribute to the intensity and persistence of the drug memory in the
drug-withdrawn addict.
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