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Cocaine abusers may experience drug craving upon exposure to environmental contexts where cocaine
was experienced. The dorsal hippocampus (DHC) is important for contextual conditioning, therefore the
authors examined the specific role of the DHC in cocaine conditioned place preference (CPP). Muscimol
was used to temporarily inhibit the DHC and was infused before conditioning sessions or tests for CPP
to investigate acquisition and expression of cocaine CPP, respectively. To investigate consolidation, rats
received intra-DHC muscimol either immediately or 6 hr after conditioning sessions. Inhibition of DHC,
but not the overlying cortex, disrupted acquisition and expression of cocaine CPP. It is interesting to note
that there was no effect of postconditioning DHC inhibition. The findings suggest that the DHC is
important for both acquisition and recall, but not consolidation, of context–cocaine associations.
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Stimuli present during drug administration, such as drug para-
phernalia or the environment in which the drug was taken, can
acquire incentive motivational effects that may manifest as drug
craving and may contribute to relapse (Childress, Ehrman, McLel-
lan, & O’Brien, 1988). Drug-paired environmental stimuli are
thought to acquire such incentive motivational effects through
associative processes (Stewart, 1983), and this has been studied in
animals by using the conditioned place preference (CPP) model
(Tzschentke, 1998). To establish CPP, a rewarding unconditioned
stimulus (US), such as food or cocaine, is paired with exposure to
a distinct environment (place), whereas another environment is
paired with saline. During conditioning, the drug-paired environ-
ment acquires incentive motivational effects through association
with drug reward. Subsequently, these effects are reflected as a
shift in preference for the drug-paired environment on the test day
relative to a preconditioning baseline (Bardo & Bevins, 2000).

The dorsal hippocampus (DHC) plays a role in the mechanisms
underlying CPP. For example, we have previously shown that
excitotoxic lesions of the DHC performed prior to conditioning
disrupt cocaine CPP (Meyers, Zavala, & Neisewander, 2003),
consistent with the disruptive effects of preconditioning DHC
lesions on food CPP (Ferbinteanu & McDonald, 2001). Disruption
of cocaine CPP by DHC lesions is unlikely to result from nonspe-
cific behavioral disruption, because we have shown that locomo-
tion during testing for CPP is not altered in lesion animals, sug-
gesting intact exploratory behavior that is needed to express CPP

(Meyers et al., 2003). Nevertheless, the specific role of the DHC in
cocaine CPP remains unclear but could involve disruption of
cocaine reward, the association of reward with the environment,
and/or recall of the association.

Several studies support the notion that the DHC is involved in
reward. For instance, the DHC supports intracranial self-
stimulation (Collier & Routtenberg, 1984; Ursin, Ursin, & Olds,
1966), which is thought to measure central reward pathways. In
addition, microinjection of morphine into the DHC establishes
CPP (Corrigall & Linseman, 1988; Olmstead & Franklin, 1997;
Wise, 1989), suggesting a role for the DHC in morphine reward.
Moreover, inactivation of the dorsal subiculum, a major output
structure of the DHC (Amaral & Witter, 1995), regulates cocaine
self-administration (Black, Green-Jordan, Eichenbaum, & Kantak,
2004), suggesting a role in cocaine reinforcement. Collectively,
these findings suggest the DHC contributes to reward processes.

DHC manipulations are known to alter acquisition of context-
conditioned fear, which, together with findings on acquisition of
CPP, suggests the DHC plays a more general role in learning
associations between a US and the context in which it occurs. For
instance, the hippocampal formation is necessary for aversive
conditioning to contextual, but not discrete, conditioned stimuli
(CSs; Maren, 2001; Phillips & LeDoux, 1992; Selden, Everitt,
Jarrard, & Robbins, 1991). Furthermore, preconditioning manipu-
lations of the DHC disrupt acquisition of contextual fear condi-
tioning (Bast, Zhang, & Feldon, 2003; Kim, Rison, & Fanselow,
1993; Maren, Aharonov, & Fanselow, 1997). For example, either
preconditioning electrolytic lesions of the DHC (Kim et al., 1993)
or infusions of the glutamate N-methyl-D-aspartate (NMDA) re-
ceptor antagonist, MK-801, into the DHC (Bast et al., 2003) prior
to conditioning trials disrupts acquisition of contextual fear con-
ditioning. Preconditioning DHC infusions of dopamine D1 or D2
receptor agonists enhance acquisition of morphine CPP (Rezayof,
Zarrindast, Sahraei, & Haeri-Rohani, 2003), which may reflect
facilitation of learning and/or morphine reward.
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The DHC also serves an important role in consolidation of
context–US associations. In animals, consolidation is typically
studied via postconditioning manipulations given during a period
in which memories progress from short-term to long-term memory
(McGaugh, 2000). Postconditioning DHC manipulations alter con-
solidation of inhibitory avoidance and contextual fear conditioning
(Anagnostaras, Gale, & Fanselow, 2001; Fanselow, 2000; Izqui-
erdo & Medina, 1997; Morris et al., 2003). For example, imme-
diate (� 30 min), but not delayed (6 hr), posttraining infusion of
the gamma-aminobutyric acid (GABA) receptor agonist, musci-
mol, disrupts memory consolidation for inhibitory avoidance train-
ing (Izquierdo et al., 1992; Rossato et al., 2004; Zanatta et al.,
1997). In contrast, manipulations of monoaminergic transmission
in the DHC are ineffective when administered immediately after
training, but delayed postconditioning administration (3 to 6 hr)
produces retrograde memory deficits (Bernabeu et al., 1997; Bev-
ilaqua et al., 1997), suggesting that different neural systems may
be engaged in the DHC during different phases of consolidation
(Morris et al., 2003). The role of the DHC in consolidation of
drug-induced CPP has not yet been explored.

Finally, the DHC has been implicated in processing recall of
context-based memories. In particular, lesions of the DHC made
after conditioning and prior to testing disrupt expression of
context-elicited cocaine-seeking behavior (Fuchs et al., 2005) and
context-conditioned fear (Kim & Fanselow, 1992; Maren et al.,
1997; Maren & Fanselow, 1997). Furthermore, pretest intra-DHC
microinjections of dopamine D1 or D2 receptor antagonists prior
to testing impair expression of morphine CPP (Rezayof et al.,
2003). Thus, an intact DHC is likely necessary for recall of
associations between a US and the contextual CS in which it
occurs.

The purpose of this study was to examine the specific role of the
DHC in cocaine CPP. To this end, the DHC was temporarily
inhibited with an amnestic dose (Zarrindast, Bakhsha, Rostami, &
Shafaghi, 2002) of the GABA-A agonist, muscimol, either prior to
conditioning sessions to examine acquisition, before testing for
cocaine CPP to examine expression of cocaine CPP, or after
conditioning sessions to examine consolidation of cocaine CPP.
Postconditioning DHC inhibition occurred either immediately or 6
hr after each conditioning session.

Method

Subjects

Male Sprague–Dawley rats (Charles River, Raleigh, NC) weighing
275–300 g at the time of surgery were housed individually under a 12:12-hr
light–dark cycle (lights off at 6 a.m.). Behavioral testing was conducted
during the dark cycle. Prior to surgery, rats were acclimated to handling for
at least 5 days. Housing facilities and animal care were in accordance with
the conditions set forth in the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (NIH, 1996).

Surgery

Rats were pretreated with atropine sulfate (10 mg/kg, ip; Sigma, St.
Louis, MO) and then anesthetized 5 min later with Nembutal (50 mg/kg, ip;
Abbot Laboratories, Chicago). Following placement into a stereotaxic
instrument, a midline incision was made through the clean shaven scalp,
the tissue was reflected back, and four small jeweler’s screws were placed
into the skull. With the skull set flat (e.g., bregma level with lambda),

bilateral 23-gauge guide cannula aimed at the DHC (�3.8 AP, �2.5 ML,
�2.5 DV) or overlying cortex (�3.8 AP, �2.5 ML, �0.5 DV) were
implanted and secured to the skull and the screws with dental acrylic.
Coordinates are given relative to bregma and were adapted from previous
work by Holt and Maren (1999) and using the atlas of Paxinos and Watson
(1998). Following surgery, wire stylets were inserted into the guide can-
nula to maintain patency.

Apparatus

Conditioning took place in Plexiglas chambers divided into two equal
compartments (36 � 24 � 30 cm each) by a removable partition. One
compartment had three white walls and a wire mesh floor above pine
shavings. The other compartment had three black walls and a bar-grid floor
above cedar shavings. Fluorescent lights were situated 32 cm above the
black compartment to balance light intensity across the two sides of the
chamber. Previous work from our laboratory has shown that rats do not
express a strong bias for a particular side, with roughly half preferring the
white compartment and half preferring the black compartment (O’Dell,
Khroyan, & Neisewander, 1996). The front wall of both sides of the
apparatus was clear Plexiglas to allow for observation during testing. On
test days, the removable partition was replaced with a partition containing
an opening (8 � 12 cm) to allow free access to both compartments. Each
side of the chambers was equipped with two sets of photobeam emitters
and detectors located 27 cm apart and 3 cm above the floor. During the
acquisition experiment, a computer relay system recorded consecutive
beam breaks, which occurred when rats crossed 27 cm from one side of a
compartment to the other. This measure of locomotion is referred to as
crosses. For expression experiments, the number of times a rat shuttled
from one compartment to the other on the test day (i.e., crossovers) was
used as a measure of locomotion.

Baseline Preference

Baseline preferences were assessed in a series of three daily tests where
rats were placed into one of the compartments (half in white and half in
black) and given free access to both sides of the apparatus for 15 min. Entry
into a compartment was operationally defined as the rats’ two front paws
touching the floor of the respective compartment. The amount of time rats
spent in each compartment was averaged across tests, and the side in which
rats spent the least amount of time on average was designated as the rats’
initially nonpreferred side.

Microinjection Procedure

Rats were habituated to the microinjection procedure 24 hr after their
last baseline preference test (i.e., Day 4). A 30-gauge injection cannula was
placed into each of the bilateral guide cannulas to a depth 1–2 mm beyond
the tip of the guide. Injection cannulas were connected via polyethylene-10
tubing to 10 �l Hamilton syringes mounted on a syringe pump (World
Precision Instruments, Sarasota, FL). Once the injection cannulas were
inserted, 0.6 �l phosphate-buffered saline (PBS) was infused over 1 min.
Movement of a small air bubble in the tubing to the appropriate distance
was used to verify that the accurate volume had been infused. The injection
cannulas were left in place for an additional minute after infusion to allow
for diffusion away from the tip. Following successful infusion, injection
cannulas were removed and replaced with wire obturators, and the rat was
returned to its home cage. The same microinjection procedure was used
during other phases of the experiments to deliver infusions of either vehicle
or muscimol.

Conditioning

Conditioning began 48 hr after habituation to the microinjection proce-
dure. Conditioning took place in four sessions on Days 6, 8, 10, and 12
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with a rest day intervening on Days 7, 9, 11, and 13. On Day 6, half of the
rats received either an injection of cocaine-HCl (15 mg/kg ip; RTI Inter-
national, Research Triangle Park, NC) immediately prior to placement into
their initially nonpreferred (i.e., drug-paired) side, and half received an
equal volume of saline (1 ml/kg) prior to placement into their initially
preferred side. Rats remained confined to the compartments for 30 min.
Day 7 was a rest day during which rats were left undisturbed in their home
cage, except for brief handling. On Day 8, rats received the opposite
treatment from Session 1 (i.e., those that received cocaine paired with their
nonpreferred environment received saline paired with their preferred en-
vironment, etc.). Day 9 was another rest day. This exact same sequence
was repeated across Days 10–13. Rest days occurred between the four
conditioning days in order to reduce possible residual effects of repeated
intracranial injections of muscimol. Cocaine was paired with the rats’
initially nonpreferred side in order to increase sensitivity for detecting a
shift in preference. It is important to note that CPP in controls was evident
as � 50% (� 450 s) of the total test time spent in the cocaine-paired side
on average, suggesting a true preference for the drug-paired side. Thus
disruption of acquisition and expression of CPP reported herein reflects a
reduction in preference.

CPP Test

On Day 14, CPP was assessed by allowing rats free access to both sides
of the apparatus for 15 min. Entry into a compartment was operationally
defined as the rats’ two front paws touching the floor of the compartment,
and time spent in each side of the chamber was recorded by an observer
blind to the rats’ treatment conditions. Most of the rats were retested for
CPP on Days 17 and 20 with rest days between these tests.

Specific Experiments

Table 1 presents an outline of the specific manipulations performed to
investigate acquisition, consolidation, and expression of cocaine CPP in
this study. A high, amnestic dose of muscimol (Zarrindast et al., 2002) was
used to temporarily inhibit neurotransmission in the DHC in each experi-
ment. Although this technique may not affect all neurons within the
infusion area, it offers the advantage that inhibition is temporary, thereby
allowing us to target specific processes that occur at different times
(Martin, 1991; Martin & Ghez, 1999).

Effects of Presession DHC Inhibition on Acquisition of
Cocaine CPP

Rats were randomly assigned to groups that received either vehicle (n �
11) or muscimol (1 mg/0.6 ml; n � 10) infusions into the DHC prior to
each of the four conditioning sessions. Rats were first tested for baseline
preference and habituated to microinjection as described previously. The
conditioning procedure began the following day. Rats received their as-
signed infusion pretreatment 15 to 25 min prior to their cocaine and saline
treatments, the latter of which preceded placement into the appropriate
compartment of the apparatus. Forty-eight hr after completing the condi-
tioning procedure, rats were tested for CPP.

Effects of Pretesting Inhibition of the DHC on Expression
of Cocaine CPP

Rats from the previous experiment examining the effects of precondi-
tioning DHC inhibition that had been assigned to the vehicle pretreatment
group and that exhibited CPP on the test day (� 450 s in the drug-paired
side) were used in this experiment (n � 8). On Day 17, all of these rats
were pretreated with muscimol (1 mg/0.6 ml), and then retested for CPP
15–25 min later. On Day 20, the rats were pretreated with vehicle (0.6 ml)

microinjected into the DHC, and were then tested a third time for CPP 15
to 25 min later.

Effects of Postsession Inhibition of the DHC on
Consolidation of Cocaine CPP With 30-min Conditioning
Sessions

Rats were randomly assigned to groups that received bilateral vehicle
(n � 7–8) or muscimol (1 �g/0.6 �l; n � 8–9) infusions into the DHC
within 3 min (referred to as immediate) or 6 hr after completing the 30-min
session on each conditioning day. Microinjection procedures were per-
formed in a different room located close to the colony room. Following
microinjection, rats were returned to their home cages in the colony.
Except for the timing of the microinfusion, the procedures in this experi-
ment were identical to our previous experiment investigating the effects of
preconditioning DHC inhibition on acquisition of cocaine CPP. Immediate
or 6-hr delayed infusions were selected because we had predicted that
immediate, but not 6-hr delayed, infusion of muscimol would disrupt
consolidation, which is consistent with previous research that has used
DHC muscimol infusions to examine inhibitory avoidance (Izquierdo et al.,
1992).

Effects of Postsession Inhibition of the DHC on
Consolidation of CPP With 15-min Conditioning Sessions

Because postsession inhibition of the DHC in the previous experiment
failed to affect acquisition of cocaine CPP, this experiment tested whether
involvement of the DHC in consolidation of cocaine CPP is more time
limited (i.e., occurs early during the conditioning session). If this is the
case, then our manipulation must occur earlier in order to disrupt consol-
idation. Thus, in this experiment, conditioning sessions lasted only 15 min.
This time frame, and not shorter time frames, was elected due to previous
work demonstrating that strength of conditioning for cocaine CPP is
reduced by conditioning sessions lasting less than 30 min (Bardo, Rowlett,
& Harris, 1995). Within 3 min after these 15-min sessions, rats were
microinjected bilaterally with either vehicle (PBS, 0.6 ml; n � 9) or
muscimol (1 mg/0.6 ml; n � 7) as described previously. Rats were placed
into their home cages and returned to the colony following microinjection.
All other procedures were identical to the previous experiment.

Replication of the Effects of Pretesting Inhibition of the
DHC on Expression of Cocaine CPP as a Manipulation
Check

Because muscimol treatment after a 15-min conditioning session failed
to affect acquisition of cocaine CPP, as a manipulation check we examined
whether these same rats pretreated with muscimol prior to testing would
fail to express CPP as demonstrated previously. Rats from our previous
experiment that exhibited CPP for the drug-paired side on their test day
(� 450 s) were used as subjects in this experiment (n � 8) and received
microinjections of vehicle or muscimol counterbalanced for order prior to
retesting for CPP. Seventy-two hours after their initial CPP test, half of the
rats were microinjected with vehicle (PBS; 0.6 �l) and half were micro-
injected with muscimol (1 �g/0.6 �l) 15–25 min prior to retesting for
expression of CPP. Seventy-two hr later, rats were retested a second time
for CPP following the pretreatment opposite to that given on the previous
test.

Effects of Presession Inhibition of the Cortex Overlying
the DHC on Acquisition of Cocaine CPP

To determine the anatomical specificity of results observed in the
acquisition experiment, we examined the effects of preconditioning inhi-
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bition of the cortex overlying the DHC on acquisition of cocaine CPP. Rats
were randomly assigned to groups that received either vehicle (n � 10) or
muscimol (1 �g/0.6 �l; n � 12) infused bilaterally into the cortex over-
lying the DHC 15–25 min prior to placement into the apparatus for each
conditioning session. They were then conditioned and tested by using the
same procedures as previous experiments.

Effects of Pretesting Inhibition of Cortex Overlying the
DHC on Expression of Cocaine CPP

To determine the anatomical specificity of results observed in the
expression experiment, we compared the effects of pretesting inhibition of
the cortex overlying the DHC or the DHC itself on expression of cocaine
CPP. Rats underwent the conditioning procedure described previously and
received infusions prior to each session. Those exhibiting CPP for the
cocaine-paired environment on their test day (� 450 s) were used as
subjects in this experiment (n � 10). Seventy-two hr after their initial CPP
test, half of the rats were pretreated with muscimol (1 �g/0.6 �l) micro-
injected into the DHC, and half were pretreated with muscimol (1 mg/0.6
�l) infused into the overlying cortex 15–25 min prior to retesting for
expression of CPP. Seventy-two hr after this second test, rats were retested
a third time for expression of CPP following the pretreatment opposite to
that given on the previous test. The site of infusion was achieved by
lowering the injection cannulas to the appropriate depth.

Data Analysis

CPP was defined as a significant increase in time spent in the drug-
paired side postconditioning relative to preconditioning baseline. For ac-
quisition experiments, time spent in the drug-paired side was analyzed by
using a 2 � 2 mixed factor analysis of variance (ANOVA) with treatment
condition (vehicle/muscimol) as a between-subjects factor and baseline
versus test day as a within-subjects factor. In our experiment investigating
the effects of immediate and 6-hr delayed postsession DHC inhibition on
consolidation, we analyzed data by using a 2 � 2 � 2 mixed factor
ANOVA with treatment condition (vehicle/muscimol) and inhibition time
(immediate/6-hr delay) as between-subjects factors and baseline versus test
day as a within-subjects factor. Locomotor activity crosses during condi-
tioning sessions in our first experiment, defined as consecutive photobeam
breaks, were analyzed by using a 2 � 2 ANOVA with pretreatment
condition (vehicle/muscimol) as a between-subjects variable and crosses
following saline versus cocaine administration as a within-subjects vari-
able. For expression experiments, we analyzed time spent in the drug-
paired side and number of crossovers between compartments during the
test for CPP by using a one-way repeated measures ANOVA of day
(baseline, initial expression test, muscimol test, vehicle test). Post hoc
Tukey’s tests were conducted to further analyze significant main effects
and interactions.

Histology

Cannula placement was determined from coronal, cresyl violet-stained
40 �m sections by an experimenter blind to the rats’ behavioral
performance.

Results

Histology

Figure 1A illustrates representative cannula placements in the
DHC and panel B illustrates the boundaries of correct cannula
placements in the targeted structure, represented by the shaded
areas. Only rats with both cannula tips located in the targeted
structure were included in the data analyses, with the exception of

one control rat assigned to the vehicle conditions in both the
preconditioning and postconditioning (30-min sessions) DHC in-
hibition experiments, for which correct placement was unilateral
with the other placement just above the dorsal border of the DHC.
All ns reported previously are final ns based on the results of
histology.

Effects of Presession DHC Inhibition on Acquisition of
Cocaine CPP and Locomotion

A repeated measures ANOVA of time spent in the drug-paired
side for rats receiving intra-DHC infusions of muscimol or vehicle
prior to each conditioning session revealed a significant main
effect of day, F(1, 19) � 21.44, p � .05, and a Day � Treatment
interaction, F(1, 19) � 6.81, p � .05. Post hoc Tukey’s tests
showed that there were no group differences at baseline in the time
spent in the drug-paired side, but during testing for CPP the
vehicle-pretreated group spent more time in the drug-paired side
relative to the muscimol-pretreated group ( p � .05). Furthermore,
only vehicle-pretreated rats exhibited an increase in time spent in
the drug-paired side on the test day relative to baseline ( p � .05).
These results indicate that presession muscimol administration
disrupts acquisition of cocaine CPP (see Figure 2A).

A repeated measures ANOVA of locomotor activity during
conditioning sessions in this experiment indicated an effect of
cocaine, F(1, 19) � 42.61, p � .05, but no Cocaine � Pretreatment
interaction. These results indicate that cocaine increased locomo-
tion and muscimol pretreatment prior to conditioning sessions
failed to alter locomotion (see Figure 2B).

Figure 1. (A) Photomicrograph of a coronal, cresyl violet-stained section
illustrating representative cannula placement into the dorsal hippocampus
(DHC) and (B) schematic representation of acceptable areas of cannula
placements in the DHC (solid black) and cortex (gray scale). Numbers
indicate mm of each section from bregma according to the atlas of G.
Paxinos and C. Watson, The Rat Brain in Stereotaxic Coordinates (4th
ed.). Copyright 1986 by Elsevier. Adapted with permission.
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Effects of Pretesting Inhibition of the DHC on Expression
of Cocaine CPP and Locomotion

A repeated measures ANOVA of time spent in the drug-paired
side in rats receiving intra-DHC infusions prior to the CPP test
revealed a significant main effect of test day, F(3, 21) � 22.09,
p � .05, on expression of CPP. Post hoc Tukey’s tests indicated
that relative to the initial, drug-free test for CPP, muscimol pre-
treatment prior to testing for CPP decreased the amount of time
spent in the drug-paired side ( p � .05), whereas vehicle pretreat-
ment prior to testing failed to alter the amount of time spent in the
drug-paired side (see Figure 3A). Further post hoc tests revealed
that time spent in the drug-paired side during both the first test for
CPP and the vehicle-pretreatment test for CPP differed signifi-
cantly from baseline, whereas there was no difference from base-
line on the muscimol pretreatment test day ( p � .05). A repeated

measures ANOVA of crossovers between compartments during
testing for CPP revealed no effect of test day on locomotion (see
Figure 3B).

Effects of Postsession Inhibition of the DHC on
Consolidation of Cocaine CPP Using 30-min or 15-min
Conditioning Sessions

A repeated measures ANOVA of time spent in the drug-paired
side for rats undergoing 30-min conditioning sessions followed
immediately or 6 hr later by intra-DHC infusions revealed a
significant main effect of test day, F(1, 28) � 36.57, p � .05, but
no Day � Treatment, Day � Time, or Day � Treatment � Time
interactions. Similarly, a repeated measures ANOVA of time spent
in the drug-paired side for rats undergoing 15-min conditioning
sessions followed immediately by intra-DHC infusions revealed a

Figure 2. Effects of presession dorsal hippocampus (DHC) inhibition on
(A) acquisition of cocaine conditioned place preference (CPP) and (B)
cocaine-induced locomotion during conditioning. Values represent M �
SEM. Respective muscimol (1 �g/0.6 �l; n � 10) and vehicle (n � 11)
infusions occurred 15–25 min prior to all four conditioning sessions.
Asterisks represent a significant difference from (A) respective baseline
value or (B) saline condition ( p � .05, Tukey’s test). The plus sign
represents a significant difference from respective vehicle control ( p � .05,
Tukey’s test).

Figure 3. Effects of pretesting inhibition of the dorsal hippocampus DHC
on (A) expression of cocaine conditioned place preference (CPP) and (B)
crossovers during testing. Values represent M � SEM. Rats (n � 8) were
tested three times for cocaine CPP with at least 3 rest days between tests.
There was no pretreatment given prior to the initial test for CPP. On the
second and third tests for CPP, rats received muscimol (1 �g/0.6 �l)
infusions or vehicle infusions, respectively, 15–25 min prior to testing.
Asterisks represent a significant difference from baseline value ( p � .05,
Tukey’s test). The pound sign represents a significant difference from both
the initial and vehicle-pretreatment tests for expression of cocaine CPP
( p � .05, Tukey’s test).
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significant main effect of test day, F(1, 14) � 17.43, p � .05, but
no Day � Treatment interaction. In both experiments, rats exhib-
ited an increase in time spent in the drug-paired side on the test day
relative to preconditioning baseline, regardless of DHC treatment
or time of treatment (see Figure 4).

Replication of the Effects of Pretesting Inhibition of the
DHC on Expression of Cocaine CPP

A repeated measures ANOVA of time spent in the drug-paired
side in rats receiving intra-DHC infusions prior to testing revealed
a significant main effect of test day, F(3, 21) � 10.44, p � .05, on
expression of CPP. Post hoc Tukey’s tests indicated that muscimol
pretreatment on the test day decreased the amount of time spent in
the drug-paired side relative to the initial, drug-free test for CPP,
whereas the vehicle pretreatment did not alter CPP ( p � .05).
Further post hoc tests revealed that both the initial test for CPP and
vehicle-pretreatment test for CPP differed significantly from base-
line, whereas the muscimol-pretreatment test day did not differ
from baseline ( p � .05). These results replicate our previous
findings that muscimol pretreatment disrupts expression of cocaine
CPP (see Figure 5).

Effects of Presession Inhibition of the Cortex Overlying
the DHC on Acquisition of Cocaine CPP

A repeated measures ANOVA of time spent in the drug-paired
side in rats receiving intracortical infusions prior to conditioning
sessions revealed a significant main effect of test day, F(1, 20) �
63.89, p � .05, but no Day � Treatment interaction. Rats exhibited
a significant increase in time spent in the drug-paired side on the
test day relative to preconditioning baseline, regardless of cortex
pretreatment. These results indicate that muscimol microinjected
into the cortex overlying the DHC prior to conditioning sessions
fails to disrupt acquisition of cocaine CPP (see Figure 6).

Effects of Pretesting Inhibition of the Overlying Cortex on
Expression of Cocaine CPP

A repeated measures ANOVA of time spent in the drug-paired
side in rats receiving intracranial infusions prior to testing revealed
a significant main effect of test day, F(3, 27) � 8.67, p � .05, on
expression of CPP. Post hoc Tukey’s tests indicated that, relative
to the initial test for CPP, muscimol inhibition of the DHC de-
creased the amount of time spent in the drug-paired side ( p � .05),
whereas similar pretreatment to the overlying cortex failed to alter
expression of CPP. These results demonstrate that inhibition of the
DHC, but not overlying cortex, disrupts expression of cocaine CPP
(see Figure 7).

Discussion

The present study is the first to examine the specific role of the
DHC in processes related to learning and memory for cocaine
CPP. The findings suggest a role for the DHC in acquisition and
expression, but not consolidation, of cocaine CPP. Preconditioning
DHC inhibition disrupted acquisition of cocaine CPP (Figure 2A),
an effect anatomically specific to the DHC because inhibition of
the overlying cortex failed to produce an effect (see Figure 6).

DHC inhibition did not affect cocaine-induced locomotion during
conditioning (Figure 2B), suggesting the disruption of cocaine
CPP was not due to a nonspecific motor effect. Pretesting DHC

Figure 4. Effects of (A) immediate or (B) 6-hr postsession dorsal hippocam-
pus (DHC) muscimol (1 �g/0.6 �l; n � 8–9) or vehicle (n � 7–8) infusions
with 30-min conditioning sessions or immediate postconditioning DHC mus-
cimol (1 �g/0.6 �l; n � 7) or vehicle (n � 9) infusions following 15-min
conditioning sessions (C) on consolidation of cocaine conditioned place pref-
erence (CPP). Asterisks represent a significant difference between baseline and
postconditioning tests ( p � .05; ANOVA main effect).
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inhibition disrupted expression of cocaine CPP (Figures 3A and 5),
an effect not likely due to changes in exploratory activity because
rats exhibited similar numbers of crossovers between compart-
ments on test days regardless of drug pretreatment (Figure 3B).
The disruptive effect of DHC inhibition on expression of cocaine
CPP was anatomically specific to the DHC because, in the same

rats, inhibition of the overlying cortex prior to testing failed to
disrupt expression of CPP (see Figure 7). Given our selection of
pharmacological inhibition rather than a histologically verifiable
lesion, it is difficult to estimate the extent of DHC inhibition
produced by our infusion parameters. However, recent evidence
has shown that a similar volume of muscimol (0.5 �l) infused into
the DHC spreads roughly 2 mm rostro-caudally through the struc-
ture, with some spread into the overlying cortex but not into the
ventral hippocampus or thalamus (Corcoran, Desmond, Frey, &
Maren, 2005). Thus, this evidence and our finding that inhibition
of the cortex fails to produce effects similar to DHC inhibition
supports the idea that disruption of acquisition and expression is
due to impaired function of the DHC. Postsession DHC inhibition
immediately following either 30-min or 15-min conditioning ses-
sions or 6 hr after 30-min conditioning sessions did not affect
acquisition (see Figure 4); thus, the present study failed to find
evidence that the DHC is necessary for consolidation of cocaine
CPP.

The effects of preconditioning DHC inhibition on acquisition in
the present study extend our previous findings demonstrating
disruption of cocaine CPP through the use of preconditioning
excitotoxic DHC lesions (Meyers et al., 2003). The present find-
ings are complementary to those observed with manipulation of
dopaminergic neurotransmission prior to conditioning sessions for
morphine CPP, which indicate that stimulation of either D1 or D2
dopamine receptors in the DHC facilitates acquisition of morphine
CPP (Rezayof et al., 2003). Collectively, these results suggest an
important role for the DHC in the acquisition of drug-induced
CPP. This role may involve disruption of reward because the DHC
regulates cocaine self-administration (Black et al., 2004), supports
intracranial self-stimulation (Olds, 1969), and supports CPP estab-

Figure 5. Replication of the effects of pretesting inhibition of the dorsal
hippocampus (DHC; 1 �g/0.6 �l muscimol) on expression of cocaine
conditioned place preference (CPP) in rats that had exhibited cocaine CPP
in the previous experiment. Rats (n � 8) were tested three times for cocaine
CPP with 3 rest days between tests. No pretreatment was given prior to the
initial test for CPP. For the second and third tests for CPP, rats received
muscimol (1 �g/0.6 �l) infusions or vehicle infusions, 15–25 min prior to
testing in a counterbalanced order. Asterisks represent a significant differ-
ence from baseline ( p � .05, Tukey’s test). The pound sign represents a
significant difference from both the initial and vehicle-pretreatment tests
for expression of cocaine CPP ( ps � .05, Tukey’s tests).

Figure 6. Effects of presession muscimol (1 �g/0.6 �l; n � 12) or
vehicle (n � 10) infusions into the cortex overlying dorsal hippocampus
DHC on acquisition of cocaine conditioned place preference (CPP). Infu-
sions occurred 15–25 min prior to each conditioning session. The asterisk
represents a significant difference from respective baseline ( p � .05,
Tukey’s test).

Figure 7. Effects of pretesting inhibition of either the overlying cortex or
dorsal hippocampus (DHC) on expression of cocaine conditioned place
preference CPP. Rats (n � 10) were tested three times for CPP with at least
3 rest days between tests. No pretreatment was given prior to the initial test
for CPP. For the second and third tests for CPP, rats received muscimol (1
�g/0.6 �l) infusions into either the DHC or the cortex 15–25 min prior to
testing in a counterbalanced order. Asterisks represent a significant differ-
ence from baseline value ( p � .05, Tukey’s test). The pound sign repre-
sents a significant difference from both the initial and the cortex inhibition
tests for expression of cocaine CPP ( ps � .05, Tukey’s tests).
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lished with localized administration of morphine (Corrigall &
Linseman, 1988; Olmstead & Franklin, 1997; Stevens, Shiotsu, &
Stein, 1991; Wise, 1989). Alternatively, the DHC may be involved
in forming the association between cocaine reward and the drug-
paired environment, which is necessary for the environment to
acquire incentive motivational effects, and thereby, elicit prefer-
ence in the absence of the drug. This explanation is in accordance
with previous literature demonstrating DHC involvement in con-
textual CS–US associations established with aversive USs (Bast et
al., 2003; Kim et al., 1993; Maren, Aharonov, & Fanselow, 1997;
Sacchetti, Lorenzini, Baldi, Tassoni, & Bucherelli, 1999).

Deficits in expressing cocaine CPP following pretesting DHC
inhibition are consistent with previous findings demonstrating that
pretesting microinjections of dopamine antagonists into the DHC
disrupt expression of morphine CPP. Thus, dopamine in the DHC
may mediate expression of morphine CPP (Rezayof et al., 2003)
and similar dopaminergic mechanisms may be involved in expres-
sion of cocaine CPP. Collectively, these findings are consistent
with earlier studies suggesting a role for the hippocampus in
cocaine-seeking behavior motivated by cocaine-associated explicit
and contextual stimuli (Neisewander et al., 2000) or stimulation of
hippocampus itself (Vorel, Liu, Hayes, Spector, & Gardner, 2001).
In addition, recent evidence has shown that DHC inactivation
disrupts contextual, but not explicit cue or cocaine-primed rein-
statement of cocaine-seeking behavior (Fuchs et al., 2005). In
contrast, explicit cue reinstatement of cocaine-seeking behavior is
disrupted by inactivation of the ventral subiculum of the hip-
pocampal formation (Sun & Rebec, 2003). Collectively, these
findings suggest that the DHC is involved in expression of drug-
conditioned effects established with contextual stimuli, whereas
the ventral hippocampus may be involved in conditioned effects
established with explicit drug-paired stimuli.

A likely explanation for the effects of DHC inhibition prior to
testing is impaired recall of previous contextual CS–US associa-
tions. Consistent with this explanation, pretesting DHC lesions
impair conditioned freezing to a contextual, but not an explicit, CS
(Kim & Fanselow, 1992; Maren et al., 1997; Matus-Amat, Hig-
gins, Barrientos, & Rudy, 2004). These findings implicate a role
for the DHC in the recall of contextual conditioning and suggest
that during expression of cocaine CPP, the DHC mediates retrieval
of the context-cocaine reward association.

It is unlikely that the effects of DHC inhibition on expression of
cocaine CPP were caused by extinction due to repeated testing
(Bardo, Neisewander, & Miller, 1986) because repeated testing
following cortex inhibition or vehicle pretreatment failed to affect
expression of CPP (Figures 3A, 5, and 7) and cocaine CPP in our
laboratory is highly resistant to extinction (Fuchs, Weber, Rice, &
Neisewander, 2002; Zavala, Weber, Rice, Alleweireldt, & Neise-
wander, 2003). The effects of pretesting DHC inhibition are also
not likely the result of behavioral disruption because the number of
crossovers on the test day was similar across groups, suggesting
intact exploratory behaviors during CPP testing (Figure 3B). Pre-
testing DHC inhibition may have interfered with the incentive
motivational effects of the cocaine-paired environment that under-
lie approach behaviors during testing (Bardo & Bevins, 2000).
However, this possibility is mitigated by previous findings that
suggest the amygdala, and not the hippocampus, processes stim-
ulus incentive value. For example, rats run slower down a runway
toward a goal after the reward at the end of the alley is reduced in

size relative to previous trials, thus reflecting reduced incentive
value of the reward (Amsel, 1958; Amsel & Roussel, 1952).
Manipulations disrupting amygdala function, but not hippocampal
function, result in preservative running speeds following reward
reduction (Kemble & Beckman, 1970; Kesner & Williams, 1995;
Salinas, Packard, & McGaugh, 1993). We have also found that
preconditioning basolateral amygdala (BLA) lesions disrupt acqui-
sition of cocaine CPP, whereas postconditioning BLA lesions fail
to disrupt expression and increase resistance to extinction of co-
caine CPP, suggesting a role for the amygdala in the assignment
and modification of incentive value of cocaine-associated stimuli
(Fuchs et al., 2002). In any case, if DHC inhibition interfered with
incentive motivation, given the differences in effects of postcon-
ditioning manipulations of BLA and DHC on expression of co-
caine CPP, it is likely that the role of the DHC in this process is
different from that of the amygdala.

We failed to find evidence for DHC involvement in consolida-
tion of cocaine CPP. Upon failing to observe an effect of imme-
diate or 6-hr postsession DHC inhibition following 30-min condi-
tioning sessions, we examined the effects of immediate DHC
inhibition following 15-min conditioning sessions to address the
possibility that DHC involvement in consolidation of cocaine CPP
is more time limited (i.e., occurs early during the conditioning
session). We reasoned that shortening conditioning trial duration
would reveal such an effect, but our data failed to support this idea.
The lack of effect of postconditioning DHC muscimol is not likely
the result of insufficient inhibition because similar pretesting in-
hibition in the same rats was effective in disrupting expression of
cocaine CPP. Moreover, shortening conditioning trials to less than
15 min is unlikely to support place conditioning (Bardo et al.,
1995), and effects on consolidation of psychomotor stimulant-CPP
have been observed in the amygdala following 30-min condition-
ing sessions (Hsu, Schroeder, & Packard, 2002; Schroeder &
Packard, 2002).

It is surprising that no effect of postconditioning DHC inhibition
on consolidation of cocaine CPP was observed, as the DHC has
been shown to be a crucial site for memory consolidation in rats
across a variety of context-conditioned tasks (Anagnostaras et al.,
2001; Berman & Kesner, 1976; Cammarota et al., 2004; Holland
& Bouton, 1999; Izquierdo & Medina, 1997; Nadel & Moscovitch,
1997), including studies that have used immediate postcondition-
ing muscimol infusions (Holahan, 2005; Izquierdo et al., 1992) as
well as 6-hr delayed catecholamine manipulations (Bernabeu et al.,
1997; Bevilaqua et al., 1997; Izquierdo & Medina, 1997). It is
interesting to note that a recent parallel study that used DHC
inhibition to examine its role in acquisition, consolidation, and
expression of a food-conditioned cue preference task based on
spatial cues found that the DHC was necessary for consolidation,
but not for acquisition or expression, of the task (Holahan, 2005).
Because similar manipulations of the DHC were used in the
present study, but with a different behavioral paradigm, it is likely
that the opposite patterns of results may be attributed to differences
in processing needed across tasks. Alternatively, the role of the
DHC in consolidation of CS–US associations may be influenced
by the type of CS (context vs. explicit cue) or type of US (natural
vs. drug rewards) used to establish CPP. For instance, cocaine
present at the time of treatment may interfere with DHC inhibition.
Indeed, Rezayof et al. (2003) have shown that enhancing dopa-
mine neurotransmission in the DHC facilitates acquisition of mor-
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phine CPP. Enhanced dopamine activity in the DHC from cocaine
administration may counteract effects of postconditioning DHC
inhibition. However, our finding that acquisition of cocaine CPP
was disrupted even though cocaine was present during inhibition
mitigates this idea.

The lack of a consolidation effect in the present study does not
preclude DHC involvement in this process for CPP because the
DHC may mediate postconditioning consolidation at other time
points or via mechanisms (such as second messenger systems) that
are not altered by muscimol. For example, following infusion into
the DHC, detectable amounts of muscimol remain for at least 1 hr
(Corcoran et al., 2005), leaving open the possibility that other time
points between 1 and 6 hr or beyond may be important for
DHC-dependent consolidation of cocaine CPP. Nevertheless, the
present findings raise the interesting possibility that consolidation
of cocaine CPP may not require the DHC and instead might be
mediated by the amygdala, which has been shown to be necessary
for consolidation of food and amphetamine CPP (Holahan, 2005;
Hsu et al., 2002; Schroeder & Packard, 2002).

There are some methodological issues that need to be addressed
with the use of the CPP model. First, we used a biased design that
involves pairing the drug to the individual rats’ nonpreferred side.
With this design it can be difficult to interpret whether CPP
reflects reduction of initial aversion or induction of a preference
for the drug-paired side. This was not a problem in the present
study because CPP was evident in control rats as � 50% of time
was spent in the drug-paired side during testing, indicating true
preference rather than reduction of initial aversion. Furthermore,
because we used a nonbiased apparatus in which naive rats do not
exhibit a strong bias for a particular side, it is unlikely that rats
found their initially nonpreferred side to be aversive. A second
methodological issue is that drug-induced deficits in CPP expres-
sion are a result of state-dependent learning because experimental
rats are in a different state on test day than that experienced during
conditioning. Studies that have examined state-dependent learning
effects by using the CPP model have primarily found similar CPP
expression regardless of whether rats are tested in a drugged versus
nondrugged state (Mucha & Iversen, 1984; Nomikos & Spyraki,
1988; Shoblock, Wichmann, & Maidment, 2005; Tzschentke &
Schmidt, 1997; but see Olmstead & Franklin, 1997). Furthermore,
on the basis of the present findings with muscimol infusion into the
cortex, it seems unlikely that our dose of muscimol disrupted CPP
expression simply by changing the state of the rats. For instance,
rats trained under the influence of cortical muscimol infusions and
tested in a nondrug state exhibited CPP of the same magnitude as
rats trained and tested in a nondrug state. Furthermore, rats trained
in a nondrug state and tested under the influence of cortical
muscimol also exhibited CPP of the same magnitude as rats trained
and tested in a nondrug state (data not shown). Although it is
possible that DHC muscimol may produce a site-specific state-
dependent learning effect, it must be noted that our dose of
muscimol is thought to pervasively inhibit neuronal activity in the
treated region (Martin, 1991; Martin & Ghez, 1999), thus making
disruption of the neural processes necessary for CPP a more
plausible explanation for our behavioral effects.

In conclusion, these results provide novel information demon-
strating a functional role for the DHC in acquisition and expres-
sion, but not consolidation, of cocaine CPP and suggest that the
DHC is important for behaviors elicited by cocaine conditioned

contextual stimuli. Furthermore, the findings provide the first
attempt to investigate the role of the DHC in consolidation of
drug-induced CPP. The lack of support for DHC involvement in
this process is intriguing given the established role of this structure
in consolidation of other context-conditioned behaviors. Further
research is needed to explore this discrepancy. Moreover, the role
of the DHC in drug reward and behaviors conditioned by stimuli
associated with other drugs of abuse such as morphine or nicotine
remains to be elucidated. Information regarding the role of brain
regions in processes related to learning and memory of drug
conditioning will contribute significantly to the understanding of
craving and relapse elicited by drug-associated stimuli, and under-
standing these processes could lead to the development of treat-
ments for cocaine dependence.
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