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Abstract
Research with dopamine D1 receptor antagonists or neuronal inactivating agents suggests dissociable
regulation of cocaine-seeking behavior by the rostral and caudal basolateral amygdala. In the present
study, discrete infusions of the D1 receptor agonist SKF 81297 (0.0–0.8 μg/side) were compared to
the D1 receptor antagonist SCH 23390 (0.0–2.0 μg/side) to demonstrate directly the importance of
D1 receptor mechanisms within the rostral and caudal basolateral amygdala for their functional
heterogeneity in regulating cocaine-seeking behavior. Under a second-order schedule, cocaine-
seeking behavior was studied during maintenance (cocaine and cocaine cues present) and
reinstatement (only cocaine cues present). Food-maintained responding examined specificity of
maximal behaviorally effective doses of SKF 81297 and SCH 23390. Results demonstrated that the
D1 agonist (0.4 or 0.8 μg) increased and D1 antagonist (1.0 μg) decreased cocaine-seeking behavior
during maintenance when infused into caudal but not rostral basolateral amygdala. Cocaine intake
was not affected by the agonist and was decreased by the antagonist. During reinstatement, the D1
agonist (0.4 μg) increased and D1 antagonist (1.0 μg) decreased cocaine-seeking behavior when
infused into rostral but not caudal basolateral amygdala. In tests for behavioral specificity, the above
effective doses of SKF 81297 and SCH 23390 used in self-administration experiments did not alter
food-maintained responding. However, the 2.0 μg dose of SCH 23390 suppressed drug- and food-
maintained responding after infusion into both subregions. Collectively, findings indicate dissociable
sensitivity to D1 receptor ligands within the caudal and rostral basolateral amygdala for altering
cocaine-seeking behavior under different conditions modeling phases of addiction.
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INTRODUCTION
Clinical findings demonstrate that re-exposure to stimuli previously paired with cocaine or to
cocaine itself following a period of abstinence facilitates the onset of craving and relapse
(Wallace, 1989; Childress et al., 1999). Examining drug relapse behavior in laboratory animals
is accomplished by allowing subjects a fixed period of drug self-administration, later
extinguishing drug-reinforced responding, and subsequently assessing the ability of drug-
associated stimuli or drug re-exposure to reinstate responding (Shaham et al., 2003). Several
studies strongly implicate the basolateral amygdala (BLA) in regulating reinstatement of drug-
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seeking behavior induced by cocaine-associated stimuli (Meil & See, 1997; Kruzich & See,
2001; Ledford et al., 2003; Yun & Fields, 2003). Moreover, the BLA regulates acquisition and
maintenance of drug-seeking behavior emitted under a second-order schedule of cocaine
reinforcement (Whitelaw et al., 1996; Kantak et al., 2002).

The role of the BLA in regulating drug-seeking behavior may be more complex than commonly
viewed given growing evidence that the BLA is comprised of discrete subregions.
Neuroanatomical investigations show that caudal BLA (cBLA) and rostral BLA (rBLA)
projection neurons are topographically organized and innervate distinct compartments within
the nucleus accumbens (NAc) (Gröenewegen et al., 1991). Research from our laboratory and
others have provided evidence for dissociable regulation of drug- or food-seeking behavior by
the cBLA and rBLA (Kantak et al., 2002; Alleweireldt et al., 2006; McLaughlin & Floresco,
2007). We demonstrated that in rats trained to self-administer cocaine, lidocaine inactivation
of the cBLA attenuated drug-seeking behavior emitted under a second-order schedule of drug
reinforcement but not under reinstatement test conditions where the drug-associated stimulus
alone was presented. Lidocaine inactivation of the rBLA produced an opposite pattern of
results. Factors contributing to subregional differences in the regulation of drug-seeking
behavior may be the higher basal level of dopamine and greater number of dopamine-
containing neurons in the cBLA than rBLA (Young & Rees, 1998; Brinley-Reed & McDonald,
1999). Differences in magnitude of basal dopamine neurotransmission in the cBLA and rBLA
also suggest that there may be differences in dopamine receptor sensitivity within the two BLA
subregions. To directly demonstrate the importance of D1 receptor mechanisms within the
cBLA and rBLA for dissociable regulation of cocaine-seeking behavior, we used both an
agonist and antagonist approach. This approach differs significantly from those used in past
research (either dopamine receptor antagonism or neuronal inactivation) to examine functional
heterogeneity of the cBLA and rBLA (Kantak et al., 2002; Alleweireldt et al., 2006;
McLaughlin & Floresco, 2007). Furthermore, we used a model of maintenance and
reinstatement that relies on second-order scheduling of drug delivery and stimulus presentation
(Kantak et al., 2002), as research indicates that this type of reinforcement schedule provides a
reliable means of investigating neurobiological substrates underlying drug-seeking behavior
(Everitt & Robbins, 2000). Importantly, a second-order schedule separates incentive value of
cocaine from conditioned cocaine-associated cues, enabling evaluation of the effects of drug
self-administration on the reinforcing impact of these cues and assessment of cocaine-seeking
under the control of cocaine-associated cues during cue-induced reinstatement (Spealman et
al. 1999).

MATERIALS AND METHODS
Subjects

Male Wistar rats [Crl(WI)BR rats, Charles River Breeding Laboratories, Portage, MI],
weighing approximately 276–300 g upon arrival, were maintained at 90% of an upwardly
adjusting ad libitum body weight throughout the duration of the study by providing 16 g of
food per day. Between experimental sessions, rats were allowed unlimited access to water in
their home cages. Rats were individually housed in clear plastic cages (43 X 22 X 20 cm) in a
temperature- (21–23 °C) and light- (08:00 h on, 20.00 h off) controlled vivarium. Policies and
procedures set forth in “Guidelines for the Care and Use of Mammals in Neuroscience and
Behavioral Research” were followed, as well as specific national laws. The Boston University
Institutional Animal Care and Use Committee approved all protocols.

Apparatus
Experimental chambers (model ENV-008CT; Med Associates, St. Albans, VT, USA) were
each equipped with two response levers positioned 8 cm to the left and right of a center mounted
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food receptacle and 7 cm from the grid floor. Connected to the food receptacle was a pellet
dispenser that delivered 45-mg food pellets (Dustless Precision Pellets; Bio-Serv, Frenchtown,
NJ, USA). A white stimulus light was mounted 7 cm above each lever. Each chamber was
outfitted with a single channel fluid swivel (Instech Solomon, Plymouth Meeting, PA, USA)
and spring leash assembly that were connected to a counterbalanced arm assembly (Med
Associates) that allowed the animal to move freely in the chamber. A sound-attenuating cubicle
(model ENV-108 M; Med Associates) equipped with a houselight to provide general
illumination, a fan to provide ventilation, and an 8 ohm speaker to provide auditory stimuli,
enclosed each chamber. Motor-driven syringe pumps (model PHM-100, Med Associates)
located immediately outside each sound-attenuating cubicle were used for intravenous drug
delivery. A standard personal computer programmed in Medstate Notation™ and connected to
an interface (Med Associates) controlled experimental events.

Drugs and Intracranial Infusion Procedures
Drugs used were cocaine hydrochloride (gift from the National Institute on Drug Abuse,
Bethesda, MD), the D1-like receptor agonist (+)- SKF-81297 hydrobromide, and the D1-like
receptor antagonist (+)- SCH 23390 hydrochloride. Both D1 ligands were purchased from
Sigma (St. Louis, MO, USA). Cocaine was dissolved in sterile 0.9% saline solution containing
3 IU heparin/ml to a final concentration of 2.68 mg/ml. For all self-administration sessions, a
1.0 mg/kg unit infusion dose of cocaine was used and delivered intravenously at a rate of 1.8
ml/min. To attain a dose of 1.0 mg/kg, infusion volume was adjusted for body weight, resulting
in drug delivery times of 1.2 sec/100 g body weight in individual rats. During saline self-
administration sessions, the diluted heparin/saline solution was used.

SKF-81297 was dissolved in sterile 0.9% saline to produce a stock concentration of 1.6 mg/
ml or 3.2 mg/ml (12 microinjections total). Lower concentrations were made via serial dilution
using sterile 0.9% saline. SCH 23390 was dissolved in sterile 0.9% saline to a produce a stock
concentration of 4 mg/ml; the solution was made fresh on testing days immediately before
intracranial infusions took place (11 microinjections total). Lower concentrations were made
via serial dilution using sterile 0.9% saline. The pH of all solutions for intracranial infusion,
including 0.9% saline, was 5.0. Rats received bilateral infusions of an assigned concentration
of drug or vehicle (sterile saline) into either the rBLA or cBLA at a rate of 0.59 μl/min
immediately prior to each test session. The 28 gauge stainless steel infusion cannula extended
1 mm beyond the guide cannula tip. The infusion cannula was left in place for 1 minute
following the infusion.

Surgery and Histology
Rats were anesthetized with an intraperitoneal injection of 90 mg/kg ketamine plus 10 mg/kg
xylazine. To enable intravenous delivery of cocaine or saline during self-administration
sessions, a catheter made of silicon tubing (inner diameter = 0.51 mm; outer diameter = 0.94
mm) was implanted into the right jugular vein. The catheter ran subcutaneously under the neck,
exited through an incision at the top of the head, and was attached to an L-shaped pedestal
mount (Plastics One, Roanoke, VA, USA). Subsequent to catheter implantation, 0.1 ml of a
solution containing 1.0 mg methohexital sodium (Brevital; King Pharmaceuticals, Bristol, TN,
USA) was infused intravenously as needed to maintain anesthesia. After suturing the neck
incision, the rat was placed in a stereotaxic frame and bilateral 22 gauge stainless steel guide
cannulae (Plastics One) were implanted into the cBLA (n=8; anteroposterior (AP) −3.7 mm,
lateral ± 5.0 mm, dorsoventral −8.2 mm) or rBLA (n=9; AP −2.0 mm, lateral ± 4.5 mm,
dorsoventral −7.6 mm). Guide cannulae were positioned 1 mm above the intended sites and
placements were based on the bregma coordinate system provided by the Swanson (1992) atlas.
The guide cannulae, pedestal and three stainless steel anchoring screws were attached to the
skull and permanently imbedded in dental cement. Two 28 gauge stainless steel obturators
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(Plastics One) were used to occlude guide cannulae between infusions. Wounds were treated
daily with topical furazolidone powder (Veterinary Products Laboratories, Phoenix, AZ, USA)
until healed and rats were allowed one week of recovery from surgery before initiation of the
study. Catheters were maintained by daily flushing (Monday-Friday) with 0.1 ml of a 0.9%
saline solution containing 3 IU heparin (Baxter Healthcare Corporation, Deerfield, IL, USA)
and 6.7 mg Timentin (GlaxoSmithKline, Research Triangle Park, NC, USA). On Fridays, a
locking solution consisting of glycerol and undiluted (1000 IU/ml) heparin (3:1) was used to
fill the catheter dead space and minimize blockages. This solution remained in catheters until
Monday, when it was removed and replaced with the heparin/saline solution prior to the start
of behavioral sessions. Additionally, catheters were checked weekly for patency by infusing a
1.0 mg/0.1 ml solution of Brevital intravenously, which produces a rapid temporary loss of
muscle tone. A new catheter was implanted into either the left jugular vein or right femoral
vein to replace a leaking or nonfunctional catheter.

Upon completion of the studies, rats were given an overdose of sodium pentobarbital and then
intracardially perfused with saline and 10% formalin solution. Brains were extracted, post-
fixed in 10% formalin for 3–4 days, and then stored in 30% sucrose at 4 °C overnight. 50 μm
coronal sections were collected using a cryostat. Sections were then mounted on gelatin-coated
slides and stained with thionin to verify bilateral infusion cannulae placements.

Experimental Procedures
Second-order schedule training

Prior to surgery, rats were trained to press a lever under a fixed-ratio 1 (FR1) schedule of food
pellet delivery. After rats learned to rapidly press the lever for 50 pellets, right jugular vein
catheters and bilateral guide cannulae were implanted. After a week of recovery from surgery,
2 hr cocaine self-administration sessions began. Rats were incrementally trained to self-
administer 1.0 mg/kg cocaine under a fixed-interval (FI) 5-min (FR5: S) second-order schedule
of drug delivery, as previously described (Kantak et al., 2002). Under the FI 5-min (FR5: S)
schedule, every fifth press (FR5) on the active lever during the FI resulted in presentation of
a 2-sec conditioned stimulus light (brief CS+) located above the active lever. Responses on the
inactive lever were counted separately, but produced no scheduled consequences. For half the
rats, the right lever was designated as the active lever and the left lever was designated as the
inactive lever. This order was reversed for remaining rats. Intravenous cocaine delivery was
contingent upon completion of five responses on the active lever after the 5-min FI elapsed.
The light above the active lever remained illuminated for the duration of the infusion as well
as for the 20-s timeout period that followed each infusion (prolonged CS+), while the house
light was extinguished during the timeout. A 70 db contextual sound stimulus, either an
intermittent tone (70 db; 7 kHz: 0.5 sec duration every sec) or continuous white noise (70 db)
was counterbalanced across rats and presented for the duration of each session. Baseline
training sessions were conducted five days a week during the light phase, and continued until
cocaine intake was stable (number of infusions did not deviate by more than 20%) and the
number of responses on the inactive lever was no greater than 25 for each session over a 5-day
period.

Discrimination Baseline
After rats were trained to self-administer cocaine under a second-order schedule,
discrimination training procedures were implemented to provide self-administration training
with unique cocaine-associated (S+) and saline-associated (S−) sound and light cues according
to methods outlined in Kantak et al., (2002). This aspect of training was included because it
facilitates reliable reinstatement of cue-controlled drug-seeking behavior over repeated test
sessions without any additional access to cocaine (Weiss et al., 2000). Briefly, rats were given
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two 1-hr self-administration sessions, separated by one hour, each day during the
discrimination phase. For half the rats, cocaine was available for intravenous delivery during
the first session of the day followed by intravenous saline delivery during the second session.
The order was reversed for remaining rats. During cocaine discrimination sessions, the same
contextual cue, either intermittent white noise or tone, that was presented during baseline
training sessions was presented throughout the 1-hr drug session. Brief and prolonged CS+

light cues were presented as above. During saline discrimination sessions, the opposite sound
stimulus than the one used during drug sessions was presented. To provide a unique visual cue
during saline sessions, the stimulus light located above the active lever flashed for the brief
CS− presentations during the FI and for the prolonged CS− presentations during saline delivery
and 20-sec TO periods. Once rats were successfully discriminating between cocaine and saline,
they were tested for effects of SKF 81297 or SCH 23390 (see below) infused bilaterally into
the cBLA or rBLA on drug-seeking and drug-taking behavior maintained under a FI 5-min
(FR5: S) schedule of cocaine delivery that utilized cocaine-associated contextual and
conditioned cues.

Extinction
Following maintenance testing, rats underwent training to extinguish lever responding, as
described previously in Kantak et al. (2002). Briefly, rats were placed into the operant chambers
in the absence of cocaine or saline. S+ (cocaine-associated) and S− (saline-associated)
conditioned light and discriminative contextual cues were also omitted, to avoid reducing the
motivational salience of cues. Extinction sessions were 2-hr in duration and continued for at
least 10 sessions and until responding on the active lever was less than 10% of the baseline
rate for each of three consecutive sessions. Reinstatement testing (see below) commenced
immediately following extinction.

Maintenance Testing
Following successful discrimination training between cocaine and saline, bilateral infusions
of SKF 81297 (0.0, 0.1, 0.2, 0.4 or 0.8 μg/side; Experiment 1) and SCH 23390 (0.0, 0.5, 1.0
or 2.0 μg/side; Experiment 2) were made into the cBLA or rBLA in a counterbalanced order
5-min prior to a 1-hr cocaine self-administration test session with S+ (cocaine-associated)
sound and light cues under the FI 5-min (FR5: S) schedule, wherein cocaine-seeking behavior
was maintained by both cocaine availability and cocaine- associated cues. In certain cases, a
dose of 1.6 μg/side SKF 81297 was used as a negative drug dose control. Rats underwent
maintenance testing following saline or D1 ligand infusion every third day. Discrimination
sessions were conducted on intervening days.

Reinstatement Testing
Following maintenance testing and response extinction training, cocaine cue reinstatement
testing began. Reinstatement testing took place every third day, and animals remained in their
home cages on intervening days. During reinstatement tests, intravenous cocaine or saline were
not available for self-administration. In order to assess discriminative control over active lever
responding, the first test session always consisted of presenting the S−(saline-associated) cues.
The S− contextual sound cue was continuously presented during the 1-hr test session and the
CS− light cue was presented according to a FI 5-min (FR5: S) schedule. In this way, the brief
CS− would flash for 2-sec following completion of every fifth response during the FI and the
prolonged CS− would flash for a length of time equivalent to the infusion duration plus the 20-
sec TO period after the FI had elapsed and five responses were completed. Over the next several
sessions, S+ (cocaine-associated) cues were presented and SKF 81297 (0.0, 0.1, 0.2, 0.4, or 0.8
μg/side; Experiment 1) and SCH 23390 (0.0, 0.5, 1.0, or 2.0 μg/side; Experiment 2) were
bilaterally infused into either the cBLA or the rBLA 5-min prior to testing under the FI 5-min
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(FR5: S) schedule, wherein cocaine-seeking behavior was maintained by cocaine-associated
cues alone. Order of infusions was counterbalanced across rats. Similar to the S− test session,
the S+ contextual sound cue was presented throughout the 1-hr reinstatement test sessions, and
the CS+ light cue was presented according to an FI 5-min (FR5: S) schedule, as described
above.

Food-Maintained Responding
To determine if alterations in drug-seeking behavior after SKF 81297 and SCH 23390
treatments were attributable to nonspecific changes in lever responding, the effects of these
D1 ligands on food-maintained responding were examined at the end of the study for each
group of rats. No sound or light cues were used during these sessions in which an FR5 schedule
of food pellet delivery was used. An FR5 response schedule was used for this control condition
to mirror the FR5 response requirement used for drug delivery during self-administration
maintenance tests and the FR5 response requirement used for stimulus presentation during
reinstatement tests. After baseline responding was stable, rats in the agonist study were first
infused with vehicle and then three days later with the same dose of SKF 81297 that generated
significant changes in responding during maintenance and reinstatement tests. Thus, the cBLA
group received vehicle and 0.8 μg/side and the rBLA group received vehicle and 0.4 μg/side
of SKF 81297, administered 5 min before 1-hr test sessions. Also following stable baseline
responding, rats in the antagonist study underwent testing with vehicle, 1.0, and 2.0 μg/side
SCH 23390 administered 5 min before 1-hr sessions that were each separated by three days of
regular food-maintained responding.

Data Analyses
In Experiment 1 (SKF 81297), seven of eight subjects with bilateral cannulae in the cBLA and
all nine subjects with bilateral cannulae in the rBLA completed cocaine self-administration
and reinstatement phases of the study. One rat subsequently died from the cBLA group and
two rats subsequently died from the rBLA group, resulting in group sizes of six and seven,
respectively, for the food self-administration phase of the study. In Experiment 2 (SCH 23390),
eight subjects with bilateral cannulae in the cBLA and eight subjects with bilateral cannulae
in the rBLA completed cocaine self-administration and reinstatement phases of the study. Two
rats subsequently died from each of the cBLA and rBLA groups, resulting in group sizes of
six for the food self-administration phases of the study.

For each experiment, three dependent measures were calculated: (1) number of active lever
responses (2) number of inactive lever responses and (3) number of reinforcers earned
(infusions or prolonged CS presentations). Drug-seeking behavior was operationally defined
as active lever responding maintained by drug-associated cues either during the second-order
schedule of drug delivery (Goldberg et al., 1981) or following response extinction training
(Spealman et al., 1999). Baseline measures of performance were based on data averaged over
the last three cocaine, saline, and extinction sessions for the cocaine self-administration study,
and on data averaged over the last three food pellet sessions for the food self-administration
study.

To compare sites for the cocaine study, a series of two-factor ANOVA (site X dose or site X
condition, with repeated measures across dose or condition) was used to analyze separately
baseline, maintenance and reinstatement test measures. To compare sites for the food study, a
series two-factor ANOVA (site X condition, with repeated measures across condition) was
used to compare measures taken at baseline to measures taken after vehicle and SKF 81297
(Experiment 1) or after vehicle and SCH 23390 treatments (Experiment 2). Tukey HSD tests
were used for post-hoc analyses.

Mashhoon et al. Page 6

Eur J Neurosci. Author manuscript; available in PMC 2010 July 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RESULTS
Histology

Bilateral placements were confirmed for all seven rats with cannulae aimed at the cBLA and
all nine rats with cannulae aimed at the rBLA in the agonist study (Figure 1A), and for all eight
rats with cannulae aimed at the cBLA and all eight rats with cannulae aimed at the rBLA in
the antagonist study (Figure 1B). Placements were within 0.5–0.6 mm of the intended position
in the AP plane and within the cBLA and rBLA anatomical ranges (Swanson, 1992). These
analyses indicate that there was a sufficient separation of cBLA and rBLA placements to
delineate the two discrete regions of interest. Cannulae placements also verified that infusions
with SKF 81297 and SCH 23390 predominantly encompassed the region of interest.
Microscopic examination failed to reveal mechanical damage in either the cBLA or rBLA,
other than that generated by insertion of the guide and infusion cannulae. Representative low
magnification (2X) photographs of guide and infusion cannulae tracks for cBLA and rBLA
placements are shown in Figure 1C. Furthermore, there was no evidence of cell loss following
11–12 microinjections, as illustrated in representative high magnification (20X) photographs
in Figure 1D of the microinjection areas of the cBLA (SKF 81297 infusions) and rBLA (SCH
23390 infusions).

Experiment 1. D1-like agonistSKF 81297
Baseline Self-Administration—Rats from both groups were able to successfully
discriminate cocaine from saline as well as the active from inactive lever prior to commencing
maintenance test sessions with the D1-like agonist SKF 81297. Analysis of active lever
responses during baseline self-administration sessions revealed significant a main effect of
condition (F [2, 28] = 68.5, p < 0.001) as well as a significant interaction of site X condition
(F [2, 28] = 6.1, p ≤ 0.01). Post-hoc analyses of the site X condition interaction revealed that
active lever responses were significantly greater in the cBLA group than the rBLA group during
cocaine baseline sessions (p ≤ 0.01) but not during saline baseline or extinction sessions (Figure
2A, top panels). This site-specific difference during cocaine baseline sessions was caused
primarily by a single rat in the cBLA group (subject # 666) that maintained a cocaine baseline
rate of responding that was ~ 2-fold greater than the average cocaine baseline for the remaining
rats in the cBLA group. Variability generated by this rat, however, did not necessitate
transforming data prior to analysis. Inactive lever responses for both groups averaged fewer
than 15 across cocaine, saline, and extinction conditions, with no significant differences
between sites, over conditions or for the interaction of site X condition (Figure 2A, top panels).
As expected, the number of infusions earned during the cocaine baseline condition was
significantly greater than the number earned during the saline baseline condition (F [2, 28] =
264, p < 0.001), with no significant differences between sites or for the interaction of site X
condition (Figure 2A, bottom panels).

Maintenance Testing with SKF 81297—During maintenance test sessions, SKF 81297
dose-dependently increased cocaine-seeking behavior after its infusion into the cBLA but not
rBLA, without affecting cocaine intake. Analyses of active lever responses revealed significant
main effects of site (F [1, 56] = 9.7, p < 0.01) and dose (F [4, 56] = 5.5, p < 0.001), as well as
a significant site X dose interaction (F [4, 56] = 6.8, p < 0.01). Post-hoc analyses of the site X
dose interaction revealed that active lever responses were significantly greater (p < 0.01)
following pretreatment of the cBLA with 0.8 μg/side SKF 81297 compared to the 0.0 μg/side
vehicle control dose (Figure 2B, top panel). Active lever responses associated with infusion of
other doses of SKF 81297 (0.1, 0.2, and 0.4 μg/side) into the cBLA did not significantly differ
from vehicle control. Further post-hoc analyses revealed that there were no changes in active
lever responses following pretreatment with 0.1 to 0.8 μg/side SKF 81297 infused into the
rBLA compared to vehicle control (Figure 2B, top panel). Comparisons between sites indicated
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that active lever responses were significantly greater following infusion of 0.4 μg/side (p <
0.001) and 0.8 μg/side (p < 0.001) SKF 81297 into the cBLA relative to infusion of these doses
into the rBLA. In order to investigate whether a higher dose of the agonist infused into the
rBLA would produce a significant change in active lever responses, rats in this group were
additionally given bilateral infusions of 1.6 μg/side SKF 81297. A separate one-factor repeated
measures ANOVA indicated no significant changes in active lever responses (p < 0.40) as a
function of SKF 81297 dose (0.1–1.6 μg/side and vehicle). Inactive lever responses for both
groups averaged 20 or less, with no significant differences between sites, over conditions or
for the interaction of site X condition (Figure 2B, top panel).

For the number of cocaine infusions earned during maintenance test sessions, there was a
significant main effect of site (F [1, 56] = 9.9, p < 0.01), but not of dose or the interaction of
site X dose. Post-hoc testing of the site main effect indicated that cocaine infusions were
significantly greater in number in the cBLA group than rBLA group (Figure 2B, bottom panel),
but this group difference was less than two on average. Pretreatment with SKF 81297 into
either the cBLA or rBLA did not result in significant changes in cocaine infusions compared
to vehicle control. Moreover, the highest dose of 1.6 μg/side SKF 81297 infused into the rBLA
also failed to alter number of infusions earned (p < 0.68 based on one-factor repeated measures
ANOVA analysis (Figure 2B, bottom panel).

Baseline Reinstatement—Testing with S− (saline-associated) and S+ (cocaine-associated)
contextual and conditioned cues revealed that active lever responses were under stimulus
control in both groups of rats prior to commencing reinstatement test sessions with the D1-like
agonist SKF 81297. For active lever responses during baseline reinstatement sessions, there
was a significant main effect of condition (F [2, 24] = 137, p < 0.001), but not of site or a site
X condition interaction. Post-hoc testing of the condition main effect indicated that S+ cues
reinstated active lever responses significantly (p < 0.001) above levels produced by S− cues
and extinction training in both groups (Figure 3A, top panels). Furthermore, active lever
responses did not significantly differ between extinction and the S− test condition for either
group. Inactive lever responses for both groups averaged 10 or less across extinction, S+ and
S− conditions, with no significant differences between sites, over conditions or for the site X
condition interaction (Figure 3A, top panels).

For number of prolonged CSlight presentations earned during baseline reinstatement sessions,
there was a significant main effect of condition (F [1, 12] = 136, p < 0.001) and a significant
site X condition interaction (F [1, 12] = 7.7, p < 0.05). Post-hoc testing of the site X condition
interaction revealed that the rBLA group earned a significantly greater number of prolonged
CS+ light presentations than the cBLA group (p < 0.05), whereas the number of prolonged
CS− light presentations earned did not significantly differ between groups (Figure 3A, bottom
panels). The group difference in number of prolonged CS+ light presentations was less than
two on average.

Reinstatement Testing with SKF 81297—During reinstatement test sessions, SKF 81297
dose dependently increased cocaine-seeking behavior after its infusion into the rBLA but not
cBLA. For active lever responses, there was a significant main effect of dose (F [3, 36] = 12.3,
p < 0.001) and a significant site X dose interaction (F [3, 36] = 12.0, p < 0.001). Post-hoc
testing of the site X dose interaction indicated that while there were no dose-related differences
in active lever responses after SKF 81297 infusions into the cBLA, there were significant (p
< 0.001) increases in active lever responses after infusion of 0.4 μg/side SKF 81297 into the
rBLA compared to infusion of the 0.0 μg/side vehicle control dose (Figure 3B, top panel).
Comparisons between sites revealed that following bilateral infusion of 0.4 μg/side SKF 81297,
rats in the rBLA group generated a greater number of active lever responses (p < 0.05) than
rats in the cBLA group. In order to investigate whether a higher dose of the agonist infused
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into the cBLA would produce a significant change in active lever responses, rats in this group
were additionally given bilateral infusions of 0.8 μg/side SKF 81297. A separate one-factor
repeated measures ANOVA indicated no significant change in active lever responses (p < 0.12)
as a function of SKF 81297 dose (0.1–0.8 μg/side and vehicle). Inactive lever responses for
both groups averaged 10 or less, with no significant differences between sites, over conditions
or for the interaction of site X condition (Figure 3B, top panel).

Despite an increase in active lever responses during cue-controlled reinstatement tests by
animals in the rBLA group following infusion of the 0.4 μg/side dose of SKF 81297, there was
no corresponding change in prolonged CS+ light presentations earned during test sessions
(Figure 3B, bottom panel). Analysis revealed no significant effects of site, dose or their
interaction for this measure. Furthermore, the highest dose of 0.8 μg/side SKF 81297 infused
into the cBLA also failed to alter the number of prolonged CS+ light presentation earned (p <
0.74 by one-factor repeated measures ANOVA analysis of dose in the cBLA group).

Food-Maintained Responding Following SKF 81297—To determine if the increases
in active lever responses after bilateral infusions of the D1-like agonist SKF 81297 were
attributable to non-specific changes in lever responding, rats were tested for the effects of SKF
81297 on food-maintained responding. For this test, vehicle (0.0 μg/side) and the maximum
behaviorally effective dose of SKF 81297 that altered maintenance or reinstatement of drug-
seeking behavior was used (0.8 μg/side for the cBLA group and 0.4 μg/side for the rBLA
group). The main and interaction effects of site or drug for active and inactive lever responses
were not significant (Figure 4A). Thus, responding maintained by non-drug reinforcement was
not affected by doses of SKF 81297 that were maximally effective in increasing responding
maintained by cocaine and cocaine-associated stimuli after SKF 81297 infusion into either the
cBLA or rBLA.

Experiment 2. D1-like antagonist SCH 23390
Baseline Self-Administration—Rats from both groups were able to successfully
discriminate cocaine from saline as well as the active from inactive lever prior to commencing
maintenance test sessions with the D1-like antagonist SCH 23390. Analysis of active lever
responses during baseline self-administration sessions revealed a significant main effect of
condition (F [2, 28] = 5.38, p < 0.01), as rats emitted significantly more responses during
cocaine availability than during saline availability or extinction (p < 0.01) (Figure 5A, top
panels). There were no significant differences between sites or for the interaction of site X
condition. Inactive lever responses for both groups averaged fewer than 15 across cocaine,
saline, and extinction, with no significant differences between sites, over conditions or for the
interaction of site X condition. As expected, the number of infusions earned during the cocaine
baseline condition was significantly greater than the number earned during the saline baseline
condition (F [1, 14] = 117.2, p < 0.001), with no significant differences between sites or for
the interaction of site X condition (Figure 5A, bottom panels).

While significant differences between sites were not observed during baseline self-
administration with cocaine and saline, or during extinction training, analyses of responding
in rats in the rBLA group revealed high variability compared to rats in the cBLA group. The
variability in the rBLA group was caused primarily by a single rat (subject # 920) that
maintained a cocaine baseline rate of responding that was ~16-fold greater than the average
cocaine baseline for the remaining rats in the rBLA group. This high variability necessitated
use of percent of baseline data transformation to compare responding of both groups during
maintenance test sessions.
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Maintenance Testing with SCH 23390—With behaviorally specific doses (see below),
SCH 23390 attenuated cocaine-seeking behavior and cocaine intake following infusion into
the cBLA but not rBLA during maintenance test sessions. Analyses of active lever responses
revealed significant main effects of site (F [1, 42] = 18.6, p < 0.001) and dose (F [3, 42] = 26,
p < 0.001), as well as a significant site X dose interaction (F [3, 42] = 6.9, p < 0.001). Post-
hoc testing of the site X dose interaction revealed that active lever responses were significantly
attenuated (p < 0.001) following pretreatment of both the cBLA and rBLA with 2.0 μg/side
SCH 23390 compared to the 0.0 μg/side vehicle control dose (Figure 5B, top panel). Further
analyses revealed that active lever responses were attenuated (p < 0.01) following pretreatment
of the cBLA but not rBLA with 1.0 μg/side SCH 23390 compared to vehicle control. Active
lever responses associated with infusion of 0.5 μg/side SCH 23390 into the cBLA and rBLA
did not significantly differ from vehicle control. Comparisons between sites indicated that
active lever responses were significantly attenuated following infusion of 1.0 μg/side (p <
0.001) into the cBLA relative to infusion of this dose into the rBLA (Figure 5B, top panel).
Inactive lever responses for both groups averaged 15 or less, with no significant differences
between sites, across doses or for the interaction of site X dose.

For the number of cocaine infusions earned during maintenance test sessions, there were
significant main effects of site (F [1, 42] = 18.8, p < 0.001) and dose (F [3, 42] = 27.2, p <
0.001), as well as a significant site X dose interaction (F [3, 42] = 5.8, p < 0.01). Post-hoc
testing of the site X dose interaction revealed that fewer infusions were earned following
pretreatment of the cBLA with 1.0 (p < 0.001) and 2.0 μg/side (p < 0.001) SCH 23390 compared
to vehicle control (Figure 5B, bottom panel). Number of infusions earned following
pretreatment with 0.5 μg/side into the cBLA did not significantly differ from vehicle control.
Further post-hoc analyses also revealed that fewer infusions were earned (p < 0.001) following
pretreatment of the rBLA with 2.0 μg/side SCH 23390 compared to vehicle control, while
pretreatment with the 0.5 and 1.0 μg/side doses SCH 23390 did not significantly alter the
number of infusions earned compared to vehicle control (Figure 5B, bottom panel). A
comparison between sites revealed that 1.0 μg/side SCH 23390 significantly reduced the
number of infusions earned when infused into the cBLA relative to the rBLA (p < 0.05).

Baseline Reinstatement—Testing with saline-associated (S−) and cocaine-associated
(S+) contextual and conditioned cues revealed that active lever responses were under
discriminative stimulus control in both groups of rats prior to commencing reinstatement test
sessions with the D1-like antagonist SCH 23390. For active lever responses during baseline
reinstatement test sessions, there was a significant main effect of condition (F [2, 28] = 107.9,
p < 0.001), but not of site or the interaction of site X condition. Post-hoc testing of the condition
main effect indicated that S+ cues selectively reinstated active lever responding (p < 0.001)
above levels produced by S− cues and extinction training in both groups (Figure 6A, top panels).
Furthermore, active lever responses did not significantly differ between extinction and the
S− test condition for either group. Analyses of inactive lever responses in both groups of rats
revealed a significant main effect of condition (F [2, 28] = 7.8, p < 0.01), but not of site or the
interaction of site X condition. Comparisons for the condition main effect revealed that more
inactive lever responses were made during S+ cue test sessions than S− cue test sessions or
extinction sessions (p< 0.01). Inactive lever responses for both groups, however, averaged 10
or less across extinction, S+ and S− conditions (Figure 6A, top panels).

For number of prolonged CS light presentations earned during baseline reinstatement sessions,
there was a significant main effect of condition (F [1, 13] = 211.1, p < 0.001), but not of site
or the interaction of site X condition. Based on the condition main effect, rats in both the rBLA
and cBLA groups earned a significantly (p< 0.001) greater number of prolonged CS+ than
CS− light presentations (Figure 6A, bottom panel).
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Reinstatement Testing with SCH 23390—With behaviorally specific doses (see below),
SCH 23390 attenuated cocaine-seeking behavior following infusion into the rBLA but not
cBLA during reinstatement test sessions. Analyses of active lever responses revealed
significant main effects of site (F [1, 42] = 5.8, p < 0.05) and dose (F [3, 42] = 12.2, p < 0.001),
as well as a significant site X dose interaction (F [3, 42] = 4.9, p < 0.01). Post-hoc testing of
the site X dose interaction revealed that active lever responses were significantly attenuated (p
< 0.01) following pretreatment of both the cBLA and rBLA with 2.0 μg/side SCH 23390
compared to the 0.0 μg/side vehicle control dose (Figure 6B, top panel). Further analyses
revealed that active lever responses were attenuated (p < 0.01) following pretreatment of the
rBLA but not cBLA with 1.0 μg/side SCH 23390 compared to vehicle control. Active lever
responses associated with infusion of 0.5 μg/side SCH 23390 into the rBLA and cBLA did not
significantly differ from vehicle control. Comparisons between sites indicated that active lever
responses were significantly attenuated following infusion of 1.0 μg/side (p < 0.001) into the
rBLA but not cBLA. Analyses of inactive lever responses in both groups of rats revealed a
significant main effect of dose (F [3, 42] = 3.4, p < 0.05), but not of site or the interaction of
site X dose. Analysis of the dose main effect revealed that fewer inactive lever responses were
made following pretreatment with 2.0 μg/side SCH 23390 into both the cBLA and rBLA
compared to vehicle control (p < 0.05). Inactive lever responses for both groups, however,
averaged 15 or less across all reinstatement test sessions with vehicle, 0.5, 1.0, and 2.0 μg/side
doses SCH 23390 (Figure 6B, top panel).

For number of prolonged CS+ light presentations earned during reinstatement test sessions,
there was a significant main effect of site (F [1, 42] = 10, p < 0.01) and dose (F [3, 42] = 28.5,
p < 0.001) and a significant site X dose interaction (F [3, 42] = 4.5, p < 0.01).. Post-hoc testing
of the site X dose interaction revealed that fewer prolonged CS+ light presentations were earned
following pretreatment of the rBLA with both 1.0 μg/side (p < 0.001) and 2.0 μg/side (p <
0.001) SCH 23390 compared to vehicle control (Figure 6B, bottom panel). Number of
prolonged CS+ light presentations earned following pretreatment with 0.5 μg/side into the
rBLA did not significantly differ compared to vehicle control. Further post-hoc analyses
revealed that fewer prolonged CS+ light presentations were earned following pretreatment of
the cBLA with 2.0 μg/side SCH 23390 compared to vehicle control (p < 0.001), while
pretreatment with the 0.5 and 1.0 μg/side SCH 23390 did not alter the number of prolonged
CS+ light presentations earned compared to vehicle control (Figure 6B, bottom panel).
Comparisons between sites indicated that the number of prolonged CS+ light presentations
earned were significantly attenuated following infusion of 1.0 μg/side SCH 23390 into the
rBLA relative to the cBLA (p < 0.001).

Food-Maintained Responding Following SCH 23390—To determine if the decreases
in active lever responses after bilateral infusions of the D1-like agonist SCH 23390 were
attributable to non-specific changes in lever responding, rats were tested for the effects of SCH
23390 on food- maintained responding using vehicle (0.0 μg/side) and the site-selective 1.0
and site non-selective 2.0 μg/side doses. Analyses of active lever responses during food-
maintained responding test sessions revealed a significant main effect of dose (F [2, 20] = 2.4,
p < 0.001) but not of site or the interaction of site X dose. Post-hoc testing of the dose main
effect indicated that pretreatment with the 2.0 μg/side dose into both cBLA and rBLA decreased
food-maintained responding (p< 0.001) but responding was not significantly altered following
pretreatment with the 1.0 μg/side dose compared to vehicle control (Figure 4B). Inactive lever
responses for both groups averaged 20 or less, with no significant differences between sites,
across doses, or for the interaction of site X dose.
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DISCUSSION
Functional Heterogeneity of Basolateral Amygdala Subregions

The use of D1 receptor-selective ligands generates insight into specific dopaminergic activity
in the rBLA and cBLA that may underlie changes in drug-seeking behavior during different
phases of addiction (maintenance vs. reinstatement). This rationale is consistent with previous
work strongly implicating dopaminergic mechanisms in the BLA in regulating drug-seeking
behavior and stimulus-cue associations (Weiss et al., 2000; See et al., 2001; Di Ciano & Everitt,
2004; Ciccocioppo et al., 2001; Alleweireldt et al., 2006; Berglind et al., 2006). The present
findings demonstrate dissociable sensitivity of the rBLA and cBLA to dopamine D1 receptor
activation and blockade for regulating drug-seeking behavior under a second-order schedule
of cocaine reinforcement and cocaine cue presentation.

Infusion of SKF 81297 into the cBLA dose-dependently increased drug-seeking behavior when
cocaine and cocaine cues were present (maintenance), whereas infusion of SKF 81297 into the
rBLA dose-dependently increased drug-seeking behavior when only cocaine cues were present
(reinstatement). It is noteworthy that increases in drug-seeking behavior were observed without
concomitant changes in the number of primary or conditioned reinforcers earned (cocaine or
prolonged CS+ light deliveries) after SKF 81297 infusions into the cBLA or rBLA. This
parallels previous findings showing that after lidocaine inactivation of the cBLA under cocaine
maintenance test conditions and of the rBLA under cocaine cue-controlled reinstatement test
conditions, drug-seeking behavior was impaired without concomitant changes in the number
of reinforcers earned, further supporting the view that the BLA is not implicated in the control
of drug-taking behavior (Kantak et al., 2002: Whitelaw et al., 1996). These findings suggest
a selective effect of D1 receptor activation within the cBLA and rBLA on drug-seeking
behavior.

The failure of 0.4 and 0.8 μg/side SKF 81297, doses that dissociably increased cocaine-seeking
behavior in the cBLA and rBLA during maintenance and cue-induced reinstatement, to alter
FR5 food-maintained responding suggests that effects of SKF 81297 were also specific for
cocaine and cocaine cue-controlled behavior. It is unlikely that these doses of SKF 81297 failed
to increase food-maintained responding simply because of its relatively high baseline response
rate, which could mask observing further increases. Notably, previous work has demonstrated
that when baseline rates of food-maintained responding were relatively low, infusion of 3.0
μg/side SKF 81297 into the NAc also failed to increase food-maintained responding, even
though this same dose of SFK 81297 increased cocaine-seeking behavior (Bachtell et al.,
2005).

Regarding our results with SCH 23390, infusion of 2.0 μg/side into both the cBLA and rBLA
significantly disrupted drug-seeking behavior during maintenance and reinstatement test
sessions, and significantly attenuated food-maintained responding. Thus, these decreases likely
reflect non-specific suppression of behavior. However, when cocaine and cocaine cues were
present to maintain responding, the infusion of 1.0 μg/side SCH 23390 into the cBLA but not
rBLA attenuated cocaine-seeking behavior. This indicates a selective effect of this dose of
SCH 233390 within the cBLA during the maintenance phase of testing. In contrast, when only
cocaine cues were present to reinstate responding, the infusion of 1.0 μg/side SCH 23390 into
the rBLA but not cBLA attenuated cocaine-seeking behavior, indicating a selective effect of
this dose of SCH 23390 within the rBLA during the reinstatement phase of testing. Given that
1.0 μg/side SCH 23390 also attenuated the number of cocaine infusions and prolonged CS+

presentations earned in the cBLA and rBLA groups, respectively, it is clear that blockade of
D1 receptors in the cBLA and rBLA did not selectively alter drug-seeking behavior. However,
the failure of 1.0 μg/side SCH 23390 to significantly alter food-maintained responding suggests
that attenuating effects of this dose of SCH 23390 were specific for cocaine and cocaine cue-
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controlled behavior. Furthermore, because the effects of 1.0 μg/side SCH 23390 on cocaine
and cocaine cue-controlled behavior were dissociable with respect to the cBLA and rBLA
during maintenance and reinstatement phases of testing, respectively, it is likely that effects of
D1 receptor blockade with 1.0 μg/side SCH 23390 were not due to behavioral impairment in
general.

It is also necessary to investigate the possibility that the agonist and antagonist-induced
alterations in the maintenance and cue-induced reinstatement of cocaine-seeking behavior
could be due to other non-specific factors. Testing phase-selective effects of SKF 81297 and
SCH 23390 infusions into the cBLA and rBLA make it unlikely that changes in drug-seeking
behavior were related to diffusion of drugs to sites outside the cBLA and rBLA or to the use
of multiple intracranial infusions. It is also improbable that testing phase-selective effects
during one testing phase will influence results in later testing, as SCH 23990 produces rapid
regionally selective effects within the first hour of infusion (Caine et al., 1995) and the duration
of action for SKF 81297 is also approximately one hour (Schmidt et al., 2006), indicating that
effects of the agonist and antagonist are unlikely to persist beyond hour-long test sessions
separated by multiple days. Furthermore, a within-subjects experimental design was used
wherein rats received multiple counterbalanced doses of SKF 81297 and SCH 23390 during
both maintenance and reinstatement phases. Given this design, if multiple infusions were
producing damage, then systematic dose-related effects of SKF 81297 and SCH 23390 would
not have been obtained. Moreover, damage from repeated infusions would have resulted in
uniform changes in responding in both sites, regardless of testing phase and pretreatment drug
or dose. A lack of non-specific effects of multiple infusions into these brain areas is supported
by our earlier work showing that control rats receiving daily vehicle infusions into the cBLA
or rBLA reached criterion in a learning task (10–11 sessions; Kantak et al., 2001) within a
similar timeframe as control rats not receiving infusions into these sites (15 sessions; Udo et
al., 2004). These findings support our conclusion that the 11–12 infusions of the D1 agonist
and antagonist produced site-specific changes in behavior rather than changes related to non-
specific damage.

Other investigations on the role of the BLA in regulating cocaine-seeking behavior often did
not differentiate between the rostral (AP −1.33 mm to AP −2.85 mm) and caudal (AP −2.45
mm to AP −4.85 mm) subregions. In the examination of studies reporting significant changes
in cocaine-seeking behavior during reinstatement testing (e.g., Meil & See,1997; Ledford et
al., 2003; Berglind et al., 2006), our analysis of their histology revealed that cannulae
placements were predominantly in the rBLA. Meil and See (1997) also examined the effects
of their rostrally located BLA lesions on cocaine self-administration, and found no effects. In
contrast, Whitelaw et al. (1996) demonstrated that BLA lesioned rats were unable to maintain
drug-seeking responses under a second-order schedule of cocaine reinforcement. Examination
of their histology revealed that cannulae placements were predominantly in the cBLA.
Dissociable involvement of the cBLA and rBLA in regulating behaviors related to cocaine
self-administration has been reported previously following D1 receptor blockade (Alleweireldt
et al., 2006). It was shown that infusion of SCH 23390 into the cBLA, but not rBLA, selectively
increased cocaine self-administration maintained under a variable-ratio schedule, whereas
infusion of SCH 23390 into the rBLA, but not cBLA, dose-dependently decreased cocaine-
induced reinstatement of drug-seeking behavior. Since a variable-ratio schedule of drug
delivery does not differentiate between responding resulting in cocaine intake and responding
reflecting cocaine-seeking behavior, it remained unclear if the cBLA and rBLA were
dissociable in regulating cocaine-seeking behavior during maintenance and reinstatement
phases of testing. Our findings, using an agonist and antagonist approach, provide compelling
evidence that D1 receptor mechanisms may contribute to the functional heterogeneity of the
cBLA and rBLA in regulating drug-seeking behavior during these different phases of addiction
in rats trained to self-administer cocaine (Kantak et al., 2002).
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Significance of Functional Heterogeneity within the Basolateral Amygdala
Our findings suggest that functionally distinct parallel circuits may loop through the cBLA and
rBLA to separately regulate drug-seeking behavior during maintenance and reinstatement
phases of addiction, respectively. Acquisition of responding under a second-order schedule of
cocaine reinforcement as well as reinstatement of responding by cocaine-associated cues
following a period of extinction training are both thought to reflect goal-directed drug-seeking
behavior (Everitt et al., 2007; See et al., 2007). Prolonged responding under a second-order
schedule of cocaine reinforcement is thought to reflect habitual drug-seeking behavior
(Vanderschuren et al., 2005).

One segment of the neurocircuitry implicated in the control of goal-directed drug-seeking
responses is the NAc core (Ito et al., 2004). The NAc core is activated by motivationally salient
stimuli serving as conditioned reinforcers (Ikemoto, 2007) and mediates control over behavior
by conditioned reinforcers (Parkinson et al., 1999). Neurochemical studies have shown that in
the absence of cocaine, cocaine-paired conditioned stimuli selectively increased extracellular
levels of dopamine in the NAc core vs. shell (Ito et al., 2000). Pharmacological studies with
SKF 81297 have shown that after extinction of the cocaine-paired conditioned stimulus, there
was more marked reinstatement of drug-seeking responses after infusion of the D1-like receptor
agonist into the NAc core vs. shell (Bachtell et al., 2005). Importantly, neuroanatomical studies
have shown that rBLA neurons that project to the NAc preferentially innervate the core
compartment (Gröenewegen et al., 1991), which implicates the rBLA as part of the
neurocircuitry controlling goal-directed drug-seeking responses. Studies have also shown that
the rBLA sends bifurcating projections to the dorsal agranular insular cortex (AId) and NAc
core (Shinonaga et al., 1994). Like the rBLA (Kantak et al., 2002) and NAc core (Fuchs et
al., 2004), inactivation of the AId results in selective attenuation of cocaine-seeking behavior
during cue-controlled reinstatement testing (Di Pietro et al., 2006). Previously, McLaughlin
and See (2003) described a circuit for cue-controlled reinstatement of cocaine-seeking behavior
that involved the NAc core, dorsal medial prefrontal cortex (dmPFC) and a portion of the BLA
that targeted its midpoint along the anterior-posterior plane (midBLA). Interestingly, the
midBLA has been shown to send bifurcating projections to the dmPFC and NAc core
(Shinonaga et al., 1994). Thus, at least two distinct circuits (rBLA/AId/NAc core and midBLA/
dmPFC/NAc core) may exist to regulate goal-directed drug-seeking behavior during
reinstatement testing. The necessity for two circuits may relate to the fact that different types
of stimuli are processed by the AId and mPFC in the regulation of cocaine-seeking behavior
in rats (Di Pietro et al., 2006). Specifically, the AId was important for regulating cocaine-
seeking behavior elicited by exposure to cocaine-specific odor, but not sound, cues, whereas
the prelimbic region of the mPFC was important for regulating cocaine-seeking behavior
elicited by exposure to cocaine-specific sound, but not odor, cues.

There is accumulating evidence that the dorsal striatum is a critical segment of the
neurocircuitry underlying habitual drug-seeking behavior (Canales, 2005; Everitt & Robbins,
2005; Vanderschuren et al., 2005; See et al., 2007). Cocaine self-administration under a
second-order schedule of reinforcement produces increases in extracellular dopamine that are
long-term in the dorsal striatum and short-term in the NAc shell (Ito et al., 2000; Ito et al.,
2002). Dopamine activation in the NAc shell by cocaine is thought to abnormally strengthen
stimulus-reward and stimulus-response learning (Di Chiara, 1998), the information of which
is processed through spiraling connections to the NAc core, which is the gateway from ventral
to dorsal striatum (Haber et al., 2000; Ito et al., 2004). Notably, cBLA projections to the NAc
predominantly innervate the medial shell compartment (Gröenewegen et al., 1991), which
implicates the cBLA as part of the neurocircuitry controlling habitual drug-seeking responses.
Neurons of the cBLA are also bifurcating and project to the dmPFC and NAc shell (Shinonaga
et al., 1994). Like the cBLA (Kantak et al., 2002), inactivation of the dmPFC results in
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attenuation of cocaine-seeking behavior during maintenance testing conditions (Di Pietro et
al., 2006). Thus, during active cocaine self-administration, dopamine transmission in the cBLA
may process information related to stimulus-reward associations that is strengthened by
dopamine transmission in the NAc shell to establish habits regulated by the dorsal striatum,
which receives descending inputs from the dmPFC (Sesack et al., 1989).

Implications of Dissociable Sensitivity of D1 Receptor Activation within the Basolateral
Amygdala

Previous research has proposed a shift between ventral and dorsal striatal control over drug-
seeking behavior when responding transitions between goal-directed and habitual states,
respectively (Everitt & Robbins, 2005). The transition in behavioral control is thought to
depend in part on descending influences of the prefrontal cortex (Everitt et al., 2001). Metabolic
mapping studies indicate that when comparing initial goal-directed and chronic stages of
cocaine self-administration, the influence of cocaine expands more dorsolaterally and
ventromedially within the prefrontal cortex in addition to expanding from ventral to more
dorsal areas of the striatum (Porrino et al., 2007). It is possible that the transition between goal-
directed and habitual drug-seeking behavior may also depend on changing sensitivity of the
rBLA and cBLA to D1 receptor activation.

The potential involvement of D1 receptor activation in the rBLA and cBLA in dissociably
mediating the transition between goal-directed and habitual cocaine-seeking behavior may
impact future research investigating differences in neural circuitry engaged in regulating
cocaine-seeking during different phases of addiction. Dopamine D1 receptor activation is
important for both goal-directed actions and habit formation (Wickens et al., 2007) and past
research has implicated both the rBLA and cBLA as neural substrates for stimulus-reward
learning (Kantak et al., 2001). If, during early acquisition of cocaine-seeking behavior or during
its reinstatement following response extinction training, the rBLA is preferentially sensitive to
D1 receptor activation, then the transmission of stimulus-reward learning would be through a
circuit involving the rBLA, NAc core and cortical sites that are implicated in action-outcome
processing. Cocaine-seeking behavior becomes habitual with the presence of repeated cocaine
exposure (Vanderschuren et al., 2005). If the presence of repeated cocaine exposure diminishes
D1 receptor sensitivity in the rBLA but enhances it in the cBLA, then the transmission of
stimulus-reward learning would shift to a circuit involving the cBLA, NAc shell and cortical
sites that are implicated in habit formation regulated by the dorsal striatum. As cocaine use
continues, this circuit remains active and cocaine-seeking behavior is strengthened and
expressed as a habit rather than as a goal-directed action.

Conclusions
The mechanisms underlying changing sensitivity of D1 receptors in the cBLA and rBLA remain
to be determined but appear to depend on whether or not cocaine is present during test sessions.
Nonetheless, the integration of findings suggests that different therapeutic approaches may be
necessary for reducing goal-directed drug-seeking behavior in abstinent cocaine addicts vs.
habitual drug-seeking behavior in active cocaine users due to separate neurocircuits involved
in regulating behavior during different phases of addiction.
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ABBREVIATIONS

AId dorsal agranular insular cortex

BLA basolateral amygdala

cBLA caudal basolateral amygdala

CS conditioned stimulus

dmPFC dorsomedial prefrontal cortex

FI fixed-interval schedule

FR fixed-ratio schedule

NAc nucleus accumbens

rBLA rostral basolateral amygdala

S+ cocaine-associated stimuli

S− saline-associated stimuli
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Figure 1.
Schematic drawings representing coronal sections of the cBLA (left) and rBLA (right)
subregions. Circles indicate the location of the infusion cannula tip in the SKF 81297 study
(A) and SCH 23390 study (B). All drawings are based on the atlas of Swanson (1992), with
the anterior-posterior references measured from bregma. Each placement is shown at the
midpoint of its anterior-posterior extent. (C) Representative low magnification (2X)
photographs of guide cannulae placements within the cBLA (left) and rBLA (right); arrows
indicate infusion cannulae tracks, and (D) representative high magnification (20X)
photographs of microinjection areas within the cBLA (left; SKF 81297 infusions) and
rBLA (right; SCH 23390 infusions).
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Figure 2.
Baseline behavior during saline and cocaine self-administration sessions and response
extinction sessions for cBLA (left) and rBLA (right) groups of subjects, as well as maintenance
test session behavior after 0.0–1.6 μg/side SKF 81297 infusions into the cBLA and rBLA.
Values are the mean ± SEM number of active and inactive lever responses (A-B, top) and
number of infusions earned (A-B, bottom). * p ≤ 0.05 compared to the saline and extinction
conditions or compared to 0.0 μg/side SKF 81297, and # p ≤ 0.05 compared to the same
condition in the rBLA group.

Mashhoon et al. Page 20

Eur J Neurosci. Author manuscript; available in PMC 2010 July 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Baseline behavior during S− (saline-associated) and S+ (cocaine-associated) cue
reinstatementsessions and response extinction sessions for the cBLA (left) and rBLA (right)
groups of subjects, as well as reinstatement test session behavior after 0.0–0.8 μg/side SKF
81297 infused into the cBLA and rBLA. Values are the mean ± SEM number of active and
inactive lever responses (A-B, top) and number of prolonged CS or CS+ light presentations
earned (A-B, bottom). * p ≤ 0.05 compared to the S− and extinction conditions or compared to
0.0 μg/side SKF 81297, and # p ≤ 0.05 compared to the same condition in the cBLA group.
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Figure 4.
Food-maintained responding during baseline and test sessions. (A) Vehicle (0.0 μg/side) and
the maximal behaviorally effective doses of SKF 81297 (0.8 μg/side in the cBLA group and
0.4 μg/side in the rBLA group). (B) Vehicle (0.0 μg/side), the site-selective (1.0 μg/side), and
the site non-selective (2.0 μg/side) doses of SCH 23390 in the cBLA and rBLA. Values are
the mean ± SEM number of active and inactive lever responses. * p ≤ 0.001 compared to 0.0
μg/side SCH 23390.
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Figure 5.
Baseline behavior during saline and cocaine self-administration sessions and response
extinction sessions for cBLA (left) and rBLA (right) groups of subjects, as well as maintenance
test session behavior after 0.0–2.0 μg/side SCH 23390 infused into the cBLA and rBLA. Values
are the mean ± SEM number of active lever responses and inactive lever responses during
baseline self-administration and mean ± SEM number of active lever responses as percent of
baseline during maintenance (A-B, top) and number of infusions earned (A-B, bottom). * p ≤
0.05 compared to the saline and extinction conditions or compared to 0.0 μg/side SCH 23390,
and # p ≤ 0.05 compared to the same condition in the rBLA group.
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Figure 6.
Baseline behavior during S− (saline-associated) and S+ (cocaine-associated) cue
reinstatementsessions and response extinction sessions for the cBLA (left) and rBLA (right)
groups of subjects, as well as reinstatement test session behavior after 0.0–2.0 μg/side SCH
23390 infused into the cBLA and rBLA. Values are the mean ± SEM number of active and
inactive lever responses (A-B, top) and number of prolonged CS or CS+ light presentations
earned (A-B, bottom). * p ≤ 0.05 compared to responding during S− and extinction conditions
or compared 0.0 μg/side SCH 23390, and # p ≤ 0.05 compared to the same condition in the
cBLA group.
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