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Abstract
Alterations in dopamine output within the various subnuclei of the amygdala have previously been
implicated in cocaine reinforcement, as well as cocaine-seeking behavior. To elucidate the
potential for increased stimulation of D1- and D2-like receptors (D1Rs and D2Rs, respectively)
specifically in the central nucleus of the amygdala (CeA) to modulate cue- and cocaine-elicited
reinstatement of cocaine-seeking behavior, we infused either the D1R agonist, SKF-38393 (0 – 4.0
μg/side) or the D2R agonist, 7-OH-DPAT (0 – 4.0 μg/side) into the CeA immediately prior to tests
for cue and cocaine-primed reinstatement. We also examined the effects of 7-OH-DPAT on
cocaine self-administration as a positive behavioral control. 7-OH-DPAT decreased cue and
cocaine-primed reinstatement, and reduced the number of cocaine infusions during self-
administration; SKF-38393 produced no discernable effects. The results suggest that enhanced
stimulation of D2Rs, but not D1Rs, in the CeA is sufficient to inhibit expression of the incentive
motivational effects of cocaine priming and cocaine-paired cues. Together with previous findings
that D1R blockade attenuates reinstatement of cocaine-seeking behavior, the results suggest that
D1R stimulation may be necessary, but not sufficient, to modulate the incentive motivational
effects of cues and cocaine priming.
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1. Introduction
Currently, there are no effective treatments for preventing relapse to cocaine addiction [75].
Sampling cocaine or exposure to drug-associated stimuli can elicit incentive motivational
effects that manifest as craving in humans and which may factor into relapse [23, 31].
Incentive motivational effects produced by these stimuli can be investigated preclinically
using the extinction/reinstatement model [29, 34, 65]. In this model, animals are typically
trained to press a lever reinforced by cocaine infusion delivered concurrently with discrete
light/tone cues. Subsequently, animals undergo extinction training during which lever
presses produces no consequences. This responding in the absence of cocaine reinforcement
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is referred to as cocaine-seeking behavior. Tests for reinstatement of extinguished cocaine-
seeking behavior are then performed by re-exposing the animals to cocaine or to response-
contingent presentations of the light/tone cues in order to investigate the incentive
motivational effects of these stimuli.

To understand the mechanisms that contribute to cocaine craving and relapse, numerous
studies have focused on the role of dopamine D1-like and D2-like receptor (D1R and D2R)
subtypes in cocaine reinforcement and reinstatement of extinguished cocaine-seeking
behavior. D2R agonists shift the cocaine self-administration dose-response curve to the left
[7, 16, 17, 18], suggesting increased sensitivity to cocaine reinforcement, while D1R
agonists produce a downward shift, suggesting either impaired motor behavior or a general
dampening of motivation for cocaine [7, 18]. Blockade of either D1Rs or D2Rs during
cocaine self-administration, however, alters responding in a manner consistent with
antagonistic effects [15]. Similarly, dopamine receptor partial agonists, which have lower
intrinsic activity at the receptor compared to the neurotransmitter, produce slight downward
and rightward shifts in the psychostimulant dose-response curve (i.e., dampening
reinforcement), and therefore have also received attention as potential therapeutic agents
[83, 97]. Interestingly, both stimulation and blockade of D1Rs via systemic administration
of agonists and antagonists, respectively, attenuate drug-seeking behavior elicited by
cocaine cues or cocaine priming [3, 4, 24, 28, 49, 50, 86, 91, 92, 99]. In humans, both D1R
agonism and antagonism result in dampened cocaine-elicited euphoria [42, 85]. Although
D1 agonists and antagonists produce similar behavioral outcomes, we have suggested that
they do so via distinct processes, with the agonist likely reducing motivation to initiate
cocaine-seeking behavior whereas the antagonist likely attenuates the reinforcing effects of
the cues and cocaine primes [3, 4]. In contrast to D1R drugs, D2R agonists and antagonists
produce opposite effects on drug-seeking behavior. D2R agonists reinstate extinguished
cocaine-seeking behavior [27, 29, 35, 49, 91], while D2R antagonists block the ability of
cocaine [49, 86, 96] and cocaine-paired cues to reinstate cocaine-seeking behavior [22, 26,
38].

The effects of dopaminergic drugs on cocaine reinforcement and cocaine-seeking behavior
are mediated, at least in part, by dopamine receptors within the amygdala. The amygdala is
innervated by dopaminergic projections arising from both the ventral tegemental area (VTA)
and substantia nigra pars compacta [62], and in turn sends efferent projections to other
limbic and cortical structures implicated in addiction-related behaviors [48]. Extracellular
dopamine levels within the amygdala are elevated during cocaine self-administration, and in
vivo manipulations whereby dopamine is directly perfused into the amygdala can increase or
decrease cocaine intake depending on the concentration of dopamine infused [45, 46]. The
amygdala is strongly activated in animals and humans, as measured via Fos protein
expression and functional imaging, respectively, following cocaine injections or exposure to
drug-associated cues [11, 40, 51, 73]. Importantly, dopamine concentrations within the
amygdala are elevated following exposure to a drug-associated context or discriminative
stimuli predictive of cocaine availability, and dopamine levels in the amygdala correspond
to cocaine-seeking behavior [94, 98]. Furthermore, amygdala lesions or dopamine receptor
antagonist infusions directly into the amygdala reduce the reinforcing and stimulus effects of
cocaine, as well as the conditioned motivational effects of cocaine-related stimuli [8, 10, 13,
19, 45, 68, 90].

More recent work suggests dissociable roles of the basolateral (BlA) and central (CeA)
nuclei of the amygdala in mediating cocaine-related behavior. The BlA is nonessential for
processing the primary rewarding effects of cocaine as BlA lesions do not affect cocaine
self-administration [41, 69, 100] and BlA infusions of psychomotor stimulants fail to
condition a place preference [76]. However, BlA lesions do interfere with responding for

Thiel et al. Page 2

Behav Brain Res. Author manuscript; available in PMC 2011 December 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



conditioned reinforcers [12] and disrupt acquisition, extinction, and consolidation of cue-
cocaine associations [33, 36]. In contrast, infusion of amphetamine directly into the CeA
produces a conditioned place preference, suggesting a role in initiating the rewarding effects
of psychostimulants [76]. The CeA is also thought to amplify expression of drug-
conditioned behaviors [84] and is likely involved in the increases in cue-elicited drug-
seeking behavior that occur over time during abstinence [61, 63]. Although both the CeA
and the BlA are activated during expression of drug-conditioned responses [53, 93],
selective activation has been observed in the CeA by cocaine priming and in the BlA by
cocaine-associated cues [24, 54, 73, 102].

D1Rs contribute to the amygdala subregion-specific regulation of cocaine-related behaviors.
For instance, Mashhoon et al. [66] recently demonstrated that the D1 agonist SKF 81297
infused into the caudal (c) BlA specifically increases cocaine-seeking behavior under a
second-order schedule of reinforcement when cocaine and cues are available, whereas the
agonist infused into the rostral (r) BlA specifically increases cocaine-seeking behavior when
only cues are available. Infusion of the D1 antagonist SCH-23390 into these subregions
produced opposite effects on these behaviors, suggesting D1R mediation. Interestingly, in
addition to attenuating cocaine-seeking behavior elicited by a cocaine-predictive cue,
systemic injection of a D1R antagonist blocks Fos protein expression within the BlA that
occurs with exposure to discriminative stimuli predictive of drug [24]. Infusion of
SCH-23390 into either the BlA or the CeA increases cocaine self-administration rates [2,
13]. Furthermore, infusion of SCH-23390 specifically into the cBlA, and to a lesser extent
the CeA, attenuates cue-elicited cocaine-seeking behavior, while infusion of this drug into
the rBlA or CeA attenuates cocaine-primed reinstatement [2]. It was surprising to find that
SCH-23390 produced similar effects throughout the amygdala given that dopamine receptor
subtype distribution is not equal. Indeed, the D1R family is predominately located within the
BlA, whereas the CeA predominately contains the D2R family [89]. Some potential
limitations of SCH-23390 to examine behavior mediated by D1Rs are that 1) it is highly
lipophilic and may therefore spread rapidly from the injection site, 2) it blocks inward
rectifying potassium channels [55], and 3) it acts as an agonist at 5-HT2C receptors [70].
Furthermore, its action via blockade of inward rectifying potassium channels may indirectly
alter D2 receptor function [55]. These caveats notwithstanding, D1Rs within the amygdala,
particularly the BlA, are likely involved in modulating motivation for cocaine.

Given the greater distribution of D2-like receptors within the CeA, the primary focus of the
present study was to examine the role of D2R activation within the CeA in mediating
cocaine-related behaviors. Notably, of the various subnuclei that compose the amygdaloid
complex, the CeA receives the greatest dopaminergic innervation [5, 32], therefore
implicating this particular nucleus in dopamine-mediated conditioned responses that involve
the amygdala. For instance, mesoamygdaloid D2R activation within the CeA has previously
been implicated in the acquisition and expression of conditioned approach behaviors [43, 44,
81].

In the present study, we were interested in examining whether D2R stimulation within the
CeA alters the expression of cue- and cocaine-elicited reinstatement of extinguished
cocaine-seeking behavior. Therefore, we examined intra-CeA infusions of the selective D2/
D3 agonist 7-OH-DPAT [60] prior to tests for cue reinstatement and cocaine-primed
reinstatement of extinguished cocaine-seeking behavior. Additionally, given our previous
work demonstrating that intra-CeA infusion of SCH-23390 blocks expression of both cue
and cocaine-primed reinstatement [2], we were interested in further whether increased
stimulation of D1Rs in the CeA modulates these behaviors. Therefore, we also examined the
effects of intra-CeA infusion of the D1R agonist SFK-38393 on cue and cocaine-primed
reinstatement. Notably, this drug has high efficacy and intrinsic activity at the unique
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phosphoinositide-linked D1Rs located in the amygdala, unlike its relatively low intrinsic
activity at the traditional adenylyl cyclase-linked D1Rs [47, 95]. An important advantage in
using 7-OH-DPAT and SKF-38393 to investigate the unique roles of D2- and D1-like
receptors, respectively, in modulating reinstatement behavior is that both of these agonists
have previously been used to dissociate dopaminergic-related behavioral functions of the
CeA from surrounding subnuclei, suggesting they exhibit limited spread [44, 101].

2. Methods
2.1. Animals

Male Sprague-Dawley rats, weighing 225–250 g upon arrival to our laboratory, were
individually housed in a climate-controlled colony with a 12-h reverse light/dark cycle. The
housing conditions and care of the rats were in accordance with the Guide for the Care and
Use of Laboratory Animals (Institute of Laboratory Animal Resources on Life Sciences,
National Research Council, 1996). Rats were handled for 1–2 min/day for at least 5 days and
they weighed at least 275 g by the time they underwent surgery.

2.2. Surgery
Rats received atropine sulfate (10 mg/kg, IP) to decrease bronchial secretions, and 5 min
later, they were anesthetized with sodium pentobarbital (50 mg/kg, IP). Catheters were
constructed from Silastic tubing (10 cm; inner diameter 0.012 × outer diameter 0.025 inches;
Dow Corning, Midland, MI) connected to a bent 22 gauge metal cannula encased within a
plastic screw connector (Plastics One, Roanoke, VA) at one end and affixed with a small
ball of aquarium sealant ~4 cm from the other end. The catheters were implanted into the
jugular vein as described in Neisewander et al. [73]. Rats were then placed into a stereotaxic
instrument. The connective tissue overlying the skull was removed and 4 stainless steel
jeweler’s screws were implanted into the skull. Small holes were then drilled into the skull,
through which stainless steel guide cannulae (23-gauge) were lowered into the CeA
bilaterally at the following coordinates relative to bregma [79]: AP= −2.5, ML = ±4.1, DV=
−6.5. Dental acrylic was used to permanently affix the metal end of the catheter and the
guide cannulae to the screws, which anchored the entire headpiece to the skull. Stainless
steel stylets (30-gauge) were placed into the guide cannulae to maintain patency. Catheter
patency was maintained by daily flushing with a solution of 0.1 ml bacteriostatic saline
containing heparin sodium (10 U/ml; Elkins-Sinn Inc., Cherry Hills, NJ), streptokinase (0.67
mg/ml; Astra USA Inc., Westerborough, MA), and ticarcillin sodium (66.7 mg/ml;
SmithKline Beecham Pharmaceuticals, Philadelphia, PA). Proper catheter functioning was
verified periodically throughout the experiments by the intravenous administration of 0.05
ml of methohexital sodium (16.6 mg/kg; Jones Pharma Inc., St. Louis, MO), a dose
sufficient to briefly produce loss of muscle tone only when administered intravenously.

2.3. Drugs and intracranial infusions
Cocaine hydrochloride (NIDA drug supply system) was dissolved in saline, filtered through
a 0.2 μm filter, and administered intravenously (IV) for self-administration and
intraperitoneally (IP, 1 ml/kg) for cocaine reinstatement. SKF-38393 and 7-OH-DPAT were
purchased from Research Biochemicals, Inc., Natick, MA. 7-OH-DPAT was diluted in 0.1
M PBS (pH ≈ 7.4). SKF-38393 was dissolved in methanol and then diluted with heated,
distilled water (pH ≈ 6.0). 7-OH-DPAT was bilaterally infused at an injection volume of 0.2
μl/side over 1 min. SKF-38393 was bilaterally infused into the CeA at an injection volume
of 0.3 μl/side over 1.5 min. Vehicle solutions and injection volumes were identical to their
respective drug condition. For the intra-CeA infusions, a 30-gauge injector connected to a
10-μl syringe via PE 10 tubing was lowered to extend 2 mm below the guide cannulae tips.
After 1 min, rats received drug or vehicle infusions over the designated amount of time.
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Infusion of the drug was confirmed by movement of an air bubble the correct distance in the
injection tubing. Injectors remained in place for an additional 1 min to allow diffusion away
from the injector, and then the stylets were replaced. Intracranial infusions produced a
transient reduction in activity in some rats. Therefore, rats were allowed to recover to
normal activity (maximum of 3 min) before being placed into the chambers for testing.

2.4 Behavioral assays
2.4.1. Cocaine self-administration training—After at least 5 days of recovery from
surgery, training began during daily, 2-h sessions that took place during the rats’ dark cycle.
To facilitate acquisition [21], rats were initially restricted to 15–20 g of food/day beginning
2 days before training. The operant conditioning chambers were equipped with two levers
mounted on the front wall (an ‘active’ and an ‘inactive’ lever), a cue light above the active
lever, a tone generator, and a house light mounted on the center of the back wall. Each
chamber was housed in a larger, sound-attenuating chamber. Completion of the schedule of
reinforcement on the active lever simultaneously activated the house light, illuminated the
cue light above the active lever, and activated a tone. After 1 s, a 6-s cocaine infusion (0.75
mg/kg/0.1 ml, IV) was delivered. The infusion pump, cue light and tone were then
inactivated simultaneously and the house light remained on signaling a 20-s timeout period,
during which active lever presses were recorded but produced no consequences. Based on
their individual self-administration performance, rats progressed from a fixed ratio (FR) 1
schedule to a variable ratio (VR) 2, VR 3, and finally VR 5 schedule of reinforcement. The
rationale for this progression of reinforcement is that it results in greater resistance to
extinction and subsequently greater reinstatement responding during tests for reinstatement
[1]. Rats remained food restricted until they achieved 14 infusions/session for two
consecutive days on a VR 3 schedule of reinforcement. Thereafter, rats were given access to
food ad libitum in the home cage throughout the remainder of the experiment. Rats received
a minimum of 20 days of self-administration training and were maintained on the VR 5
schedule with free food access for at least the last 5 days of training prior to testing.
Responses on the inactive lever were recorded but were not reinforced.

2.4.2. Cocaine self-administration test phase (7-OH-DPAT experiment only)—
Rats were required to reach a stability criterion on the VR 5 schedule of less than 15%
variability of infusions/session for 3 consecutive days with no upward or downward trends.
Each rat then received two self-administration tests: one following intra-CeA infusion of
vehicle, and one following infusion of their assigned dose of 7-OH-DPAT, with order of test
condition counterbalanced. Cocaine was available on a VR 5 schedule during the 1-h test
sessions and at least 3 self-administration sessions intervened between the test days to re-
establish a stable baseline self-administration rate. Following their second test, rats were
given three more self-administration sessions prior to the start of extinction training to
ensure stabilized operant responding prior to extinction training.

2.4.3. Extinction phase—Beginning the day after self-administration training finished,
rats underwent 1-h daily extinction sessions during which they were placed back into the
chambers and active and inactive lever presses were recorded but had no consequences.
Extinction training continued until animals reached a criterion of either < 20 responses/h or
a decrease of 80% of initial response rate during extinction.

2.4.4. Cue and cocaine reinstatement test phases—For cue reinstatement, the same
stimulus complex previously paired with cocaine during self-administration training was
delivered response-contingently on an FR 1 schedule across the 1-h test session as this
reinforcement schedule during reinstatement testing produces robust responding [1]. A non-
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contingent cue presentation was delivered to rats that did not receive a cue within the first 5
min.

For cocaine reinstatement, a cocaine priming injection (10 mg/kg, IP) was administered
immediately before the rat was placed into the chamber. Lever presses were recorded for a
1-h test session, but had no consequences. To control for reinstatement that might have
resulted from injection stress, rats were given an IP injection of saline on the extinction day
immediately preceding the cocaine reinstatement test (i.e., baseline).

Rats were tested twice for cue reinstatement and twice for cocaine reinstatement, with the
order of test type counterbalanced and separated by a minimum of 4 additional extinction
sessions. For each test type, rats were pre-treated with vehicle on one day and their assigned
dose of drug on the other test day, counterbalanced for order, and separated by at least 4
days of extinction to re-establish baseline responding.

2.5. Experimental design
In separate experiments, rats received bilateral CeA infusions of either 7-OH-DPAT (0.25,
0.5, 1.0, 2.0, 4.0 μg/0.2 μl/side) or SKF-38393 (1.0, 2.0, 4.0 μg/0.3 μl/side). Final n/group
ranged from 6 – 9 and is specified for each group in the figure captions. The 0.25 μg dose of
7-OH-DPAT was used in tests for self-administration but was not included in tests for cue
and cocaine-primed reinstatement. The between subjects assignment to dosage group for
each drug type was counterbalanced for previous cocaine intake during self-administration
training. For each rat, the dose assignment was held constant for both cue and cocaine
reinstatement testing; however, in the 7-OH-DPAT experiment, dose assignment for self-
administration varied from that used during reinstatement and re-assignment to dosage
groups was balanced to the extent possible across subsequent reinstatement groups.
Reinstatement was operationally defined as a doubling of active lever presses relative to
baseline and at least 10 active lever presses on either the vehicle or drug pretreatment test
day. Some rats exhibited cue reinstatement but not cocaine reinstatement, and vice versa.
These rats were excluded only from the analyses of the test type for which they failed to
exhibit reinstatement.

2.6. Histology
Following completion of each experiment, rats were deeply anesthetized with sodium
pentobarbital (100 mg/kg, IP) and decapitated. Their brains were removed and subsequently
sectioned coronally at a thickness of 40 μm. Sections were thaw-mounted onto gelatin-
coated slides, stained with cresyl violet, and examined under a microscope by an observer
unaware of group assignment in order to examine cannulae placements and excessive brain
damage.

2.7. Data analysis
Given the high degree of variability in vehicle responding at each dose of each agonists
used, and given that we were primarily interested in within subject effects of vehicle vs.
agonist responding at each dose of 7-OH-DPAT and SKF-38393, difference scores between
vehicle and agonist responding at each dose of each agonist was calculated. We also
analyzed the raw data and found the same outcome; therefore, the data analyses and graphs
presented in the manuscript are change from baseline responding given that this is the
clearest way to demonstrate the effects. In each experiment, difference scores were
calculated by subtracting baseline from test day values. For self-administration, baseline
values were the mean number of infusions earned during the sessions preceding the test
days. For reinstatement, baseline values were the mean response rate during the extinction
sessions preceding the reinstatement tests. These difference scores were analyzed separately
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for active and inactive lever presses. Difference scores for each test type from each
experiment were analyzed using separate ANOVAs with the vehicle and drug test conditions
as a within subject factor and dosage group as a between subjects factor. Significant
interactions were followed up with post-hoc Tukey’s HSD tests (p<.05). For the 7-OH-
DPAT reinstatement tests, due to graded dose-response functions and strong main effects
masking an interaction, planned comparison, paired-sample t-tests with Bonferroni
correction were used to make the most relevant comparisons between vehicle and drug
pretreatment test days for each dosage group.

3. Results
All statistics are reported as mean ± SEM, and all significant effects are presented. Only
those rats meeting reinstatement criteria and with both injector tips located in the CeA (see
Figure 1) were included using the following criteria for correct placements: the anterior-
posterior range of − 1.80 to − 2.80 mm posterior to bregma, the medial-lateral range of
approximately + 3.60 to 4.60 mm lateral to the midsagittal suture, and the dorsal-ventral
range of approximately −7.50 to −8.50 mm ventral to the flat skull surface (Figure 1;
Paxinos and Watson [79]). Average daily number of cocaine infusions obtained during self-
administration training did not differ across dosage groups and is shown in Table 1. For the
cohort of rats that underwent testing with 7-OH-DPAT (Experiment 1), self-administration
took place between 30 – 34 days including the 7-OH-DPAT tests during self-administration.
The cohort of rats that were tested with SKF-38393 (Experiment 2) did not receive intra-
CeA SKF-38393 infusions during self-administration, and their training lasted for three
weeks. Length of extinction training varied for both cohorts of rats, depending on the time it
took to stabilize responding both prior to and between tests. Extinction training lasted
between 34 – 42 days for both experiments. No significant effects were detected for inactive
lever pressing in any of the experiments during self-administration or reinstatement test days
(data not shown).

3.1.1. Experiment 1a: Effects of 7-OH-DPAT on cocaine self-administration—
Infusion of 7-OH-DPAT into the CeA produced a significant Drug × Dose interaction
(F(4,33) = 3.60, p<.05) on infusions/h. As shown in Figure 2, post-hoc analyses revealed
that intra-CeA infusions of 7-OH-DPAT dose-dependently decreased cocaine self-
administration at the 3 highest doses tested relative to vehicle infusion (p<.05, Tukey’s
HSD). Average baseline self-administration infusions for each 7-OH-DPAT dosage group
are provided in the caption of Figure 2.

3.1.2. Experiment 1b: Effects of 7-OH-DPAT on cue reinstatement and cocaine
reinstatement—A total of 9 rats failed to demonstrate cue reinstatement and were
therefore excluded from the cue reinstatement analysis. The overall ANOVA failed to reveal
a Drug × Dose interaction for cue reinstatement (see Figure 3). However, planned
comparisons made for each group between response rates following 7-OH-DPAT versus
vehicle revealed a significant decrease in cocaine-seeking behavior at the 4.0 μg/side dose
[t(6) = 3.48, p<.0125, Bonferroni correction]. There was also a trend toward a decrease in
cocaine-seeking behavior at the 1 μg dose (p=0.12). Average baseline responses for the
extinction days immediately preceding the cue reinstatement tests did not differ across 7-
OH-DPAT dosage groups (see the caption for Figure 3).

A total of 7 rats failed to demonstrate cocaine-primed reinstatement when pre-treated with
an intra-CeA vehicle infusion and were therefore excluded from the cocaine reinstatement
analysis. The overall ANOVA also failed to reveal a Drug × Dose interaction during tests of
cocaine-primed reinstatement (see Figure 3). However, planned comparisons made for each
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group between response rates following 7-OH-DPAT versus vehicle revealed a significant
decrease in cocaine-seeking behavior at the 4.0 μg/side dose [t(7) = 3.81, p<.0125,
Bonferroni correction]. There was also a strong trend toward a decrease in cocaine-seeking
behavior at the 1 μg dose (p=0.05). Average baseline responses for the extinction days
immediately preceding the cocaine reinstatement tests did not differ across 7-OH-DPAT
dosage groups (see the caption of Figure 3).

3.2. Experiment 2: Effects of SKF-38393 on cue and cocaine reinstatement
A total of 3 rats failed to demonstrate cue reinstatement and 2 rats failed to demonstrate
cocaine-primed reinstatement and were therefore excluded from each respective analysis.
Cue and cocaine-primed reinstatement results are summarized in Figure 4. SKF-38393
failed to produce significant differences at any dose tested in either cue- or cocaine-elicited
reinstatement. Average baseline responses for the extinction days immediately preceding
either the cue reinstatement or cocaine-primed reinstatement tests did not differ across
SKF-38393 dosage groups (see the caption of Figure 4).

3.3. Histological considerations
Some gliosis was observed near the cannulae tracts within the CeA, but there was no
excessive damage with either agonist. Furthemore it is unlikely that multiple microinjections
alone caused a change in amygdala function since no changes in behavior were observed
with SKF and low doses of 7-OH-DPAT.

Discussion
The present findings suggest that increasing stimulation of D2Rs within the CeA is
sufficient to modulate cocaine self-administration as well as cue- and cocaine-elicited
reinstatement of extinguished cocaine-seeking behavior. In contrast, increasing D1R
stimulation within the CeA is not sufficient to modulate cue or cocaine-elicited drug-seeking
behavior.

Contrary to our prediction that increased stimulation of D2Rs would enhance reinstatement
effects, 7-OH-DPAT attenuated both cue- and cocaine-elicited reinstatement, as well as
cocaine self-administration. The effect of intra-CeA 7-OH-DPAT on cocaine self-
administration is not surprising given that similar effects have been observed following
systemic administration [14, 16, 18]. Therefore, the CeA may represent a centrally-located
site of action of peripherally administered D2-like receptor agonists. Additionally, consistent
with the idea that intra-CeA 7-OH-DPAT may be modulating the rewarding effects of
cocaine, it has been shown that administration of amphetamine into the CeA supports
conditioned place preference, suggesting this brain region plays a role in initiating the
rewarding effects of psychostimulants [76]. 7-OH-DPAT shifts the cocaine self-
administration curve to the left, such that animals respond as though they are receiving a
higher dose of cocaine [16]. The dose of cocaine used during self-administration tests in the
present study (i.e., 0.75 mg/kg) lies on the descending limb of cocaine dose-response
functions; therefore, a shift to the left at this dose would be reflected by a decrease in
responding for cocaine, as was observed here. This pattern of responding has been
interpreted as reward enhancement [16, 78], suggesting that intra-CeA infusions of 7-OH-
DPAT produced a cocaine-like effect. In further support of this conclusion, Hurd and Ponten
[46] demonstrated that perfusion of dopamine (45 nM) directly into the BlA and CeA
reduces self-administration of a high dose of cocaine (1.5 mg/kg/infusion), an effect that
they interpret as an increase in the magnitude of cocaine reinforcement.
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Alternatively, given our observed reduction in cocaine-primed reinstatement, 7-OH-DPAT
effects on cocaine self-administration may instead reflect a generalized decrease in
motivation. In the absence of a full examination of intra-CeA infusions of 7-OH-DPAT
across a range of cocaine doses, we can only speculate that 7-OH-DPAT reduces cocaine
self-administration via enhancement of cocaine reward while it attenuates cocaine-primed
reinstatement via a decrease in the incentive motivational effects of cocaine priming. These
opposite effects of intra-CeA infusions of 7-OH-DPAT on cocaine self-administration
versus cocaine-primed reinstatement likely reflect dissociable mechanisms underlying
reinforcement (as measured in tests for cocaine self-administration) versus motivation (as
measured in tests for reinstatement of extinguished cocaine-seeking behavior; see
Pentkowski et al. [80] for review). One important indicator that intra-CeA infusion of 7-OH-
DPAT did not produce non-specific alterations in lever responding is the lack of differences
in inactive lever presses on test days across groups. Furthermore, although we did not test
the effects of the drugs in the absence of a reinstating stimulus, previous studies examining
intra-CeA microinjection of 7-OH-DPAT, as well as SKF-38393, have failed to observe
effects of these drugs on locomotor behavior [43, 44, 101] or sucrose consumption [43]
using a similar dose range, therefore suggesting that it is unlikely these drugs alter motor
responses or general motivation. Furthermore, intra-amygdala infusion of 7-OH-DPAT
following overtraining of a conditioned stimulus-unconditioned stimulus relationship has no
effect on expression of subsequent conditioned approach behavior [81], suggesting 7-OH-
DPAT effects are not due to memory impairment of drug-cue associations.

In light of previous microdialysis research demonstrating that increases in amygdala
dopamine correspond with time-dependent increases in cocaine-seeking behavior [94], it is
somewhat puzzling that infusion of a dopamine agonist into the CeA would attenuate, rather
than facilitate, reinstatement. Although the effective high dose of 7-OH-DPAT used in the
present study should result in activation of both pre- and post-synaptically located D2-like
receptors, it is possible that pre-synaptic autoreceptor stimulation attenuated dopamine
release elicited by the cocaine prime and/or cues, thereby decreasing cocaine-seeking
behavior. Also, it is possible that the agonist effect could be a result of an increase in the
ratio of D3 to D2 receptor stimulation by 7-OH-DPAT relative to endogenous dopamine,
with D3 receptor stimulation opposing the increase in cocaine-seeking behavior associated
with D2 receptor stimulation [35]. Furthermore, it is possible that dopamine in the amygdala
is not the mechanism underlying the time-dependent increases in cocaine-seeking behavior
observed previously despite corresponding changes in these measures [94]. Alternatively,
the correlation between increased dopamine within the amygdala and increased cocaine-
seeking behavior could be driven by dopamine levels in the BlA specifically, and not by
levels in the CeA. Finally, it is possible that some degree of D1R and D2R co-stimulation
within the amygdala is necessary to express robust cocaine-seeking behavior (see discussion
below).

The CeA is also thought to play a role in conditioned approach behavior [77], and may
amplify reward signals resulting in greater behavioral expression of reward-related behavior
[84]. Hitchcott and colleagues demonstrated that dopaminergic mechanisms within the
amygdala contribute to the acquisition and expression of stimulus-reward associations [43,
81]. Expression of these associations can be measured via an approach response toward a
conditioned stimulus (CS) that has previously been paired with a rewarding stimulus (i.e.,
unconditioned stimulus, US), or via instrumental responding by which the CS is presented
response-contingently. Infusion of 7-OH-DPAT into the CeA dose-dependently attenuates
the expression of a conditioned approach response to a CS previously associated with
sucrose, but does not have an effect on instrumental responding for the CS [44]. Although
conditioned approach to the light/tone cues was not explicitly measured in the present study,
it likely contributed to initiation of cocaine-seeking behavior. Interestingly, our findings
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seem at odds with Hitchcott and Phillips [44] given that we found that 7-OH-DPAT infused
into the CeA was effective in decreasing CS (i.e., cue)-elicited lever pressing. This
discrepancy might be due to differences in the unconditioned stimuli used in the two studies
(i.e., cocaine versus sucrose), suggesting that 7-OH-DPAT may selectively attenuate the
conditioned reinforcing effects of drug-paired cues. Furthermore, Kruzich and See [53],
using tetrodotoxin inactivation of the CeA, demonstrated that this region is involved in the
expression of cue-induced reinstatement of cocaine-seeking behavior. The present results
support this latter finding, and suggest that D2R stimulation within the CeA may specifically
blunt the expression of drug-seeking behavior.

7-OH-DPAT has pharmacological actions at both D2 and D3 receptors [59]; therefore, it is
unclear which specific receptor subtype underlies the behavioral effects observed in the
present study. The prevalence of D2-like receptors within the CeA may actually be best
represented as a predominance of D3 receptors in light of finding that the highest
concentration of amygdala D3 receptors lies in the CeA coupled with the finding that there
are generally low levels of D2 receptor mRNA found within this subregion [64, 71]. The
selective D3 antagonist, SB-277011, blocks the primary rewarding effects of cocaine, as
well as cocaine-seeking behavior elicited by a cocaine prime; however, selective D3
receptor modulation alone does not appear to affect cocaine intake on continuous
reinforcement schedules [37, 96]. Furthermore, a number of studies have demonstrated that
D3 antagonism, as well as D3 partial agonism, decreases cue- and cocaine-elicited cocaine
seeking behavior [20, 30, 38, 39, 82, 96], as well as cocaine cue-conditioned locomotion
[57]. This latter effect was accompanied by an increase in immediate early gene expression
within the amygdala, although a dissociation was not made between the CeA and BlA [57].
Additionally, Gal and Gyertyan [38] demonstrated that a D2-preferring antagonist, as well
as a D3 partial agonist/D2 antagonist, was effective in attenuating cue-induced cocaine-
seeking behavior, suggesting that D2 and D3 receptor subtypes may both play an important,
and perhaps complementary, role in mediating incentive motivational effects of drug-paired
stimuli. Taken together, these findings suggest a complex pattern of changes in cocaine-
seeking behavior via altered tonic stimulation of D2-like receptors that may be explained by
region specificity and/or whether the predominating effect involves D2 or D3 receptors.

Based on our previous research demonstrating that the D1 antagonist SCH-23390 infused
into the CeA attenuates cue and cocaine-primed reinstatement [2], we predicted that the D1
agonist SKF-38393 would have the opposite effect of enhancing both types of reinstatement
similar to the findings of Mashhoon et al. [66] who reported opposite effects of a D1R
agonist and antagonist infused into BlA. Even though SKF-38393 does not alter
reinstatement of cocaine-seeking behavior when administered systemically [4], we expected
that localized infusions into the CeA would enhance reinstatement similar to the effects of
D1 agonist infusions into the nucleus accumbens (NAc) shell [6, 87, 88]. Indeed, the D1
agonist SKF-81297 fails to reliably reinstate extinguished drug-seeking behavior following
systemic administration [4, 49, 52], whereas infusion into NAc shell reinstates cocaine-
seeking behavior [6, 87, 88]. Given that D1Rs exhibit region-specific functional selectivity,
we chose to use SKF-38393 for this study because it has high intrinsic activity at D1Rs in
the amygdala [95] even though it is characterized as a partial agonist (i.e., low intrinsic
activity) at the more typical adenylate cyclase-linked D1Rs [58]. The range of intra-CeA
SKF-38393 doses used has been shown to modulate morphine- and cocaine-conditioned
place preference when infused into either the amygdala or the prefrontal cortex [9, 101].
Therefore, it seems unlikely that the failure to observe effects with SKF-38393 was due to
inappropriate choice of doses. Furthermore, we have tested effects of a single dose (1 μg/
side) of SKF-81297, a high efficacy D1 agonist in adenylate cyclase assays that has been
shown to reinstate drug-seeking behavior when infused into the NAc shell [87], and found
that it also fails to alter cue or cocaine-primed reinstatement when infused into the CeA
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(unpublished observations). Thus, the present finding that stimulation of D1 receptors in the
CeA had no effect on cue or cocaine-primed reinstatement whereas blockade attenuates both
forms of reinstatement [2] suggests that stimulation of these receptors may be necessary but
not sufficient for expression of the behavior. It is also important to note that the relatively
greater concentration of D2Rs compared to D1Rs within the CeA may additionally explain
why D1 stimulation alone produces no effects whereas D2 stimulation reduces cocaine-
seeking [89]. In addition, our previous findings demonstrating the effects D1R blockade in
the CeA using SCH-23390 may have been due to the non-specific effects that SCH-23390
exerts on other G protein-coupled, inwardly rectifying potassium channels [55] as opposed
to D1R antagonism.

The close proximity of the BlA and CeA nuclei warrants caution when interpreting
pharmacological manipulations aimed specifically at these regions. It is important to note
that the agonists used in the present study show region-specific effects at the doses used, and
therefore, it is unlikely that our effects are due to spread to a neighboring region. Mashhoon
et al. [66] recently demonstrated that D1 receptor activation within the rBlA using
SKF-81297 increased cocaine-seeking behavior; therefore, if the D1 agonist used in the
present study had diffused into the BlA, we would have expected to see similar positive
effects. Furthermore, Hitchcott and Phillips [44] infused 7-OH-DPAT into both the CeA and
BlA and found dissociable involvement of these nuclei in the expression of Pavlovian and
instrumental-related behaviors, suggesting that this drug remains isolated to the region in
which it is infused. Finally, it is important again to note that the relatively low distribution of
D2-like receptors within the BlA [89] mitigates the idea that 7-OH-DPAT effects were due
to spread to this region.

Previous research suggests that D1Rs sometimes play a permissive role in mediating
behaviors involving D2Rs and/or that stimulation of D1 and D2Rs can interact
synergistically in dopamine-mediated behavior [25]. For instance, D2 agonists alone
produce mild stereotypy that is intensified by D1 agonists, even though D1 agonists do not
produce stereotypy when given alone [67, 56, 74]. Furthermore, sniffing and chewing
behaviors produced by D2 agonists can be reversed by either co-administration of a D1 or
D2R antagonist [72]. In regard to cocaine-seeking behavior, intra-NAc infusion of either a
D1 or D2/D3 agonist reinstates cocaine-seeking behavior, and the effects of both agonists
are reversed by either D1R- or D2R-selective antagonists [6, 87, 88]. The finding that each
antagonist attenuated reinstatement induced by either agonist suggests that reinstatement of
drug-seeking behavior requires dopaminergic activity at both D1-like and D2-like receptor
subtypes in the NAc [6]. In order to determine if D1 and D2Rs play a similar permissive/
cooperative role in modulating cocaine-seeking behavior within the CeA, it will be
interesting for future studies to examine whether 7-OH-DPAT effects cans be reversed by a
D1R antagonist. Furthermore, it would be important to examine the effects of co-
administration of sub-threshold doses of D1R and DR2 agonists to see if similar reduction of
reinstatement observed in the present study from the highest dose of 7-OH-DPAT alone
could be reproduced.

In conclusion, our previous findings [2], in combination with the present findings, suggest
that both the D1-like and D2-like dopamine receptor families in the CeA play a role in
modulating incentive motivation for cocaine, perhaps by enhancing behavior expression
related to motivation. Interestingly, despite producing opposite effects on cocaine self-
administration, the D1 antagonist used in our previous study and the D2 agonist used in the
present study produced similar effects on cocaine-seeking behavior. While stimulation of
D2Rs in the CeA is sufficient to attenuate cue and cocaine-primed reinstatement, stimulation
of D1Rs in this region appears necessary but not sufficient for modulating these behaviors.
Future studies will be needed to better characterize which D2-like receptor subtypes mediate
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the effects of the intra-CeA infusions of 7-OH-DPAT, as well as the effects of D2-like
receptor manipulations on the acquisition/consolidation of cocaine-cue associations. Further
elucidating the dopaminergic mechanisms involved in cocaine reinforcement and
reinstatement may aid in developing pharmacological treatments for cocaine addiction.
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Figure 1.
Coronal sections representing the cannula placement criteria for inclusion in the analyses
(A; adapted from Paxinos and Watson, 1998) and representative coronal section stained with
cresyl violet demonstrating bilateral cannula placements in the CeA (B). The section was
from a rat that was infused with the 4.0 μg/side dose of 7-OH-DPAT. Only rats with
bilateral cannula tip placements within the gray highlighted boundaries of the CeA were
included in the analyses; rats with either one or both tips outside of this area were excluded.
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Figure 2.
Effects of 7-OH-DPAT infused into the CeA on cocaine self-administration, expressed as a
difference from baseline self-administration infusions/h. Rats were tested twice, pretreated
once with intra-CeA vehicle (white bar) and once with their assigned intra-CeA dose of 7-
OH-DPAT (black bar), counterbalanced for order. During the 1-h self-administration test,
rats received response-contingent infusions of cocaine (0.75 mg/kg/0.1ml) paired with the
light/tone stimulus complex on a VR5 schedule of reinforcement (n per dose = 7, 6, 9, 9, and
7, respectively) and the mean (±SEM) infusions/h on the preceding 1st h of the baseline self-
administration sessions were 16.3 ± 2.6, 17.3 ± 2.0, 18.0 ± 1.8, 19.8 ± 2.8, and 16.4 ± 1.4 for
each dosage group, respectively. At least 3 days of stable self-administration intervened
these tests. Asterisk (*) represents a difference from vehicle pretreatment (p<.05, Tukey’s
HSD).
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Figure 3.
Effects of 7-OH-DPAT infused into the CeA on cue and cocaine reinstatement, expressed as
a difference from baseline extinction responses/h. For each type of reinstatement rats were
tested twice, pretreated once with intra-CeA infusion of vehicle (white bar) and once with
intra-CeA infusion of 7-OH-DPAT (black bar), counterbalanced for order. For cue
reinstatement, rats received response-contingent cue presentations on an FR1 schedule of
reinforcement (n per dose = 8, 7, 7, and 7, respectively). The mean (±SEM) responses/h on
the preceding extinction baseline sessions were 10.4 ± 2.6, 11.3 ± 2.8, 8.9 ± 2.3, and 7.5 ±
2.9 for each dosage group, respectively. For cocaine reinstatement, rats received a cocaine
priming injection (10 mg/kg, IP) immediately prior to testing (n per dose = 7, 8, 8, and 8,
respectively). Rats received a saline injection immediately prior to the preceding extinction
baseline session. The mean (±SEM) responses/h during baseline sessions for each dosage
group was 10.0 ± 2.3, 8.6 ± 2.9, 8.2 ± 1.9, and 7.8 ± 2.3, respectively. Asterisk (*) represents
a difference from vehicle pretreatment (paired t-test, p<.0125, Bonferroni correction).
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Figure 4.
Effects of SKF-38393 infused into the CeA on cue and cocaine reinstatement, expressed as a
difference from extinction baseline responses/h. For each type of reinstatement rats were
tested twice, pretreated once with intra-CeA infusion of vehicle (white bar) and once with
intra-CeA infusion of SKF-38393 (black bar), counterbalanced for order. For cue
reinstatement, rats received response-contingent cue presentations on an FR1 schedule of
reinforcement (n per dose = 8, 7, and 6, respectively). The mean (±SEM) responses/h during
extinction baseline for each dosage group were 12.8 ± 1.4, 13.0 ± 1.9, and 12.2 ± 1.5,
respectively. For cocaine reinstatement, rats received a cocaine priming injection (10 mg/kg,
IP) immediately prior to testing (n = 8 per group). Rats received a saline injection
immediately prior to the preceding extinction baseline session. The mean (±SEM)
responses/h during baseline for each dosage group were 12.7 ± 1.4, 12.1 ± 1.9, and 10.9 ±
2.7, respectively.
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