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Abstract
Rationale—Acute re-exposure to cocaine or drug cues associated with cocaine use can elicit drug
craving and relapse. Neuroimaging studies have begun to define neurobiological substrates
underlying the acute effects of cocaine or cocaine cues in cocaine-dependent subjects.

Objective—The present study was the first to use functional brain imaging to document acute
cocaine-induced changes in brain activity during active drug use in nonhuman primates.

Materials and methods—Positron emission tomography imaging with O15-labeled water was
used to measure drug-induced changes in cerebral blood flow. The acute effects of cocaine
administered noncontingently were characterized in four drug-naïve rhesus monkeys. The same
subjects were trained to self-administer cocaine under a fixed ratio schedule during image acquisition.
Subsequently, three subjects with an extensive history of cocaine use were trained to self-administer
cocaine under a secondorder schedule. The same subjects also underwent extinction sessions during
which saline was substituted for cocaine under the second-order schedule.

Results—Noncontingent administration of cocaine in drugnaïve subjects induced robust activation
of prefrontal cortex localized primarily to the dorsolateral regions. In contrast, the pattern of brain
activation induced by self-administered cocaine differed qualitatively and included anterior cingulate
cortex. Moreover, drug-associated stimuli during extinction also induced robust activation of
prefrontal cortex.

Conclusions—The effects of cocaine and associated cues extend beyond the limbic system to
engage brain areas involved in cognitive processes. The identification of neural circuits underlying
the direct pharmacological and conditioned stimulus effects of cocaine may be highly relevant toward
efforts to develop treatments for cocaine addiction.
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Introduction
A major difficulty in treating cocaine addiction is the high rate of relapse after periods of drug
abstinence (Jaffe 1990; Leshner 1997; Paulus et al. 2005). Acute re-exposure to cocaine or
drug cues associated with cocaine use can elicit drug craving and relapse (Jaffe et al.
1989;O’Brien et al. 1992, 1998; Childress et al. 1993). Studies employing neuroimaging
techniques have begun to define neurobiological substrates underlying the acute effects of
cocaine or exposure to cocaine cues in cocaine-dependent subjects. For example, acute cocaine
administration increased cerebral blood flow mainly in the frontal and parietal regions (Mathew
et al. 1996). A blood oxygen level-dependent functional magnetic resonance imaging (fMRI)
study reported dynamic patterns of brain activation following cocaine administration (Breiter
et al. 1997). Regions including cingulate and lateral prefrontal cortex showed short duration
activations that were correlated with ratings of “rush”. Other regions including the nucleus
accumbens showed sustained activation associated with ratings of “craving”. Cocaine also
activated mesolimbic and mesocortical regions that receive dopaminergic afferents (Kufahl et
al. 2005).

Related studies have documented that specific brain regions activated by cocaine are also
activated by drug-associated cues. For example, cocaine users showed increases in cerebral
blood flow in the anterior cingulate and amygdala when watching a video containing
cocainerelated scenes (Childress et al. 1999). Similarly, when script-guided imagery of
autobiographical memories was used to induce cocaine craving, subjects showed significant
increases in cerebral blood flow in the anterior cingulate and amygdala (Kilts et al. 2001).
Additional studies using fMRI have reported activation of anterior and posterior cingulate and
dorsolateral prefrontal cortex in response to cocaine-related videos (Maas et al. 1998; Garavan
et al. 2000; Wexler et al. 2001). More recently, there is evidence to suggest that the pattern and
time course of brain activation in response to cocaine cues may predict treatment outcomes
(Kosten et al. 2006).

The capability to conduct parallel neuroimaging studies in nonhuman primates and human
subjects provides a powerful translational approach that can link findings from human and
animal research. A significant advantage of nonhuman primate models is the use of initially
drug-naïve subjects in longitudinal designs to characterize within-subject changes in aspects
of the neurobiology associated with chronic drug use. The present study was the first to use
functional brain imaging to document acute cocaine-induced changes in brain activity during
active drug use in nonhuman primates. Positron emission tomography (PET) imaging with
O15-labeled water was used to measure drug-induced changes in cerebral blood flow. First,
the acute effects of cocaine administered noncontin-gently were characterized in four drug-
naïve rhesus monkeys. Secondly, the same four subjects were trained to self-administer cocaine
under a simple fixed ratio (FR) schedule during image acquisition. Thirdly, three subjects with
an extensive history of cocaine use were trained to self-administer cocaine under a complex,
second-order schedule. Finally, the effectiveness of drug-related stimuli to induce changes in
cerebral blood flow was characterized during extinction conditions in the same three subjects.
Collectively, the results highlight the important role of drug-paired environmental stimuli in
modulating brain activity and provide a unique nonhuman model to evaluate the effectiveness
of pharmacological therapies to treat cocaine addiction.

Materials and methods
Subjects

Three female (RRg-4, RGi-4, and RLl-4) and two male (RMk-3 and RDp-3) adult rhesus
monkeys (Macaca mulatta) weighing 7.2–11.5 kg served as subjects. Each subject was housed
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individually and fed Purina monkey chow (Ralston Purina, St. Louis, MO, USA), fruits, and
vegetables. Water was continuously available. Animal care procedures strictly followed the
National Institutes of Health Guide for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committee of Emory University.

Surgery
Each subject was prepared surgically with a chronic indwelling venous catheter under sterile
surgical conditions using a technique described previously (Howell and Wilcox 2001).
Preoperative antibiotics (Rocephin (ceftriaxone, 25 mg/kg)) were given on the day of the
surgery to prevent infection. A silicone catheter (0.65 mm i.d., 1.75 mm o.d.; Access
Technologies, Skokie, IL, USA) was implanted under a combination of Telazol (tiletamine
HCl and zolazepam HCl, 4.0 mg/kg) and isoflurane anesthesia using aseptic techniques. The
proximal end of the catheter terminated in the vena cava above the right atrium, and the distal
end was routed under the skin and attached to a subcutaneous vascular access port (Access
Technologies) located in the center of the lower back. After surgery, the subject was returned
to its home cage and received Banamine (flunixin meglumine, 1.0 mg/kg) every 6 for 24 h
postoperatively to reduce potential pain and discomfort associated with surgery. Catheters were
flushed daily with 1.0 ml of heparinized (100 U/ml) saline to maintain patency.

Drug
Cocaine HCl (National Institute on Drug Abuse) was dissolved in 0.9% saline, and doses were
determined as salts.

Apparatus
Due to the importance of position and alignment factors in imaging studies, specific attention
was devoted to the development of an effective and comfortable head restraint device to be
used in the imaging of conscious monkeys (Howell et al. 2001). The restraint device was
designed to attach to a Primate Products chair and facilitate frequent immobilization. Subjects
received extensive behavioral training prior to neuroimaging in order to ensure the comfort of
the subjects and minimize potential stress associated with the imaging protocols. The terminal
phase of training involved immobilization and transfer from the Yerkes Center to the Emory
PET Center on a weekly basis. Objective measures of plasma cortisol levels supported the
behavioral observations that the immobilization and neuroimaging protocols were well
tolerated and failed to induce significant stress (Howell et al. 2001). For behavioral studies, a
response lever was mounted on the right arm of the restraint device and required minimal
motion by the subject’s hand to activate the microswitch and register a response. Located in
front of the head-restraint device at eye level were red and white stimulus lights. Once the
monkey was seated in the chair, a Huber needle (Access Technologies) was inserted into the
venous access port. The polyvinyl chloride tubing attached to the Huber needle was connected
to a motor-driven syringe (Coulbourn Instruments, Allentown, PA, USA) containing the drug
solution. A volume of 2.0 ml/infusion was delivered over 7 s. An IBM compatible computer
controlled experimental events and recorded data. PET imaging was performed on a Siemens
951 scanner which can image an entire monkey brain with a 10-cm axial field of view.

Behavioral procedures
The study comprised three distinct phases. In the first phase, the acute effects of cocaine (1.0
mg/kg) were determined in four drug-naïve subjects (RRg-4, RGi-4, RMk-3, and RDp-3). Drug
administration was not contingent on a behavioral response by the subjects (noncontingent
drug administration). The effects of cocaine were determined twice, and saline (control) was
determined three times on separate occasions in all subjects. In the second phase, the same four
subjects were trained to lever press under a simple FR20 response schedule of i.v. cocaine
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delivery (FR self-administration). When the daily session began, the red stimulus light in front
of the helmet was illuminated and indicated that cocaine was available. Completion of 20
responses in the presence of the red light resulted in the delivery of a single i.v. dose of cocaine
(0.33 mg/kg/injection) or saline and changed the stimulus light from red to white for 15 s. A
60-s time-out period followed the white light presentation, and lever presses had no scheduled
consequences. All stimulus lights were extinguished during the 60-s time-out. The behavioral
protocol comprised three consecutive FR20 components, each followed by a 60-s time-out.
Hence, the total drug dose administered during a session (1.0 mg/kg) was matched to the single
bolus dose administered in the first phase of the study. The effects of cocaine and saline
(extinction) were both determined twice on separate occasions in all subjects. In the third phase,
three subjects (RRg-4, RGi-4, and RLl-4) were trained to lever press under a complex schedule
of i.v. cocaine delivery that required the completion of multiple response sequences over
consecutive 10-min intervals (second-order self-administration). During the 10-min intervals,
completion of each FR20 changed the stimulus light from red to white for 2 s The first FR20
completed after the10-min interval had elapsed resulted in the delivery of a single i.v. dose of
cocaine (0.33 mg/kg/injection) or saline and changed the stimulus light from red to white for
15 s. The behavioral protocol comprised three consecutive 10-min intervals, each followed by
a 60-s time-out. Hence, total drug dose administered during a session (1.0 mg/kg) was matched
to the first two phases of the study. Subjects also underwent extinction sessions during which
saline was substituted for cocaine under the second-order schedule conditions. The effects of
cocaine were determined twice, and saline (extinction) was determined three times on separate
occasions in all subjects.

Regional cerebral blood flow determinations
Because awake primates served as subjects and arterial catheters were not used, global and
regional subtraction techniques were used to determine relative flow, normalized to global
value. Subjects were positioned in the scanner, and a 15-min transmission scan was obtained
for attenuation correction prior to the bolus injection of the radiotracer. For each scan, a 10-
mCi i.v. injection of O15 water was administered. After the bolus injection, PET data were
obtained for 90 s beginning when activity was first noted in the brain, approximately 10 s after
the bolus injection. Two images were acquired prior to drug administration, and the mean value
was defined as the session baseline. During self-administration and extinction sessions, the
baseline scans were acquired prior to the illumination of the discriminative stimulus and the
initiation of responding. Each experimental session also included six sequential i.v. injections
of O15 water at 10-min intervals beginning 5 min after the last injection of cocaine or saline.
However, drug effects dissipated rapidly and were rarely evident 15–25 min postinjection.
Accordingly, all data presented were derived from the first O15 water determination following
cocaine or saline administration. The PET images for each subject were registered to MRI.
Coregistration of the animal studies used slight modifications of procedures and techniques
that are in standard practice for human studies at Emory University. All subsequent water
images were aligned to the first. The scans were then added together, and the result was
registered to the MRI of each animal using the methods of Woods et al. (1993). Accuracy of
coregistration is on the order of 1–2 mm when performed with head phantom studies and in
human studies. The MRI images provide excellent anatomical delineation of structures in
monkeys.

Data analysis
Image analysis was performed in a manner very similar to previous work (Votaw and Li
1995; Henry et al. 1999; Votaw et al. 1999; Howell et al. 2002). Briefly, all images for each
subject were corrected for motion that may have occurred during the acquisition by rigid body
registering in 3D all subsequent images to the first using the methods of Woods et al.
(1998a). This registration approach was also used to align in 3D the first frame of the functional
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image set to the anatomical image (Woods et al. 1993). Each anatomical image was then warped
into a standard space using the methods described by Woods et. al (1998b). The standard was
a mean anatomical MR image created by aligning and averaging eight animal image sets and
then manually translating, rotating, and scaling the mean image to roughly fit into the human
coordinate system described by Talairach and Tournoux (1988). This standard image consisted
of 47 slices of thickness 3 mm; each slice was 121×95 pixels of dimension 1.5×1.5 mm. The
registration (functional to anatomical) and warping (anatomical to standard) transforms were
combined and applied to each image of the functional data set so that all analyzed images of
each subject were in the Talairach frame of reference where the transaxial images are parallel
to the anterior commissure–posterior commissure line.

The PET data were analyzed with and without a global normalization. When normalized, each
pixel was divided by the average intensity of all pixels within the brain. Only pixels common
to all acquired images across all subjects, as determined by the alignment to the standard, were
used to calculate the average.

A three-way analysis of variance was applied to the PET studies using subject, repetition, and
scan condition as factors. Linear contrasts were computed to test whether the mean pixel
intensities were different between control and task states (Neter et al. 1990). The model
assumed that there were no interactions between variables. Potential sites of increase in the
PET data were evaluated at the overall p<0.05 level of significance using the method of Friston
et al. (1994), which considers the spatial extent of the region, and Votaw et al. (1998), which
considers the shape of the region as a function of the cutoff threshold. Decreases in regional
cerebral blood flow were not considered in the present analyses. Note that the anatomy of the
prefrontal cortex is identified in Fig. 1.

Results
Noncontingent drug administration

Brain activation maps normalized to global flow showed prominent drug-induced activation
of prefrontal cortex localized primarily to dorsolateral regions 5 min postinjection (Fig. 2). As
reported previously (Howell et al. 2002), drug effects on regional cerebral blood flow were
transient and diminished markedly by 25 min postinjection (data not shown). Cocaine also
induced a significant increase in whole brain blood flow (Table 1).

Simple fixed ratio self-administration
All subjects learned to self-administer cocaine reliably under the fixed ratio schedule of i.v.
drug delivery while positioned in the PET scanner. Daily sessions were conducted in the
restraint device at the Yerkes Center, and actual scan acquisition occurred once or twice per
month at the Emory PET Center in individual subjects. During experimental sessions, subjects
reliably received all three scheduled drug injections. When saline was substituted for cocaine
unpredictably under extinction conditions, subjects still reliably received all scheduled
injections. Extinction conditions were very infrequent, and the session duration was relatively
brief so self-administration behavior remained robust even in the absence of cocaine delivery.
It typically required 4–7 min for subjects to complete the behavioral task and receive all
scheduled injections. Stimulus control of the learned behavior was evident by rapid initiation
of responding in the presence of the red stimulus light and an absence of responding when the
red stimulus light was terminated. Brain activation maps normalized to global flow showed
prominent cocaine-induced activation localized primarily to the medial region corresponding
to the anterior cingulate (Fig. 3). As observed for noncontingent cocaine administration, drug
effects on regional cerebral blood flow were transient and diminished markedly by 25 min
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postinjection (data not shown). Cocaine did not induce a significant change in whole brain
blood flow (Table 1).

Complex second-order self-administration
All subjects learned to self-administer cocaine reliably under the second-order schedule of i.v.
drug delivery while positioned in the PET scanner. Due to the demanding requirements of the
reinforcement schedule and the longer session duration, behavioral training occurred over a
9–13-month period before the initiation of PET experiments. Drug intake during the period of
behavioral training ranged from 82 to 128 mg/kg. During experimental sessions, subjects
reliably received all three scheduled injections of cocaine or saline. Stimulus control of the
learned behavior was evident by rapid initiation of responding in the presence of the red
stimulus light and an absence of responding when the red stimulus light was terminated. The
pattern of responding was also typical of performance maintained by second-order schedules
with identical parameters (Howell and Wilcox 2001). Once responding was initiated, lever
pressing was rapid and sustained until the FR20 requirement was completed and the stimulus
light changed from red to white for 2 s. There was generally a pause in lever pressing after
completion of each FR20 requirement, followed by a high, steady rate of responding until the
subsequent FR20 requirement was completed. Average session response rates ranged from
0.23 to 0.73 responses/s (414–1,918 responses per session). Interestingly, in contrast to the
results obtained under the simple FR schedule, brain activation maps normalized to global flow
during the second-order condition did not reveal drug-induced activation of any brain region
when compared to extinction conditions (Fig. 4). Cocaine did not induce a significant change
in whole brain blood flow (Table 1). However, when the statistical comparison was between
extinction conditions and noncontingent saline administration, brain activation maps
normalized to global flow showed robust activation of dorsomedial prefrontal cortex (Fig. 5).
Hence, there was a lack of direct pharmacological effect induced by cocaine, yet there was
robust prefrontal activation associated with extinction conditions under the second-order
schedule. The effects associated with extinction conditions were transient and diminished
markedly by 25 min postinjection (data not shown). Extinction conditions did not induce a
significant change in whole brain blood flow (Table 1).

Discussion
The present study is the first to use functional brain imaging to document acute cocaine-induced
changes in brain activity during active drug use in nonhuman primates. Initial experiments
characterized the acute effects of cocaine administered noncontingently in drug-naïve rhesus
monkeys. Repeated baseline determinations of cerebral blood flow prior to drug administration
were reliable, and brain activation maps normalized to global flow showed prominent cocaine-
induced activation of prefrontal cortex localized primarily to the dorsolateral regions.
Subsequent experiments characterized the effects of cocaine during active drug self-
administration protocols in the same subjects. They were trained initially to respond for
intravenous injections of cocaine under a fixed ratio 20 schedule in the presence of a red light,
and the stimulus lights changed to white during drug infusion. Appropriate stimulus control of
self-administration behavior was established, as evidenced by a lack of responding in the
absence of the red light. Compared to noncontingent cocaine administration, the pattern of
brain activation induced by self-administered cocaine during the simple fixed ratio schedule
differed qualitatively. The area of major activation included anterior cingulate cortex, a region
associated with the extended limbic system. A final series of experiments using a complex
second-order schedule determined the pattern of brain activation induced by drug-associated
stimuli in the absence of cocaine. When the effects of drug-associated stimuli were determined
during extinction, there were marked increases in regional cerebral blood flow in the
dorsomedial prefrontal cortex, indicating robust cortical activation. Collectively, the results
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document qualitative differences in the pattern of brain activation induced by cocaine during
contingent versus noncontingent drug administration. Moreover, drug-associated stimuli can
induce robust activation of prefrontal cortex in subjects with a complex history of drug use.
The brain activation induced by cocaine and drug-associated stimuli provides a conceptual
framework for characterizing the effects of potential medications on brain activity in awake,
behaving monkeys.

The differences observed in the pattern of brain activation following noncontingent versus self-
administered cocaine is consistent with a growing literature reporting both quantitative and
qualitative differences in the response to cocaine depending on whether the drug is
administered passively or self-administered. For example, the presence or absence of response
dependency can significantly alter the lethal effects of cocaine in rats (Dworkin et al. 1995).
Similarly, self-administered cocaine leads to greater increases in extracellular dopamine in the
nucleus accumbens of rats compared to response-independent drug administration (Hemby et
al. 1997). Of particular relevance to the present study, the brain metabolic effects of self-
administered cocaine in rhesus monkeys (Porrino et al. 2002) differed qualitatively from results
obtained in previous experiments utilizing noncontingent drug administration in drug-naïve
monkeys (Lyons et al. 1996). Specifically, cocaine self-administration induced a more
restricted distribution of changes in functional activity in the medial and orbital prefrontal
cortex. Another notable difference was the elevation in cerebral metabolic rates within the
dorsolateral and dorsomedial prefrontal cortex of the self-administering animals. In the present
study, the history of drug intake also may have contributed to the differences observed
following noncontingent versus contingent drug administration. The effects of noncontingent
cocaine administration were determined in drug-naïve subjects, whereas self-administration
training by necessity required a more extended drug history. Significant differences have been
reported in the brain metabolic effects of self-administered cocaine in the striatum of rhesus
monkeys based on duration of drug exposure (Porrino et al. 2004). Specifically, in the initial
phases of cocaine exposure, self-administration significantly decreased activity in the ventral
striatum. In contrast, extended exposure lead to more intense and widespread metabolic effects
that included most aspects of the caudate and putamen.

Second-order schedules of drug self-administration allow the investigation of more complex
behavioral sequences than do simple schedules and accordingly may better reflect the human
condition (Katz and Goldberg 1991; Schindler et al. 2002). Importantly, brief stimulus
presentations are critical to the acquisition and maintenance of responding, providing a reliable
method to evaluate the effects of conditioned stimuli on drug self-administration behavior. The
present study utilized a second-order schedule of cocaine self-administration to characterize
the effects of conditioned stimuli on cerebral blood flow under extinction conditions and
demonstrated robust activation of prefrontal cortex in the absence of pharmacological effects.
It should be noted, however, that the lack of direct pharmacological effects may have been due
to the spacing of drug injections over a 30-min period, thereby leading to modest blood levels
at the time of scan acquisition. The results obtained under extinction conditions are consistent
with studies reporting conditioned responses to drug-associated environmental stimuli in
humans. It is well documented that cocaine cues can effectively elicit physiological responses
and self-reports of cocaine craving and withdrawal (Ehrman et al. 1992). One potential
mechanism is cue-induced dopamine release in the dorsal striatum (Volkow et al. 2006a).
Others have reported conditioned dopamine release in the ventral striatum in response to
amphetamine cues (Boileau et al. 2007). Interestingly, oral methylphenidate administration in
cocaine abusers significantly increased dopamine in the striatum as measured by displacement
of C11 raclopride but failed to induce craving unless subjects were concomitantly exposed to
cocaine cues (Volkow et al. 2008). Similarly, drug-associated cues have been shown to
modulate the brain metabolic effects of stimulants in cocaine abusers. In one study, the brain
metabolic effects of methylphenidate were enhanced in cocaine abusers when methylphenidate
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was administered in the presence of methylphenidate-associated cues (Volkow et al. 2003).
Drug-induced increases in self reports of “high” were also greater when subjects received
methylphenidate in the presence of methylphenidate-associated cues, and self-report measures
were significantly correlated with brain metabolic effects. Similar results have been reported
for subjects who had minimal experience with stimulant drugs (Volkow et al. 2006b). It is
apparent that conditioning and environmental stimuli can modulate the neurochemical,
physiological, and behavioral effects of stimulants, having a profound influence on their
addictive properties.

Functional brain imaging has begun to define the neural circuitry underlying the acute
pharmacological effects of cocaine, conditioned responses to cocaine-cues, and the experience
of drug craving in humans. Activation of the anterior cingulate has been observed in response
to acute administration of cocaine and related stimulants (Breiter et al. 1997; Volkow et al.
1999) and cocaine-related environmental cues (Maas et al. 1998; Childress et al. 1999; Kilts
et al. 2001; Wexler et al. 2001). Moreover, activation of the dorsolateral prefrontal cortex has
also been observed in response to cocaine (Kufahl et al. 2005) and cocaine cues (Maas et al.
1998; Grant et al. 1996). These reliable regional effects highlight the important role of an
integrated circuitry in the context of cocaine addiction. The anterior cingulate, part of the
extended limbic system, is anatomically linked to the prefrontal cortex and nucleus accumbens
and serves diverse functions including the integration of mood and cognition (Vogt et al.
1992; Devinsky et al. 1995). The dorsolateral and dorsomedial prefrontal cortices are activated
during the performance of a variety of cognitive tasks that require working memory or
goaldirected behavior (Fuster 1997). Hence, it is apparent that the effects of cocaine and
associated cues extend beyond the limbic system to engage brain areas underlying complex
cognitive processes. In the present study, the same neuroanatomical regions as reported in
humans subjects were activated during cocaine self-administration and extinction in rhesus
monkeys, establishing strong validity for the nonhuman primate model employed. Elevations
in rates of glucose utilization in the same brain areas following cocaine self-administration in
rhesus monkeys have also been reported (Porrino et al. 2002). Obviously, self-reports of drug
craving cannot be obtained in animal studies. However, the distinct pattern of brain activation
observed in the present study may provide a novel functional measure to assess interventions
designed to attenuate cue-induced changes in brain activity.

In summary, this is the first study to use functional brain imaging to document acute cocaine-
induced changes in brain activity during active drug use in nonhuman primates. There are
significant challenges associated with the conduct of imaging in behaving nonhuman primates
that impose limitations in the experimental design and interpretation of results. Subjects must
undergo extensive periods of training and habituation to immobilization. The establishment of
reliable stimulus control of behavior in a technically demanding environment is difficult.
Moreover, the costs associated with PET imaging can be prohibitive. Accordingly, the current
study was restricted to a single dose of cocaine in each experimental condition. The qualitative
differences observed may have been related, in part, to differences in the effective
concentration of cocaine. The interpretation of results clearly would benefit from parametric
manipulation of drug dose. In addition, the use of PET imaging and O15 water imposes
limitations on the temporal resolution of brain activation and the identification of underlying
neural circuitry. While fMRI allows for continuous measurement of cerebral blood flow with
outstanding temporal resolution, the technology and environment create additional challenges
for awake animal imaging. Despite the inherent challenges and limitations, the results obtained
in the present study are consistent with studies reporting the acute effects of cocaine or cocaine
cues on brain activity in humans. The identification of neural circuits underlying the direct
pharmacological and conditioned stimulus effects of cocaine may be highly relevant toward
efforts to develop pharmacological treatments for cocaine addiction. There is recent evidence
to suggest that the pattern and time course of brain activation in response to cocaine cues may
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predict treatment outcomes in human addicts (Kosten et al. 2006). Moreover, pretreatments
with a selective serotonin transporter inhibitor were effective in blocking cocaine-induced brain
activation in rhesus monkeys (Howell et al. 2002). It remains to be determined whether similar
pharmacological treatments will be equally effective in attenuating cue-induced brain
activation.
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Fig. 1.
Pictorial representation of the relevant anatomical regions in coronal slices at the level of the
striatum (left) and prefrontal cortex (right)
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Fig. 2.
The figure shows a series of sequential coronal slices depicting voxels meeting statistical
significance in a group of four monkeys following noncontingent administration of cocaine.
The comparison condition was noncontingent administration of saline. Data were modified
from Howell et al. 2002
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Fig. 3.
The figure shows a series of sequential coronal slices depicting voxels meeting statistical
significance in a group of four monkeys following self-administration of cocaine under an FR
schedule. The comparison condition was extinction during which saline was substituted for
cocaine. Data were derived from the same four rhesus monkeys described in Fig. 2
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Fig. 4.
The figure shows a series of sequential coronal slices depicting voxels meeting statistical
significance in a group of three monkeys following self-administration of cocaine under a
second-order schedule. The comparison condition was extinction during which saline was
substituted for cocaine
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Fig. 5.
The figure shows a series of sequential coronal slices depicting voxels meeting statistical
significance in a group of three monkeys following extinction conditions under a second-order
schedule. The comparison condition was noncontingent saline administration. Data were
derived from the same three rhesus monkeys described in Fig. 4
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