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Abstract

Objective—Since signals for cocaine induce limbic brain activation in animals and cocaine craving
in humans, the objective of this study was to test whether limbic activation occurs during cue-induced
craving in humans.

Method—Using positron emission tomography, the researchers measured relative regional cerebral
blood flow (CBF) in limbic and comparison brain regions of 14 detoxified male cocaine users and
six cocaine-naive comparison subjects during exposure to both non-drug-related and cocaine-related
videos and during resting baseline conditions.

Results—During the cocaine video, the cocaine users experienced craving and showed a pattern
of increases in limbic (amygdala and anterior cingulate) CBF and decreases in basal ganglia CBF
relative to their responses to the nondrug video. This pattern did not occur in the cocaine-naive
comparison subjects, and the two groups did not differ in their responses in the comparison regions
(i.e., the dorsolateral prefrontal cortex, cerebellum, thalamus, and visual cortex).

Conclusions—These findings indicate that limbic activation is one component of cue-induced
cocaine craving. Limbic activation may be similarly involved in appetitive craving for other drugs
and for natural rewards.

Craving for a drug is a cardinal feature of addictive disorders and is clinically significant
because of its potential to trigger drug use and relapse (1). The cocaine epidemic in the United
States has prompted an intensive, largely unsuccessful search for medications to treat cocaine
craving (2,3). This search has likely been complicated by a heterogeneous target: drug desire
that emerges during cocaine cessation (4) may well have a different brain substrate than desire
induced by cocaine itself (5) and the cues that signal it (6). Noninvasive brain imaging studies
have recently begun to examine the brain substrates of both withdrawal-based craving (7,8)
and cue-induced craving (9-11) in humans. We present here a hypothesis-guided imaging study
of cue-induced cocaine craving in which we used evocative video cues from our prior work,
which measured peripheral and subjective correlates of that state (6,12—-14).

Human cocaine users often experience profound desire for the drug when they encounter cues
(people, places, paraphernalia, etc.) associated with cocaine (6,15). Cue-induced cocaine
craving is sometimes accompanied by a number of signs and symptoms similar to the effects
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of cocaine itself, including generalized arousal, palpitations, light-headedness, ear ringing,
chest tightness, the “taste” of cocaine in the back of the throat, and even euphoria (1). The
druglike nature of these responses led us to hypothesize that brain structures activated during
cocaine craving may be among those activated by cocaine itself, including the dopamine-
innervated limbic regions implicated in cocaine's pleasurable effects (16—18). Consistent with
this hypothesis, cocaine itself triggers craving (5). Further, signals for rewards—whether
cocaine (19-21), food (22), or sex (23)—reliably activate limbic brain regions in rats.

We tested whether limbic-related regions (the amygdala, anterior cingulate, temporal pole,
hippocampus, and orbitofrontal cortex) may be differentially activated during cue-induced
cocaine craving by measuring regional cerebral blood flow (CBF) (24) in cocaine-dependent
patients and cocaine-naive comparison subjects during exposure to non-drug-related and
cocaine-related videos in a single positron emission tomography (PET) session. Several
comparison regions (the basal ganglia, cerebellum, dorsolateral prefrontal cortex, thalamus,
and visual cortices) were also monitored to determine regional specificity of the cue effects.
Initial resting regional CBF was used for subsequent baseline comparison of the two groups,
to determine their comparability before exposure to the cue.

The subjects were 20 right-handed men who gave written informed consent to participate after
hearing and reading a description of the study procedures. The 14 cocaine patients were in
treatment at either the Philadelphia VA Medical Center or the Treatment Research Center at
the University of Pennsylvania School of Medicine. All patients met the DSM-111-R criteria
for cocaine dependence; they reported an average of 8.1 years of cocaine use and 3.4 prior
treatment admissions for the disorder. On average, 13.5 days had elapsed since their last
reported use of cocaine. The patients’ average age was 37, and 86% (N=12) were African
American, reflecting the local treatment demographics for cocaine dependence. On screening
interview, all subjects acknowledged a prior history of cocaine craving in response to real-
world cocaine cues.

The critical selection factor for comparison subjects was lifelong abstinence from cocaine.
Since media advertising for paid medical experiments attracts local drug users, the six
comparison subjects were instead recruited by approaching men whose cocaine-free history
was known to the research staff through at least one collateral source. These comparison
subjects self-reported no history of cocaine use, and all gave cocaine-free urine samples during
screening. With these stringent screening criteria, the comparison group was younger (mean
age=27 years) than the patient group (unpaired t test, two-tailed: t=—3.16, df=19, p<0.05) and
had more formal education (mean=15.5 years versus 12.9 years) (t=2.46, df=19, p<0.05); two
(33%) of these six subjects were African American. The comparison subjects and patients did
not differ on report of monthly income, history of regular alcohol use, or alcohol use within
the past 30 days (all p values >0.05).

Exclusion criteria for both groups included diagnoses of current alcohol dependence, current
or past history of opiate dependence, formal thought disorder, organicity, or neurological
abnormalities detected on structural magnetic resonance imaging (MRI). PET data from three
additional study candidates were excluded because of cyclotron failure during image
acquisition, claustrophobia preventing the MRI necessary for coregistration, and unusable
arterial data.

On the day of scanning, just before the PET session, an intravenous line was placed in the
subject's left arm to permit continuous infusion of 1°O-labeled water, the flow tracer. An intra-
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arterial catheter was placed in the subject's right arm to permit the blood sampling (at 2.5-
minute intervals during each scan) that was necessary for kinetic modeling of flow. To
minimize movement during scanning, the subject's head was stabilized in a rigid, foam-lined
head holder. Six sequential 10-minute PET scans were obtained during an 86-minute session
featuring an initial resting baseline, a non-drug-related video, a second (recovery) baseline,
and a cocaine-related video. Both initial baseline and recovery baseline scans were obtained
during resting conditions (eyes and ears open; room lighting reduced by half). Two contiguous
scans were obtained during each of the videos; counts were later averaged for each video prior
to flow conversion.

Each video was 25 minutes in length and was begun 5 minutes in advance of PET scanning.
Both videos contained a soundtrack. The nondrug video featured a nature story/travelogue from
public television; the cocaine video featured the simulated purchase, preparation, and smoking
of crack cocaine. Because craving and arousal often persist beyond the cocaine video, it was
necessarily presented after the nondrug video. Immediately after the PET session, each patient
had a supportive “talk-down” with a trained clinician.

Behavioral Measures

Self-ratings of cocaine-related states were obtained with the use of a modification of the Within
Session Rating Scale for Cocaine (available from the first author on request), a 10-item scale
asking about the high, craving, and withdrawal related to cocaine and to other drugs, along
with items probing “wish for rush,” “wish to get rid of bad feelings,” relaxation/tension, and
global well-being. The questions were asked by a trained research assistant, and each item was
rated aloud by the patient on a scale ranging from 0 (not at all) to 9 (the most ever). The scale
was administered before and after each video, and change scores (postvideo minus prevideo)
were used for the statistical analyses.

Image Analysis

The CBF for each region of interest was determined through a multistage process involving
cross-registration of each subject's MRI with the functional PET image (25). In brief, the
PENN-PET 240H camera (UGM, Philadelphia) (spatial resolution=5.5 mm full width at half
maximum in all directions near the center of the field) imaged brain activity with the steady-
state method, with a constant infusion of 1°0-labeled water as the flow tracer. Radioactive
counts corrected for axial nonuniformity, scatter, and attenuation were reconstructed with 2-
mm sampling in all three directions, resulting in 64 transaxial slices. The PET images and MRI
for each subject were then rotated and resliced in planes parallel to a line connecting the anterior
commissure to the posterior commissure. Anatomical regions of interest based on the atlas of
Talairach and Tournoux (26) were hand-drawn on the relevant MRI slices by a trained
investigator (P.D.M.) and were subsequently transposed onto the resliced PET images. Whole
brain boundaries were used to transpose the set of regions of interest onto the images of each
scan condition. Cross-registered scans were checked and corrected for misalignments
indicating subject movement between the scans of a session. The mean counts per pixel in the
regions of interest were imported into a relational data base for conversion into absolute flows
with the use of the arterial blood curve and a standard kinetic model (flow=[decay constant *
count concentration for region of interest]/[arterial counts — (count concentration for region of
interest/partition coefficient)]). Absolute flows for each region were further normalized (to
whole brain flow) for use in the statistical analyses. The resulting relative flow measures are
useful where the primary question is regional distribution of CBF, as in this study.

Normalized regional CBF was determined for regions of interest (the amygdala, anterior
cingulate, temporal pole, hippocampal complex, and orbitofrontal area) within the brain's
limbic circuitry, long thought to be important for integrated emotional experience and
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emotional learning (27-30). (The nucleus accumbens is unfortunately too small in humans for
resolution with the current PET technology.) The comparison regions were either outside
traditional limbic circuits (cerebellum, visual cortices, and dorsolateral prefrontal cortex) or in
known afferent relation (thalamus) or efferent relation (caudate and lenticular nuclei) to them.
Activity in the thalamus and in visual cortices served as a monitor for comparability of the two
stimulus videotapes in sensory load and visual attention, respectively. Data on all regions
except the cerebellum were collected bilaterally.

Data Analysis

RESULTS

Change in subjective state during the videos (postvideo minus prevideo) was compared both
within the patient group (paired t tests, two-tailed) and between the patient group and the
comparison group (one-way analysis of variance [ANOVA]) for each of the scale items.

Change in relative regional CBF in response to the two videos (cocaine video minus nondrug
video) was compared within the cocaine patients (paired t tests, two-tailed) and between the
patients and the comparison subjects (repeated measures ANOVA, with group as a between
factor and laterality as a within factor) for both limbic and comparison regions of interest.
Initial baseline activity was also compared (one-way ANOVA) between patients and
comparison subjects, as prior literature has suggested limbic hypoactivity during cocaine
cessation (4,31-33). Correlations (Pearson's r, t transform) were used to examine the
relationship between video-related changes in regional CBF and clinical status variables or
resting flow.

We selected an alpha level of p<0.05 for both the subjective and regional CBF analyses, with
the explicit prediction that cocaine cues would induce a positive, appetitive state and limbic
activation in the cocaine patients. In specificity designs such as this one, where a number of
null results (e.g., effects on aversive subjective ratings and nonlimbic regional CBF) are
explicitly predicted, a correction for multiple comparisons could inflate the rate of null findings
and thus was not used.

Cue-Induced Subjective Effects

Cocaine craving, high, and wish for rush increased significantly during the cocaine video for
the cocaine patient group (figure 1), characterizing an appetitive, druglike desire state. As
expected, the cocaine-naive comparison subjects did not report cocaine craving or other
cocaine-related responses and thus differed significantly from the cocaine patients on these
items. Changes in wish to get rid of bad feelings, cocaine withdrawal, relaxation/tension, and
global well-being did not differ significantly either within or between groups (all p values
>0.10).

Regional CBF During Video Stimuli

Relative blood flow response to the two videos was analyzed within and between patients and
comparison subjects (figure 2) and with respect to laterality. For limbic regions, the cocaine
patients showed reliable increases in relative regional CBF in the amygdala (mean=0.125,
SD=0.072), anterior cingulate (mean= 0.066, SD=0.090), and temporal pole (mean=0.060,
SD=0.050) during the cocaine video compared with the nondrug video. The comparison
subjects did not show significant changes between videos by this comparison (all p values
>0.10).

The cocaine patients differed significantly from the comparison subjects in relative flow
increases in the amygdala and anterior cingulate. The cue effect in the patients was often larger
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for the left amygdala (mean relative increase=0.150, SD=0.090) than for the right amygdala
(mean=0.106, SD=0.090), although this change fell short of significance (group-by-laterality
interaction F=2.92, df=1, 18, p=0.10). Changes in regional CBF in response to the cocaine
video in the amygdala and anterior cingulate did not correlate with age (r=—0.29, df=12, p=0.31,
and r=0.00, df=12, p=0.99, respectively) or with years of education (r=0.05, df=12, p=0.86,
and r=0.40, df=12, p=0.15, respectively), the two demographic variables on which the patients
differed from the comparison subjects. Activation of the amygdala and anterior cingulate
during the two videos is illustrated by the images from a cocaine patient in figure 3.

The amygdalar and cingulate response in cocaine patients was a change (differential increase)
in regional CBF in response to the cocaine video, although the patients’ relative regional CBF
was not greater than that of the comparison subjects in response to the same video. This pattern
reflects the lower initial values for both of these regions in the patient group (see Baseline
Regional CBF). Initial hypoactivity neither blunted nor enhanced activation by the cocaine
video; the two variables were statistically unrelated (r=—0.08, df=12, p=0.78, and r=-0.37,
df=12, p=0.20, for correlations with change in the amygdala and anterior cingulate,
respectively).

Response to the videos in the hippocampal complex was not different either within or between
groups (both p values >0.60). Although the orbitofrontal region did not demonstrate significant
within- or between-group effects, it showed a group-by-laterality interaction (F=4.78, df=1,
18, p<0.04), with patients tending to activate the right side and comparison subjects the left
side.

With regard to comparison regions, the only significant change in response to the cocaine video
was a robust reduction in basal ganglia (caudate and lenticular) regional CBF in the cocaine
patient group (figure 2). The change in caudate flow was significantly different between the
patients (mean=-0.105, SD=0.090) and comparison subjects (mean=0.011, SD=0.050).

Baseline Regional CBF

Baseline regional CBF was comparable in patients and comparison subjects across nonlimbic
regions, but it was significantly lower in the patient group for a limbic region, the anterior
cingulate (F=10.28, df=1, 18, p=0.004, repeated measures ANOVA). Resting anterior
cingulate flow in the patient group did not correlate with several cocaine-related measures
(cocaine use in the past 30 days, r=—0.30, df=12, p=0.21; days since the last use of cocaine,
r=-0.22, df=12, p=0.45; number of prior treatment episodes, r=—0.35, df=12, p= 0.13). There
was a significant negative correlation of resting anterior cingulate flow with years of cocaine
use (r=—0.50, df=12, p<0.03), but this correlation did not remain significant (r=0.16, df=12,
p=0.63) when age was controlled (34).

Baseline differences in regional CBF for other regions did not reach statistical significance,
although resting amygdalar regional CBF was also lower in the patient group. Prior research
found the orbitofrontal region to be hyperactive immediately following cocaine cessation (7)
and hypoactive several weeks later (35), but the patients in the current study were scanned in
between these time points and did not differ from the comparison subjects in resting
orbitofrontal activity.

There were significant main effects of laterality (left greater than right, which is common in a
right-handed population) at baseline for several structures (anterior cingulate, temporal pole,
hippocampal complex, orbitofrontal area, dorsolateral prefrontal cortex, and visual cortices;
all F values >5.46, df=1, 18, all p values <0.05), but these generally did not differ between
patients and comparison subjects (the hippocampal complex was the only exception, F=5.88,
df=1, 18, p<0.03).
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DISCUSSION

The findings of this study support the hypothesis that cocaine craving is associated with
differential activation of limbic structures that are thought to be important in motivation and
affect. Limbic regions demonstrated a significant increase in regional CBF in response to the
cocaine video within the cocaine patient group, and the regional CBF increases in the amygdala
and anterior cingulate were reliably different from the pattern in the comparison subjects. The
relative specificity of these regional CBF increases in cocaine patients is suggested by the
absence of increases in nonlimbic comparison regions and by the absence of similar limbic
activation in the comparison subjects in response to the cocaine video. The regional specificity
of activation, and its restriction to the cocaine patients, also makes it unlikely that increases in
regional CBF in response to the cocaine video were simply a function of the ordering of the
videos or time in the scanner. The nondifferential activation of the thalamus and visual cortices
by both videos points to their general comparability on sensory dimensions and indicates that
the increases in limbic regional CBF in response to the cocaine video were not attributable to
gross differences in sensory load or visual attention.

Coactivation of the amygdala and anterior cingulate during cue-induced craving is consistent
with the importance of these two regions in affective behavior and in emotional learning
(36). The amygdala is critical for learning the relationships between biologically significant
stimuli (food, sexual partners, pain) and the signals for them (37), and in animal studies it has
been shown to play a similar role in processing signals for cocaine (20,21,38,39). The anterior
cingulate shares reciprocal connections with the amygdala (40,41) and has, among diverse
functions, a known role in mood and emotional responsivity (42—44). Both structures are
anatomically linked with the nucleus accumbens (40,41), a brain region important for the
reinforcing properties of cocaine (16-18) and natural rewards (22,23) in animals. These
interconnected regions allow the organism not only to experience the pleasure of rewards but
also to learn the signals for them (critical for survival). Cocaine's supranormal stimulation of
this reward circuitry results in robust, entrenched incentive learning. As shown in this study,
the subjective (incentive motivational) and associated limbic effects of cocaine signals are
preserved despite hypoactivity in parts of the same circuit (35,45,46) and despite other potential
effects of chronic cocaine in the brain (47-50).

The drop in basal ganglia regional CBF during craving may also reflect the influence of these
interconnected limbic structures (51), perhaps representing active inhibition of reward-
irrelevant responses. The lack of hippocampal activation during craving suggests the
subordination of explicit (factual) memory (52) to an amygdala-driven emotional state (53).
The developing brain signature of cue-induced craving is thus consistent with its clinical
phenomenology: the drug user is gripped by a visceral emotional state, experiences a highly
focused incentive to act, and is remarkably unencumbered by the memory of negative
consequences of drug taking.

Our findings in the amygdala are supported by the recent report of positive correlations between
changes in cue-induced craving and changes in glucose metabolism (another index of synaptic
activity) in the medial temporal lobe (10). On the other hand, the current paradigm induced
craving without differential stimulation of the dorsolateral prefrontal cortex, a “working
memory” region (54,55) activated by drug-related videos both in the cited glucose metabolism
study and in a recent cue study using functional MRI to index regional blood flow (11). The
videos in these studies were either repeated (10) or intermittent (11), making potentially greater
demands on working memory than the narrative videos used in the current study. Neither our
own nor the functional MRI cue findings (11) support a role for the cerebellum in cue-induced
craving, as proposed by the glucose metabolism correlative study (10).
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Our interpretations of the data should be taken in the context of our study's possible limitations.
Although we propose that the limbic activation observed in the cocaine patients during the
cocaine video reflects, at least in part, an increase in druglike cocaine desire, we cannot, of
course, completely rule out the possibility that the cocaine video produced other, unmeasured
or less specific subjective responses. For example, imaging studies have shown amygdalar
activation in response to a variety of emotional stimuli (56,57), and the anterior cingulate has
a known role in selective attention (40,41). However, alternative explanations such as anxiety
or distress are unsupported by the pattern of findings in the current study, as there was no
difference in relaxation/tension, global well-being, or the wish to get rid of bad feelings between
the two video conditions. It is also theoretically possible that some difference between the
patients and the comparison subjects other than cocaine history could account for the
differential limbic activation in response to the cocaine video, but the pattern of demographic
and clinical status variables argues against this interpretation. Finally, the possibility that seeing
a second video of any type affects cocaine patients differently than comparison subjects—and
in the very specific way predicted by the hypotheses—cannot be ruled out with the current
design, but this explanation is less straightforward than attributing differences to the intended
explicit difference between the two groups, i.e., their experience with cocaine.

Since cocaine itself can also prime a focused state of desire (5), imaging studies with the drug
might be expected to confirm limbic activation. Limbic activation has indeed been
demonstrated in four animal studies (58—61) and in a recent human study using functional MRI
(62). Cocaine's rapid temporal dynamics (63) and/or local vasoconstrictive actions may have
prevented a demonstration of limbic effects in several other studies (64—69). Cocaine's
multiple, and sometimes opposed, actions in the brain remain a significant technical challenge
for in vivo imaging.

The finding of some overlap in hypoactive limbic structures with those activated during cue-
induced craving suggests that the cocaine patients’ resting state could modulate the response
to cues. Although this study did not find a significant correlation between resting limbic flow
and the limbic response to cues, group size may have limited the ability to detect a correlation.
The overlap between hypoactive and cue-activated limbic structures may also help explain the
frustrated search for medications to prevent cocaine relapse. “Antiwithdrawal” agents intended
to restore or enhance the dopaminergic tone of hypoactive limbic regions may actually generate
an internal state experienced as craving and/or may enhance the response to external cocaine
cues (70). Conversely, “anticraving” agents that block limbic dopamine receptors may reduce
cue-related craving (71), but their blunting of mood and motivation makes compliance
problematic (72). Medications that target either specific receptor subgroups (73,74) or
dopamine-modulating transmitter systems (75-77) may offer more promise.

In sum, the current findings in cocaine patients offer both a foundation and a strategy for
studying the brain substrates of drug desire, a hallmark of drug dependence disorders. Both the
results and the strategy may be generalizable not only to craving for other drugs of abuse but
also to the appetitive states associated with natural rewards such as food and sexual activity.

Acknowledgments

Supported by National Institute on Drug Abuse grants DA-10241 and DA-05186 and by the VA Department of Medical
Affairs Research Division.

REFERENCES

1. Childress, AR.; Ehrman, RN.; Rohsenow, D.; Robbins, SJ.; O'Brien, CP. Classically conditioned
factors in drug dependence. In: Lowinson, J.; Ruiz, P.; Millman, R., editors. Comprehensive Textbook
of Substance Abuse. Williams & Wilkins; Baltimore: 1993. p. 56-69.

Am J Psychiatry. Author manuscript; available in PMC 2010 February 12.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Childress et al.

11.

12.

13.

15.

16.

17.

18.
19.

20.

21.

22.

23.

Page 8

. Rothman R, Glowa JR. A review of the effects of dopamimetic agents on humans, animals and drug-

seeking behavior, and its implications for medication development: focus on GBR12909. Mol
Neurobiol 1995;11:1-19. [PubMed: 8561954]

. Kosten TT, McCance E. A review of pharmacotherapies for substance abuse. Am J Addict 1996;5:58—

65.

. Gawin FH, Kleber HD. Abstinence symptomatology and psychiatric diagnosis in cocaine abusers.

Arch Gen Psychiatry 1986;43:107-113. [PubMed: 3947206]

. Jaffe JJ, Cascella NG, Kumor KM, Sherer MA. Cocaine-induced cocaine craving.

Psychopharmacology (Berl) 1989;97:59-64. [PubMed: 2496428]

. Childress AR, Ehrman RN, McLellan AT, O'Brien CP. Conditioned craving and arousal in cocaine

addiction: a preliminary report. NIDA Res Monogr 1988;81:74-80. [PubMed: 3136393]

. Volkow ND, Fowler JS, Wolf AP, Hitzemann R, Dewey S, Bendriem B, Alpert R, Hoff A. Changes

in brain glucose metabolism in cocaine dependence and withdrawal. Am J Psychiatry 1991;148:621—
626. [PubMed: 2018164]

. Zubieta J-K, Gorelick DA, Stauffer R, Ravert HT, Dannals RF, Frost JJ. Increased mu opioid receptor

binding detected by PET in cocaine-dependent men is associated with craving. Nat Med 1996;2:1225-
1229. [PubMed: 8898749]

. Childress AR, Mozley PD, Fitzgerald J, Reivich M, Jaggi J, O'Brien CP. Regional brain blood flow

during induced cocaine craving. Abstracts of the Society for Neuroscience 1994;20:1632.

10. Grant S, London ED, Newlin DB. Activation of memory circuits during cue-elicited craving. Proc

Natl Acad Sci USA 1996;93:12040-12045. [PubMed: 8876259]

Maas, LC.; Lukas, SE.; Kaufman, MJ. Proceedings of the College on Problems of Drug Dependence.
Nashville, Tenn: 1997. Functional MRI of human brain activation during cue-induced cocaine
craving. (abstract)

Childress AR, McLellan AT, Ehrman R, O'Brien CP. Classically conditioned responses in opioid and
cocaine dependence: a role in relapse? NIDA Res Monogr 1988;84:25-43. [PubMed: 3147384]
Ehrman RN, Robbins SJ, Childress AR, McLellan AT, O'Brien CP. Responding to drug-related
stimuli in humans as a function of drug-use history. NIDA Res Monogr 1992;116:231-244. [PubMed:
1369670]

14. Robbins SJ, Ehrman RN, Childress AR, O'Brien CP. Using cue reactivity to screen medications for

cocaine abuse: a test of amantadine hydrochloride. Addict Behav 1992;17:491-499. [PubMed:
1332435]

Wallace B. Psychological and environmental determinants of relapse in crack cocaine smokers. J
Subst Abuse Treat 1989;6:95-106. [PubMed: 2746717]

Roberts DCS, Corcoran ME, Fibiger HC. On the role of ascending catecholamine systems in the self-
administration of cocaine. Pharmacol Biochem Behav 1977;6:615-620. [PubMed: 122445]

Koob GF. Drug addiction: the yin and yang of hedonic homeostasis. Neuron 1996;16:893-896.
[PubMed: 8630244]

Wise RA. Neurobiology of addiction. Curr Opin Neurobiol 1996;6:243-251. [PubMed: 8725967]

Kalivas PW, Duffy P. Effect of acute and daily cocaine treatment on extracellular dopamine in the
nucleus accumbens. Synapse 1990;5:48-58. [PubMed: 2300906]

Brown EE, Robertson GS, Fibiger HC. Evidence for conditional neuronal activation following
exposure to a cocaine-paired environment: role of forebrain limbic structures. J Neurosci
1992;12:4112-4121. [PubMed: 1403102]

Weiss, F. Brain Reward Systems During Drug Addiction: Institute of Medicine Symposium on
Neuroscience Research: Advancing Our Understanding of Drug Addiction. National Academy of
Sciences; Washington, DC: 1996. Neurochemical Adaptation.

Hoebel BG, Mark GP, West HL. Conditioned release of neurotransmitters as measured by
microdialysis. Clin Neuropharmacol 1992;15(suppl 1):704A-705A. part A.

Phillips, AG.; Pfaus, JG.; Blaha, CD. Dopamine and motivated behavior: insights provided by in vivo
analyses. In: Willner, P.; Scheel-Kruger, J., editors. The Mesolimbic Dopamine System: From
Motivation to Action. John Wiley & Sons; New York: 1991. p. 199-224.

Am J Psychiatry. Author manuscript; available in PMC 2010 February 12.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Childress et al.

24.

25.

26.

217.
28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 9

Sokoloff L. Relationships among local functional activity, energy metabolism, and blood flow in the
central nervous system. Fed Proc 1981;40:2311-2316. [PubMed: 7238911]

Schneider F, Gur RE, Mozley LH. Mood effects on limbic blood flow correlate with emotional self-
rating: a PET study with oxygen-15 labeled water. Psychiatry Res Neuroimaging 1995;61:265-283.
Talairach, J.; Tournoux, P. Co-Planar Stereotaxic Atlas of the Human Brain. Thieme Medical; New
York: 1988.

Papez JW. A proposed mechanism of emotion. Arch Neurol Psychiatry 1937;38:725-745.

Maclean D. Psychosomatic disease and the visceral brain: recent developments bearing on the Papez
theory of emotion. Psychosom Med 1949;11:338-353. [PubMed: 15410445]

Gray, JA. The Neuropsychology of Anxiety. Oxford University Press; New York: 1982.

LeDoux, JE. Emotion and the amygdala. In: Aggleton, JP., editor. The Amygdala: Neurobiological
Aspects of Emotion, Memory and Mental Dysfunction. Wiley-Liss; New York: 1992. p. 339-351.
Dackis CA, Gold MS. New concepts in cocaine addiction: the dopamine depletion hypothesis.
Neurosci Biobehav Rev 1985;9:469-477. [PubMed: 2999657]

Markou A, Koob GF. Post-cocaine anhedonia: an animal model of cocaine withdrawal.
Neuropsychopharmacology 1991;4:17-26. [PubMed: 2003866]

Hammer RP, Pires WS, Markou A, Koob GF. Withdrawal following cocaine self-administration
decreases regional cerebral metabolic rate in critical brain reward regions. Synapse 1993;14:73-80.
[PubMed: 8511720]

Martin AJ, Friston KJ, Colebatch JG, Frackowiak RSJ. Decreases in regional cerebral blood flow
with normal aging. J Cereb Blood Flow Metab 1991;11:684-689. [PubMed: 2050757]

Volkow ND, Fowler JS, Wang G. Decreased dopamine D2 receptor availability is associated with
reduced frontal metabolism in cocaine abusers. Synapse 1993;14:169-177. [PubMed: 8101394]
Aggleton, JP., editor. The Amygdala: Neurobiological Aspects of Emotion, Memory and Mental
Dysfunction. Wiley-Liss; New York: 1992.

Everitt BJ, Cador M, Robbins TW. Interactions between the amygdala and ventral striatum in
stimulus-reward associations: studies using a second-order schedule of sexual reinforcement.
Neuroscience 1989;30:63-75. [PubMed: 2664555]

Meil WM, See RF. Excitotoxic lesions of the basolateral amygdala attenuate the ability of cues to
reinstate responding during the withdrawal from self-administration. Abstracts of the Society for
Neuroscience 1995;21:1958.

Whitelaw RB, Markou A, Robbins TW, Everitt BJ. Excitotoxic lesions of the basolateral amygdala
impair the acquisition of cocaine-seeking behavior under a second-order schedule of reinforcement.
Psychopharmacology (Berl) 1996;127:213-224. [PubMed: 8912399]

Vogt BA, Finch DM, Olson CR. Functional heterogeneity in cingulate cortex: the anterior executive
and posterior evaluative regions. Cereb Cortex 1992;2:435-443. [PubMed: 1477524]

Devinsky O, Morrell MJ, Vogt BA. Contributions of anterior cingulate cortex to behaviour. Brain
1995;118:279-306. [PubMed: 7895011]

George MS, Ketter TA, Parekh PI, Horwitz B, Herscovitch P, Post RM. Brain activity during transient
sadness and happiness in healthy women. Am J Psychiatry 1995;152:341-351. [PubMed: 7864258]
Ketter TA, Andreason PJ, George MS. Limbic mediation of procaine-induced emotional and
psychosensory experiences in man. Arch Gen Psychiatry 1996;53:59-69. [PubMed: 8540778]
Bench CJ, Frackowiak RS, Dolan RJ. Changes in regional cerebral blood flow on recovery from
depression. Psychol Med 1995;25:247-261. [PubMed: 7675913]

Clow DW, Hammer RP. Cocaine abstinence following chronic treatment alters cerebral metabolism
in dopaminergic reward regions. Neuropsychopharmacology 1991;4:71-75. [PubMed: 2003868]
Imperato A, Mele A, Scrocco MG, Puglisi-Allegra S. Chronic cocaine alters limbic extracellular
dopamine: neurochemical basis for addiction. Eur J Pharmacol 1992;212:299-300. [PubMed:
1601072]

Volkow ND, Mullani N, Gould KL, Adler S, Krajewski K. Cerebral blood flow in chronic cocaine
users: a study with positron emission tomography. Br J Psychiatry 1988;152:641-648. [PubMed:
3262397]

Am J Psychiatry. Author manuscript; available in PMC 2010 February 12.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Childress et al.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59

60.

61.

62.

63.

64.

65.

66.

67

68

69

Page 10

Holman BL, Mendelson J, Garada B. Regional cerebral blood flow improves with treatment in chronic
cocaine polydrug users. J Nucl Med 1993;34:723-727. [PubMed: 8478703]

Hurd YL, Harkenham M. Molecular alterations in the neostriatum of human cocaine addicts. Synapse
1993;13:357-369. [PubMed: 7683144]

Malison RT, Wallace EA, Best SM. SPECT imaging of dopa-mine transporters in cocaine dependent
and healthy control subjects with (1-123) B-CIT. Abstracts of the Society for Neuroscience
1994;20:1625.

Napier, TC.; Kalivas, PW.; Hanin, I., editors. The Basal Forebrain: Anatomy to Function. Plenum;
New York: 1991. p. 1-42.

Squire L, Ojemann JG, Miezin FM, Petersen SE, Videen TO, Raichle ME. Activation of the
hippocampus in normal humans: a functional anatomical study of memory. Proc Natl Acad Sci USA
1992;89:1837-1841. [PubMed: 1542680]

LeDoux JE. Emotional memory systems in the brain. Brain Res Behav Brain Res 1993;58:69-79.
Berman KF, Ostrem JL, Randolph C. Physiological activation of a cortical network during
performance of the Wisconsin Card Sorting Test: a positron emission tomography study.
Neuropsychologia 1995;33:1027-1046. [PubMed: 8524452]

Swartz BE, Halgren E, Fuster JM, Simpkins E, Gee M, Mandelkern M. Cortical metabolic activation
in humans during a visual memory task. Cereb Cortex 1995;5:205-214. [PubMed: 7613076]
Reiman EM, Lane RD, Ahern GL, Schwartz GE, Davidson RJ, Friston KJ, Yun L-S, Chen K.
Neuroanatomical correlates of externally and internally generated human emotion. Am J Psychiatry
1997;154:918-925. [PubMed: 9210741]

Morris JS, Frith CD, Perrett DI, Rowland D, Young AW, Calder AJ, Dolan RJ. A differential neural
response in the human amygdala to fearful and happy facial expressions. Nature 1996;383:812-815.
[PubMed: 8893004]

Stein EA, Fuller SA. Cocaine's time action profile on regional cerebral blood flow in the rat. Brain
Res 1993;626:117-126. [PubMed: 8281422]

.Stein EA, Fuller SA. Selective effects of cocaine on regional cerebral blood flow in the rat. J Pharmacol

Exp Ther 1992;262:327-334. [PubMed: 1625206]
Porrino LJ, Domer FR, Crane AM, Sokoloff L. Selective alterations in cerebral metabolism within

the mesocorticolimbic dopaminergic system produced by acute cocaine administration in rats.
Neuropsychopharmacology 1988;1:109-118. [PubMed: 3251493]

Howell, LL.; Hoffman, JM.; Votaw, JR.; Landrum, AM. Proceedings of the College on Problems of
Drug Dependence. Nashville, Tenn: 1997. PET imaging in awake rhesus monkeys: effect of cocaine
on regional cerebral blood flow; p. 66(abstract)

Breiter HC, Gollub RL, Weiskoff MJ. Acute effects of cocaine on human brain activity and emotion.
Neuron 1997;19:591-611. [PubMed: 9331351]

Johanson CE, Fischman M. The pharmacology of cocaine related to its abuse. Pharmacol Rev
1989;41:3-52. [PubMed: 2682679]

London ED, Cascella NG, Wong DF. Cocaine-induced reduction of glucose utilization in human
brain. Arch Gen Psychiatry 1990;47:567-574. [PubMed: 2350209]

Sharkey J, McBean DE, Kelly PAT. Acute cocaine administration: effects on local cerebral blood
flow and metabolic demand in the rat. Brain Res 1991;548:310-314. [PubMed: 1868341]

Pearlson GD, Jeffery PJ, Harris GJ, Ross CA, Fischman MW, Camargo EE. Correlation of acute
cocaine-induced changes in local cerebral blood flow with subjective effects. Am J Psychiatry
1993;150:495-497. [PubMed: 8434669]

.Wallace EA, McMahon T, Zubal G, Wisniewski G, van Dyck C, Pfau S, Rosen M, Pearsall H, Sullivan

M, Haffer P, Kosten T, Woods S. Regional Cerebral Blood Flow Effects of Acute Cocaine Infusion.
NIDA Res Monogr 1994;141

. London ED, Wilkerson G, Goldberg SR, Risner ME. Effects of L-cocaine on local cerebral glucose

utilization in the rat. Neurosci Lett 1986;68:73-78. [PubMed: 3725217]

. Lyons D, Friedman DP, Nader MA, Porrino LJ. Cocaine alters cerebral metabolism within the ventral

striatum and limbic cortex of monkeys. J Neurosci 1996;16:1230-1238. [PubMed: 8558251]

Am J Psychiatry. Author manuscript; available in PMC 2010 February 12.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Childress et al.

70.

71.

72.

73.

74.

75.

76.

77.

Page 11

Gawin F, Riordan C, Kleber HD. Methylphenidate treatment of cocaine abusers without attention
deficit disorder: a negative report. Am J Drug Alcohol Abuse 1985;11:193-197. [PubMed: 4091158]
Berger SP, Hall S, Mickalian JD. Haloperidol antagonism of cue-elicited craving. Lancet
1996;347:504-508. [PubMed: 8596268]

Gawin FH. Cocaine addiction: psychology and neurophysiology. Science 1991;251:1580-1586.
[PubMed: 2011738]

Self DW, Barnhart WJ, Lehman DA, Nestler EJ. Opposite modulation of cocaine-seeking behavior
by D1- and D2-like dopamine receptor agonists. Science 1996;271:1586-1589. [PubMed: 8599115]
Caine SB, Koob GF. Modulation of cocaine self-administration in the rat through D-3 dopamine
receptors. Science 1993;260:1814-1816. [PubMed: 8099761]

Spealman RD, Bergman J. Modulation of the discriminative stimulus effects of cocaine by mu and
kappa opioids. J Pharmacol Exp Ther 1993;261:607-615. [PubMed: 1315861]

Crawford AC, McDougall SA, Bolanos CA, Hall S, Berger SP. The effects of the kappa agonist
U-50,488 on cocaine-induced conditioned and unconditioned behaviors and fos immunoreactivity.
Psychopharmacology (Berl) 1995;120:392-399. [PubMed: 8539319]

Roberts DCS, Andrews MM. Baclofen suppression of cocaine self-administration: demonstration
using a discrete trials procedure. Psychopharmacology (Berl) 1997;131:271-277. [PubMed:
9203238]

Am J Psychiatry. Author manuscript; available in PMC 2010 February 12.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Childress et al.

Change Score

Page 12

6

B Detoxified cocaine patients (N=14)
4 O Comparison subjects (N=6)
2

0 + -

T T T - T T | ! T T
<, % 2 4, )
Q/. %/‘ 6 o, (y) 4 %‘ Oo % 'y
2% % % 4 %% % %
2 ® o R 5% . 2 ks
% % % %% 9 N % %
% % %s %, 2 k" %
(2] '?9& ’)& q)f.:

FIGURE 1. Changes in Subjective Responses to a Cocaine-Related Video Among Detoxified
Cocaine Patients and Cocaine-Naive Comparison Subjects®

a Scores represent the change from resting baseline for items self-rated on a 10-point (0 to 9)
scale.

b Changes differed both from the patients’ own baseline responses (all t values >3.70, df=12,
p values <0.003) and from the responses of the comparison subjects (one-way ANOVA: for
craving, F=17.13, df=1, 18, p=0.0006; for high, F=5.87, df=1, 18, p<0.03; for wish for rush,
F=6.27, df=1, 18, p=0.02).
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FIGURE 2. Changes in Relative Regional Cerebral Blood Flow (rCBF) in Limbic and Comparison
Brain Regions of Detoxified Cocaine Patients and Cocaine-Naive Comparison Subjects in Response

to a Cocaine-Related Video?

@ Values represent the change in regional CBF between a non-drug-related (nature) video and
a cocaine-related video. Regional CBF in the cocaine patients showed a pattern of differential
limbic increases and basal ganglia decreases in response to the cocaine video; this pattern did

not occur in comparison subjects without a cocaine history. For these analyses, the

hippocampus included the adjacent entorhinal cortex, the orbitofrontal cortex included the

rectal gyrus, and the visual cortices included both primary and association cortices.
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b There were significant changes in regional CBF in response to the cocaine video for the
amygdala and the anterior cingulate both within the patient group (t=6.42, df=12, p=0.00002,
and t=2.75; df=12, p<0.02, respectively) and between the patients and the comparison subjects
(F=6.37, df=1, 18, p<0.02, and F=4.62, df=1, 18, p<0.05, respectively). Within the cocaine
group there was also a significant change in regional CBF for the temporal pole (t=4.45, df=12,
p=0.0007).

¢ Within the cocaine group there were significant reductions in regional CBF in response to
the cocaine video for the caudate (t=4.56, df=12, p=0.0005) and the lenticular nuclei (t=2.31,
df=12, p<0.04) There was also a significant difference in caudate regional CBF between the
patients and the comparison subjects (F=9.46, df=1, 18, p=0.007).
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FIGURE 3. Transaxial Images lllustrating the Differential Increase in Relative Regional Cerebral
Blood Flow (CBF) in the Amygdala and Anterior Cingulate of a Detoxified Cocaine Patient During
a Non-Drug-Related (Nature) Video and a Cocaine-Related Video?

& Anatomical regions of interest were first localized on the patient's MRI (the first image in
each row); region templates were subsequently superimposed on 150 PET images, yielding
radioactive count files for conversion to normalized (relative) regional CBF. The middle and
final images in each row show relative regional CBF as measured by PET. The range on the
arbitrary color scale is from 0.0 to 2.5 times background activity; whole brain average regional
CBF is 1.0 on the scale. Areas with greatest relative regional CBF are shown in red; activity
in the amygdala and in the anterior cingulate differentially increased during the cocaine video.
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