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Objective: The limbic system plays a crit-
ical role in motivation, emotional ex-
pression, and memory. The authors inves-
tigated whether a state of permanent
limbic neuronal hyperexcitability, or sen-
sitization, is present in cocaine addicts as
a consequence of repeated cocaine use.

Method: Single photon emission com-
puted tomography (SPECT) of regional
cerebral blood flow (rCBF) was used to
compare the central nervous system re-
sponse to the limbic stimulus procaine in
10 cocaine-dependent male patients and
10 healthy comparison male subjects.

Results: The cocaine-addicted subjects
demonstrated bilateral activation of the
orbitofrontal cortex after the procaine
challenge, whereas the comparison sub-

jects showed activation of the anterior
cingulate, bilateral insular, and right
amygdalar regions. After receiving pla-
cebo, the cocaine-addicted subjects
showed markedly lower rCBF in the bilat-
eral orbitofrontal cortex than the compari-
son subjects.

Conclusions: The pattern of hypoperfu-
sion in the placebo state followed by
heightened activation with procaine in
the cocaine-addicted subjects is similar to
the pattern of interictal hypoperfusion
and ictal hyperperfusion that has been
observed in subjects with epilepsy. The
findings for the cocaine-addicted subjects
may thus represent evidence of localized
(orbitofrontal) sensitization.

(Am J Psychiatry 2001; 158:390-398)

I n 1912, Grode (1) administered cocaine daily to guinea

pigs, rabbits, cats, and dogs. Over a period of several days,
Grode found that doses of cocaine originally well tolerated
eventually induced seizures in these animals. More recent
studies have documented that daily administration of co-
caine will produce seizures, as well as cause a progressive
increase in behavioral stimulation and brain electrical ac-
tivity (2-4). This phenomenon of cocaine-induced neu-
ronal hyperexcitability has been referred to as neuronal
sensitization, or “kindling.” This term refers to the gradual
increasing hyperexcitability in neuronal discharge that oc-
curs after the intermittent, repetitive application of vari-
ous subthreshold stimuli. The limbic system, an inte-
grated brain area critical to motivation, emotional
expression, and memory, is particularly susceptible to
sensitization. This system is generally considered to in-
clude the anterior cingulate, amygdala, hippocampus, in-
sular cortex, and orbitofrontal cortex.

Limbic neuronal sensitization has been suggested as a
causal link between chronic cocaine use and the psycho-
logical and physical sequelae of cocaine addiction. The
development of seizures, panic disorder, and psychosis af-
ter the chronic use of cocaine have all been hypothesized
to be sensitizing phenomena (5-10). Perhaps most in-
triguing and clinically important, the experience of crav-
ing by cocaine-dependent patients may be a manifesta-
tion of limbic neuronal hyperexcitability (11).
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Despite the supportive animal data, the suggestive hu-
man studies, the intuitive appeal of the hypothesis, and the
extensive literature over the past decade about the poten-
tial importance of this phenomenon, we could find no
published studies reporting convincing evidence that the
limbic system becomes more neuronally responsive in co-
caine addicts over time with repeated cocaine use. To in-
vestigate this phenomenon, we administered the relatively
specific limbic stimulant procaine (12-15) to cocaine-ad-
dicted subjects and healthy comparison subjects as a lim-
bic “probe” and assessed their limbic response with single
photon emission computed tomography (SPECT). We hy-
pothesized that 1) subjects with a history of cocaine de-
pendence would demonstrate greater limbic system re-
gional cerebral blood flow (rCBF), as measured by SPECT,
in response to procaine than would age-matched healthy
comparison subjects, and 2) limbic system rCBF response
after procaine administration would be positively corre-
lated with the amount of lifetime cocaine use.

Method

Subjects

Ten cocaine-addicted and 10 healthy male subjects, 25-45
years old, participated in the study. The subjects underwent a
thorough medical history interview and physical examination,
assessment with the Structured Clinical Interview for DSM-1V
(SCID), clinical laboratory tests, urine drug screening, ECG, and
electroencephalogram. Data on lifetime history of cocaine and
other substance use was obtained from the cocaine-dependent
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subjects by using the Timeline Followback (16). After complete
description of the study to the subjects, written informed consent
was obtained. The subjects were financially compensated for
their participation.

The cocaine-addicted subjects (mean age=39.4 years, SD=3.4)
were recruited among patients requesting treatment for cocaine
dependence at the Veterans Affairs Medical Center in Dallas. The
cocaine-addicted subjects reported a total lifetime use costing a
mean of $340,043 (SD=$574,243) and a mean total duration of use
of 2,381 days (SD=1,719), met DSM-IV criteria for cocaine depen-
dence, and had been abstinent between 14 and 28 days (mean=
18.6 days, SD=4.9) on the first study day. The addicted subjects
were hospitalized as soon as possible after their last reported use
of cocaine and remained in a structured residential unit until at
least 3 days after completion of the study. Urine drug screens were
obtained three times weekly. Exclusion criteria included present
use of any medications active in the central nervous system; a
lifetime history of affective, anxiety, or schizophrenic disorder or
organic brain syndrome experienced before the onset of a sub-
stance abuse diagnosis or after a period of at least 3 months of ab-
stinence; a substance use disorder (other than cocaine, nicotine,
or caffeine use) within the previous 12 months; or a lifetime his-
tory of withdrawal from alcohol, sedative-hypnotics, or opioids.

Exclusion criteria for the healthy comparison subjects (mean
age=32.9 years, SD=7.1) included the medical criteria as noted for
the cocaine-addicted subjects, as well as a lifetime history of any
other axis | disorder (except nicotine or caffeine abuse or depen-
dence). Healthy comparison subjects with a first-degree relative
with an axis | disorder or two or more second-degree relatives
with a substance use disorder were also excluded.

Study Sessions

Because of the strong subjective responsive to procaine, a
fixed-order, single-blind design was employed. Two study proce-
dures were performed 48 hours apart at approximately 12:00
p.m., with saline always administered on the first study day. Study
sessions took place at the Nuclear Medicine Center at the Univer-
sity of Texas Southwestern Medical Center at Dallas. After the
subjects rested for 30 minutes following insertion of an intrave-
nous apparatus, they completed the SCL-90-R (17). Two minutes
later, either saline or procaine (1.38 mg/kg, 100 mg/ml) was ad-
ministered over 60 seconds by slow push, followed by 3 ml saline
flush over 45 seconds, 20 mCi of [**™Tc¢]hexamethylpropylene-
amine oxime ([**™Tc]HMPAO) (Nycomed/Amersham, Princeton,
N.J.) over 30 seconds, and 10 ml saline flush over 30 seconds. Four
minutes after the final infusion, the Drug Assessment Question-
naire and the SCL-90-R were given. The Drug Assessment Ques-
tionnaire consisted of five questions, rated on a scale of 0 (no ef-
fect) to 6 (strongest effect). The five questions concerned whether
the subject 1) felt any drug effect, 2) felt a good effect, 3) felt a bad
effect, 4) liked the effect, and 5) disliked the effect. Subjects who
endorsed a “drug effect” of 2 or greater were asked how similar the
effect of the drug was to their experience with other specific psy-
choactive substances. The SCL-90-R was used to assess cognitive,
mood, and sensory changes after administration of procaine.
Ninety minutes after procaine or placebo infusion, the SPECT
scan was obtained.

SPECT Imaging

SPECT images were acquired with a PRISM 3000S three-
headed SPECT camera (Picker International, Cleveland) by using
ultra-high-resolution fan-beam collimators (reconstructed reso-
lution of 6.5 mm) in a 128 x 128 matrix in three® increments.
Twenty mCi of [9°MTc]HMPAO was administered for each scan,
and the total scan duration was 20 minutes. Image reconstruction
was performed in the transverse domain by using back-projec-
tion with a ramp filter. For our system, voxels in reconstructed im-
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ages were 1.9 mm3. Reconstructed images were smoothed with a
fourth-order Butterworth postreconstruction filter, attenuation
corrected by using a Chang first-order method with ellipse size
adjusted for each slice, normalized for count density, and spa-
tially coregistered (18).

Intra- and intersubject normalization of image count density
was accomplished by expressing each pixel as a value relative to
the average pixel value for the whole brain. All analyses of
changes in rCBF were measured relative to global cerebral blood
flow (ratio data). Data were automatically resliced to 2 mm? vox-
els, normalized, and coregistered. Coordinate transformation was
set to reformat images into Talairach space (19). Finally, images
were smoothed from their original resolution of 6.5 mm full width
at half maximum to a final resolution of 10 mm full width at half
maximum.

Statistical Analyses

Image analysis. We employed a three-dimensional implemen-
tation of the t statistic (paired for within-group pre-/postprocaine
comparisons or unpaired for between-group comparisons) as
representative of the change in level of the different group means.
Data for each voxel in each image were used to compute a t value.
The total distribution of t values across all voxels was then
mapped, and an omnibus threshold of p<0.01 based on the t
value for the experiment’s degrees of freedom was used to identify
voxels participating in the response to procaine. Voxels with a t
value exceeding this threshold were those with increased rCBF af-
ter procaine, and voxels with a t value below this threshold were
those with decreased rCBF after procaine. Since these voxels rep-
resented both areas of real response and random parts of the null
set t distribution, we searched the “t-image” voxels for a neigh-
borhood association (i.e., a cluster analysis where increased sta-
tistical weight is given to voxels with neighbors that are also
significant). It was assumed that voxels from the null set t distri-
bution would be randomly distributed in space, and so could be
removed by requiring that “acceptable” voxels have neighbors
that also met the selected t threshold. Remaining significant vox-
els were next mapped onto a model SPECT brain to produce a
parametric statistical image that identified response location.
This t image revealed those voxels whose relative rCBF differed
most between the placebo and procaine states relative to each
voxel’s inherent variability.

Regions of significant activation identified on the timages were
corrected for the large number of t tests performed, the lack of in-
dependence between voxels, and the resolution of the processed
images by using a modification of a statistical technique based on
Gaussian random field theory (20) suggested by Worsley et al.
(21). The images included about 157,000 gray matter voxels, rep-
resenting approximately 1,250 resolution elements. The degrees
of freedom (number of resolution elements x [number of subjects
—1]) were very large (df>20,000), leading to uncorrected p<0.0004
for an omnibus cutoff of p<0.05. However, as recommended by
Worsley et al. (21), we chose a cutoff of p<0.01 both to be conser-
vative in our identification of areas of response to procaine and to
account for the three comparisons conducted (procaine versus
placebo for the addicted subjects and for the healthy comparison
subjects as well as a contrast of these two differences between
groups [see Results]). Further, to omit isolated outlying clusters,
only areas that exceeded 50 contiguous voxels were evaluated,
unless the structure identified was itself of small volume (e.g.,
caudate head). The net effect of this process was to identify as sig-
nificant only voxels with a minimum t value of 2.43 for paired
analyses and 2.74 for unpaired analyses. Maximum t values for
specific voxels within clusters ranged as high as 15.

In addition to determining the effect of procaine on rCBF within
each group (addicted subjects or comparison subjects), we com-
puted the voxels whose response to cocaine differed between
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LIMBIC RESPONSE TO PROCAINE

TABLE 1. Relative Regional Cerebral Blood Flow (rCBF) Expressed as Counts per Voxel for Selected Paralimbic Regions Indi-
cating Increased and Decreased rCBF in Response to Saline and Procaine Infusion in Healthy Comparison Subjects and Co-

caine-Addicted Subjects?

Comparison Subjects (N=10)

Cocaine-Addicted Subjects (N=10)

Counts per Voxel

Counts per Voxel

Saline Procaine Analysis Saline Procaine Analysis
RegionP® Mean SD Mean SD te p  %Change Mean SD Mean SD t¢ p % Change
Regions determined by t-image
analysis
Anterior cingulate 391 16 406 15 12.62 0.001 3.9 386 12 395 20 149 ns. 2.2
Brainstemd 340 13 321 21 3.76 0.005 -5.7 343 12 348 15 098 ns. -0.7
Insula
Right® 399 18 418 21  6.34 0.001 4.9 394 18 399 11 093 ns. 1.3
Left 392 13 417 15 5.09 0.001 6.6 390 16 403 9 216 ns. 35
Orbitofrontal cortex
Right 357 15 366 18 187 ns. 26 329 19 351 17 557 0.001 6.8
Leftf 339 22 348 15 124 ns. 2.7 301 26 33 17 432 0.002 12.1
Regions determined from
the Talairach atlas
Amygdala
Right 310 23 327 15 2774 0.03 5.7 313 21 321 16 096 ns. 2.9
Left 316 21 326 21 137 ns. 3.3 309 19 314 23 062 ns. 1.8
Hippocampus
Right 310 11 312 12 044 ns. 0.5 311 10 314 13 120 ns. 0.5
Left 315 15 316 7 021 ns. 0.5 316 12 312 11 054 ns. -0.4
Hypothalamus 332 19 344 23 243 0.04 3.8 329 20 343 14 202 ns 4.6

@ Cocaine-addicted subjects had abstained from cocaine for 2-4 weeks at the time of the study.
b Regions of interest were either determined by t-image analysis (see text) or were based on the anatomical regions defined in the Talairach

atlas (19).
¢ Paired t test, df=9.
dsignificant group-by-treatment interaction (F=10.87, df=1, 18, p<0

.01).

€ Significant group-by-treatment interaction (F=6.98, df=1, 18, p<0.05).
f Significant group-by-treatment interaction (F=6.21, df=1, 18, p<0.05).

groups (a measure of the group-by-procaine interaction). Note
that such direct comparisons between the cocaine-dependent
subjects and the comparison subjects demonstrate only relative
differences between the two groups. Thus, a relative increase in
rCBF after procaine infusion in the cocaine-addicted subjects
compared to the healthy subjects may suggest increased regional
activation in response to procaine in the addicted subjects and no
response in the comparison subjects, no response to procaine in
the addicted subjects and a decreased response in the comparison
subjects, or any combination of responses in between (see Ko-
watch et al. [22]).

We also wished to compare rCBF changes identified by t-image
analysis in one group (e.g., the cocaine-addicted subjects) to pos-
sible changes in the other group that were not evident on that
group’s t images. For this purpose, cluster boundaries for six spe-
cific regions were identified (anterior cingulate, brainstem, right
and left insula as identified in the comparison subjects, and right
and left orbitofrontal cortex as identified in the addicted sub-
jects), and the average counts per voxel within each cluster were
determined for each subject in each condition. These values were
then submitted to paired t analysis for both groups to identify
whether significant changes within that region might have oc-
curred in a group even though such changes were not significant
in the voxel-based analyses.

Finally, we had a priori hypotheses concerning specific limbic
or paralimbic structures. Some of these structures were not iden-
tified by t image analysis as having significant changes in either
group. To further explore possible rCBF alterations in these re-
gions after procaine administration, we used the Talairach atlas
(19) to determine the anatomic boundaries of five structures
(right and left amygdala, right and left hippocampus, and hypo-
thalamus) and transposed those boundaries onto each subject’s
images, extracting average counts per voxel within each of these
structures for both conditions. Again, these values were submit-
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ted to paired t analysis for both groups to identify whether signif-
icant changes within that region might have occurred in a group
even though such changes were not significant in the voxel-based
analyses.

Subjective responses to placebo and procaine. Because the
assumptions of parametric statistics (i.e., normality, homogene-
ity of variance) were not met, nonparametric statistics were used
to examine within- and between-group differences in data from
the Drug Assessment Questionnaire and the SCL-90-R. The Wil-
coxon signed ranks test was used for within-group comparisons,
and the Mann Whitney U Test was used for between-group com-
parisons.

Correlation analyses comparing changes in rCBF to subjective
measures were conducted with the two different sources of rCBF
values described in the previous section (t-image-based regions
and anatomically drawn regions). Percent change in rCBF ([{rCBF
for procaine — rCBF for placebo}/rCBF for placebo] x 100) was
calculated for each region and regressed against subjective
responses to procaine (all subjects) or against lifetime days of
cocaine use (the cocaine-addicted subjects only). Extrinsic vari-
ables for both the cocaine-dependent subjects and the compari-
son subjects included the SCL-90-R anxiety score and responses
to the third and fifth questions (“bad effect” and “dislike,” respec-
tively) of the Drug Assessment Questionnaire; for the addicted
subjects only, total days of and dollars spent on cocaine use were
also included among the extrinsic variables.

Results

Within-Group Comparisons

Table 1 and Figure 1 show results of selected within-
group comparisons of rCBF after procaine infusion, com-
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FIGURE 1. Areas of Increased and Decreased Regional Cerebral Blood Flow (rCBF) in Response to Procaine Infusion, Rela-
tive to the Response to Saline Infusion, in Healthy Comparison Subjects (N=10) and Cocaine-Addicted Subjects (N=10)2P

Increased rCBF

Il Decreased rCBF

Comparsion Subjects

Anterior
cingulate

Insula

Hippoecampus

-

Hypothalamus

Cocaine-Addicted Subjects

Striatum ensua
4 mm

a Areas of significant changes were identified by using paired t tests (p<0.01) for within-group means computed in voxel-by-voxel analyses of
images obtained with single photon emission computed tomography. Regions of significant activation were corrected for the large number
of t tests performed, the lack of independence between voxels, and the resolution of the processed images. The z coordinate in Talairach
space (19) for each pair of transverse images is noted below the images.

b Cocaine-addicted subjects had abstained from cocaine for 2-4 weeks at the time of the study.

Thalamus

22 mm

pared with rCBF after placebo infusion. Because the de-
grees of freedom for the t-image analyses were very large
(df>20,000), the uncorrected p was less than 0.0001 for our
omnibus cutoff of p<0.01. Thus, although each voxel in
significant clusters had a unique t value, the minimum t
value for significant voxels reported here was 2.43 for
paired analyses and 2.74 for unpaired analyses; t values
ranged as high as 15. The healthy comparison subjects
showed significant increases (paired t image, p<0.01) in
rCBF after procaine in the anterior cingulate, bilateral in-
sula, hypothalamus, two small right inferior frontal lobe
sites (Brodmann’s areas 10 and 47), and two right mesial/
inferior temporal lobe sites (amygdala or Brodmann’s area
34, and Brodmann’s area 38). Decreases were noted in the
right posterior parietal (Brodmann’s area 39), right lateral
temporal (Brodmann’s area 37), bilateral occipital (Brod-
mann’s area 18), brainstem, and bilateral cerebellar re-
gions. The cocaine-addicted subjects showed no activa-
tion of the right and only a small area of activation of the
left insula after procaine infusion, but showed dramati-
cally increased rCBF in the bilateral orbitofrontal cortex
(Brodmann’s areas 11 and 47 on the right; Brodmann’s ar-
eas 11 and 25 on the left). Additional areas of increased
rCBF were seen in the right parietal lobe (white matter
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adjacent to Brodmann’s area 40) and in the left lateral tem-
poral (Brodmann’s area 21) and right inferior temporal
(Brodmann’s area 38) cortices. Reduced rCBF was noted
subcortically in an area between the left striatum and thal-
amus (overlapping putamen) and in the left thalamus and
cortically in the right lateral parietal cortex (Brodmann’s
areas 40 and 39), left hippocampus, right inferior occipital
cortex (Brodmann’s areas 30 and 18), and left superior oc-
cipital cortex (Brodmann’s area 19).

Between-Group Comparisons

After saline infusion, large areas of lower relative rCBF in
the cocaine-addicted subjects than in the comparison
subjects (unpaired t image, p<0.01) were observed in the
bilateral orbitofrontal (Brodmann’s areas 10 and 11) and
right inferior temporal (Brodmann’s areas 20, 21, and 38)
lobes (Figure 2). Higher relative rCBF in the cocaine-de-
pendent subjects was observed in bilateral cerebellum
and the right occipital lobe (Brodmann’s area 17) and in
smaller areas in the left putamen, brainstem, and thala-
mus and in an area slightly superior to the right insula/
putamen.

A comparison between groups of the change in rCBF
with procaine infusion (rCBF in response to procaine —
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FIGURE 2. Areas in Which Regional Cerebral Blood Flow (rCBF) in Response to Placebo Infusion Was Higher or Lower in Co-
caine-Addicted Subjects (N=10) Than in Healthy Comparison Subjects (N=10)2P

Increased rCBF

Orbitofrontal

Il Decreased rCBF

Inferior
temporal

-32 mm

a Areas of significant differences were identified by using unpaired t tests (p<0.01) for between-group means computed in voxel-by-voxel anal-
yses of images obtained with single photon emission computed tomography. Regions of significant activation were corrected for the large
number of t tests performed, the lack of independence between voxels, and the resolution of the processed images. The z coordinate in Ta-

lairach space (19) for each transverse image is noted below the image.

b Cocaine-addicted subjects had abstained from cocaine for 2-4 weeks at the time of the study.

rCBF in response to saline) showed that the cocaine-ad-
dicted subjects had a relatively greater increase in rCBF
than the comparison subjects primarily in the right orb-
itofrontal cortex as well as in the brainstem and the right
midtemporal, midfrontal, and parietal cortex. Areas of rel-
atively greater increase in rCBF in the comparison sub-
jects relative to the addicted subjects were observed in the
right insula and left hippocampal gyrus.

Region-of-Interest Analysis
of the Orbitofrontal Region

T images revealed marked differences in orbitofrontal
rCBF between groups after both saline and procaine chal-
lenges. Therefore, we did post hoc comparisons (see Meth-
ods) using regions whose boundaries were based on the
right and left orbitofrontal clusters identified in the t-image
analysis comparing rCBF between procaine and saline in
the addicted subjects. Within-group comparisons (paired t
tests) showed that the addicted subjects had significantly
higher rCBF in both the right (t=5.57, df=9, p<0.0004) and
left (t=4.32, df=9, p<0.002) orbitofrontal lobes after procaine
infusion compared to placebo, confirming the t image re-
sults. As expected, the comparison subjects showed no dif-
ference in this analysis (t=1.87, df=9, n.s., and t=1.24, df=9,
n.s., respectively). Between-group comparisons (unpaired t
tests) showed that the addicted subjects had a significantly
lower rCBF response after saline infusion in both the right
(t=3.70, df=18, p<0.002) and left (t=3.57, df=18, p<0.003) or-
bitofrontal regions, compared with the healthy subjects.
The difference between groups in the change in rCBF (rCBF
in response to procaine — rCBF in response to saline) was
also significantly different for both the right (t=2.23, df=18,
p<0.04) and left (t=2.56, df=18, p<0.03) orbitofrontal lobes
(Table 1).
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Procaine-Induced rCBF and Lifetime Cocaine Use

In the cocaine-addicted subjects, there was a strong, al-
though not statistically significant, relationship between
the number of days of cocaine use and the percent change
in rCBF (rCBF in response to procaine — rCBF in response
to saline infusion) only for the right orbitofrontal cortex
(r=0.55, df=9, p<0.09).

Subjective Responses to Procaine

Within-group comparisons found that both the healthy
comparison subjects (N=10) and the cocaine-addicted
subjects (N=10) endorsed a significant “drug effect” of
procaine compared to saline (mean=5.7, SD=0.5, z=-2.92,
p=0.004, and mean=5.1, SD=1.0, z=-2.84, p=0.005, respec-
tively), a significant “bad effect” of procaine (mean=5.4,
SD=0.7,z=-2.86, p=0.004, and mean=3.0, SD=2.1, z=-2.55,
p<0.02), and a significant “dislike” of procaine (mean=>5.8,
SD=0.4, z=-2.41, p<0.003, and mean=3.4, SD=2.8, z=-2.97,
p<0.02). The cocaine-addicted subjects also reported a
significant “good effect” after procaine infusion (mean=
1.9, SD=2.2, z=-2.21, p<0.03). After procaine infusion, the
healthy comparison subjects reported higher levels of
“bad effect” compared to the cocaine-addicted subjects
(z=-2.92, p<0.003, N=20). The cocaine-addicted subjects
reported that the effect of procaine was only slightly sim-
ilar to the effect of cocaine (mean=2.1 on a scale from 0,
not similar, to 6, strongest level of similarity, SD=2.0).

Basal measures of SCL-90-R were very low in both groups
before each study session, suggesting the absence of antici-
patory anxiety. There were no significant within- or be-
tween-group differences after saline infusion. Compared to
saline (Aprocaine response — Asaline response), procaine
administered to the comparison subjects (N=10) produced
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significant increases in scores for somatization (mean in-
crease=1.33, SD=0.54, z=-2.80, p<0.005), obsessive-com-
pulsive symptoms (mean increase=0.40, SD=0.35, z=-2.40,
p<0.02), interpersonal sensitivity (mean increase=0.16, SD=
0.16, z=-2.21, p<0.03), depression (mean increase=0.40,
SD=0.41, z=-2.40, p<0.02), and anxiety (mean increase=
1.73, SD=0.72, z=-2.80, p<0.005) and in the positive symp-
tom total score (frequency of response) (mean increase=
22.10, SD=9.53, z=-2.80, p<0.005), positive symptom dis-
tress index (severity of response) (mean increase=1.71, SD=
0.14, z=-2.80, p<0.005), and global severity index (severity x
frequency of response) (mean increase=0.55, SD=0.26, z=
—-2.80, p<0.005). After procaine infusion, compared to sa-
line, the cocaine-addicted subjects (N=10) reported signifi-
cant increases in somatization (mean increase=0.58, SD=
0.56, z=-2.80, p<0.005), obsessive-compulsive symptoms
(mean increase=0.40, SD=0.33, z=—2.67, p<0.02), depression
(mean increase=0.42, SD=0.46, z=-2.67, p<0.008), anxiety
(mean increase =1.07, SD=0.74, z=-2.67, p<0.008), and psy-
choticism (mean increase=0.33, SD=0.46, z=-2.12, p<0.04)
and in the positive symptom total score (mean increase=
18.90, SD=11.08, z=-2.67, p<0.008), positive symptom dis-
tress index (mean increase=0.74, SD=0.86, z=-2.80,
p<0.005), and global severity index (mean increase=0.42,
SD=0.35, z=-2.80, p<0.005). In between-group compari-
sons, the healthy subjects reported higher levels of somat-
ization (z=-2.57, p<0.005, N=20) and a higher positive
symptom distress index (z=-2.42, p<0.02, N=20) than the
cocaine-addicted subjects after procaine exposure.

Change in rCBF and Subjective Response
to Procaine

The healthy comparison subjects demonstrated posi-
tive relationships between aversive subjective response
(responses to the third question [“bad effect”] and fifth
question [“disliked the effect”] on the Drug Assessment
Questionnaire) and the percent change in rCBF (rCBF in
response to procaine — rCBF in response to saline) in the
left (r=0.82, df=9, p=0.004) and right (r=0.59, df=9, p=0.07)
orbitofrontal regions and between the SCL-90-R anxiety
score and the percent change in rCBF in the anterior cin-
gulate (r=0.67, df=9, p=0.03). In sharp contrast, the co-
caine-addicted subjects showed an inverse correlation be-
tween the aversive response to procaine and percent
change in rCBF in the left orbitofrontal (r=-0.71, df=9, p=
0.02), left hippocampal (r=-0.63, df=9, p<0.05), and left
amygdalar (r=-0.56, df=9, p<0.09) regions as well as be-
tween procaine-induced anxiety and percent change in
rCBF in the right hippocampus (r=-0.67, df=9, p<0.03) and
brainstem (r=-0.75, df=9, p<0.01).

Discussion

Our findings demonstrate that 1) cocaine-addicted sub-
jects show significantly increased rCBF after procaine in-
fusion in different limbic areas than do healthy subjects;
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2) cocaine-addicted subjects, compared to healthy sub-
jects, exhibit marked differences in rCBF after placebo ad-
ministration, presumably reflecting basal differences; and
3) relative to healthy comparison subjects, addicted sub-
jects show decreased rCBF after placebo infusion and in-
creased rCBF after procaine infusion in the orbitofrontal
region in particular. We hypothesize that the alterations in
orbitofrontal activity are most consistent with the “sensiti-
zation hypothesis” and may play a role in the addictive
process.

Both the cocaine-addicted subjects and the comparison
subjects demonstrated limbic and paralimbic activation
after administration of procaine, although specific areas of
rCBF activation differed between the two groups. Con-
firming the findings of previous studies (14, 15, 23), we
found that the healthy comparison subjects demonstrated
significant relative within-group rCBF increases in the an-
terior cingulate, insular cortex, hypothalamus, and right
amygdala after procaine infusion, compared to rCBF after
saline, with few areas of relative deactivation (the brain-
stem being the most noteworthy). We did not find orbito-
frontal activation after procaine administration in the
comparison subjects, a finding similar to that of Ketter et
al. (14), but not that of Servan-Schreiber et al. (23). In
contrast, the cocaine-addicted subjects demonstrated
marked bilateral orbitofrontal activation after procaine
administration, but increased activation in the anterior
cingulate, bilateral insular cortex, or right amygdala was
not found. When the within-group changes in rCBF from
saline to procaine were directly compared between group
with voxel-by-voxel analyses, right orbitofrontal and
brainstem rCBF after procaine infusion was significantly
greater in the addicted subjects than in the comparison
subjects, whereas right insular activation was lower in the
addicted subjects than in the comparison subjects. Post
hoc analyses using region-of-interest methods demon-
strated significantly greater change in rCBF after procaine
infusion in both the right and left orbitofrontal lobes in the
addicted subjects compared to the healthy subjects.

Decreased relative rCBF in the cocaine-addicted sub-
jects’ bilateral orbitofrontal and right temporal regions af-
ter administration of placebo may be due to group differ-
ences in the response to placebo or to genuine differences
in resting state rCBF. Others have reported similar (al-
though smaller) areas of decreased rCBF in abstinent co-
caine-addicted subjects at rest (24, 25). Our larger areas of
differences may be a result of our tight exclusion criteria
and the confined period of abstinence required (2-4 weeks
abstinence) and may also be related to differences in neu-
roimaging methods and analyses.

Our findings, therefore, suggest that bilateral orbitofron-
tal rCBF in cocaine-addicted subjects is decreased after pla-
cebo infusion and increased after procaine, compared to
that in healthy subjects. Coupled with the observation that
days of lifetime cocaine use positively correlated with right
orbitofrontal activation (although this relationship was not
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statistically significant), these preliminary observations
suggest that the orbitofrontal area may be “sensitized” after
persistent cocaine use. Volkow and Fowler (26) recently
noted that the decreased basal activity, with heightened
stimulation following provocation, in the orbitofrontal cor-
tex of cocaine-addicted subjects is similar to that observed
in animal models of kindling (27, 28) and temporal lobe ep-
ilepsy (29, 30) (e.g., interictal hypoperfusion and ictal hy-
perperfusion).

The suggestion that there is sensitization of the orbito-
frontal regions, and not other limbic areas, is intriguing.
Modell et al. (31) earlier discussed the potential role of a
frontothalamic neuronal loop in craving, and several
other investigators have recently reviewed the potential
relevance of the orbitofrontal cortex to the addictive pro-
cess (26, 32, 33). The orbitofrontal region integrates and
modulates the internal response to the external environ-
ment, establishing a motivational value of a stimulus on
the basis of an estimation of its potential reward. When
the orbitofrontal cortex is lesioned, perseveration occurs
because of a lack of error detection (34). Unrewarded or
punished behaviors, therefore, are not extinguished. On
the other hand, a pathologically activated orbitofrontal
cortex is associated with obsessive-compulsive behaviors
(35). These findings suggest a pattern of orbitofrontal dys-
function in which attenuation of orbitofrontal activity at
rest is associated with an impulsive, “automatic” pattern
of relapse (36), whereas an environment stimulating orb-
itofrontal activation, perhaps through conditioned stim-
uli, would induce relapse by the induction of obsessive
craving (37). Neuroimaging studies, for example, have
demonstrated activation of the orbitofrontal cortex during
craving in cocaine-addicted subjects (38-40).

Activation of the orbitofrontal and/or other limbic re-
gions is observed during obsessive stimulation in patients
with obsessive-compulsive disorder (41) as well as during
other anxiety-inducing paradigms in various populations
(42-45). With respect to procaine, we and others (14, 23)
have described positive correlations between procaine-in-
duced fear or anxiety and increases in limbic rCBF. The co-
caine-addicted subjects, however, showed an absent or in-
verse correlation between limbic rCBF activation and
subjective responses. Left orbitofrontal, hippocampal,
and brainstem rCBF were all inversely correlated with
aversion or anxiety in the addicted subjects. These find-
ings suggest that heightened visceral and affective arousal
associated with limbic activation is not correctly inter-
preted as a primitive danger warning. The inverse rela-
tionship between regional brain activation and negative
affect in the cocaine-addicted subjects may suggest an ac-
tive inhibition of brain circuitry involved in aversion, al-
lowing drug taking to persist despite negative life events.

Several methodologic issues may limit the significance
of our findings. All subjects were administered saline first.
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Since the effects of procaine are profound, administering
procaine first would have forewarned the subjects that the
second infusion would be saline, thus breaking the blind
and removing any potential placebo effect of the second
(saline) infusion. To our knowledge, all subjects remained
blinded to the order in which the substances were admin-
istered. Our measure of previous “sensitizing” episodes—
self-reported days of cocaine use—is a relatively crude
and possibly inaccurate measure, but it is probably the
best there is. Furthermore, magnetic resonance imaging
scans were not obtained, so we were unable to coregister
SPECT images with anatomical structures. We do not be-
lieve that this is a severe limitation, because the literature
suggests that, at most, small lacunae would have been ex-
pected in a population such as the one from which the
study subjects were drawn (46), particularly given their
lack of symptoms of stroke or transient ischemic attack.
The extensive placebo-state orbitofrontal deficits and
subsequent procaine-induced activation are therefore un-
likely to be related to any consistent within-group struc-
tural abnormalities. Limits of spatial resolution and the
ability to determine only relative measures of limbic acti-
vation were inherent in SPECT methods and the camera
we used. However, many of the reported differences were
quite large and well within these limits of resolution, and
previous studies of limbic-induced procaine activation
with positron emission tomography have not demon-
strated marked differences in relative versus absolute
measures of rCBF (14). Thus, these limitations do not sig-
nificantly detract from our findings. As others have re-
ported gender differences in cerebral perfusion (47), our
results may not generalize to female subjects with cocaine
addiction. Finally, group differences may reflect premor-
bid genetic or environmental differences rather than the
results of chronic cocaine use.

Our findings suggest partial, and perhaps more realistic,
support for the sensitization hypothesis. Our findings of
altered rCBF in the orbitofrontal region after administra-
tion of both placebo and procaine, coupled with the al-
tered relationship between subjective responses and rCBF
and the importance of this region in decision making and
impulsivity, suggest that the orbitofrontal region should
be a more focused target for future studies exploring co-
caine addiction. Demonstrating a meaningful clinical
connection between the development and/or expression
of the addictive process and orbitofrontal disruption will
be a critical step in assessing the role of this region.
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