
VOLKOW, WANG, FOWLER, ET AL.ENHANCED SENSITIVITY TO BENZODIAZEPINESAm J Psychiatry 155:2, February 1998

Enhanced Sensitivity to Benzodiazepines
in Active Cocaine-Abusing Subjects: A PET Study

Nora D. Volkow, M.D., Gene-Jack Wang, M.D., Joanna S. Fowler, Ph.D.,
Robert Hitzemann, Ph.D., Samuel J. Gatley, Ph.D., Stephen S. Dewey, Ph.D.,

and Naomi Pappas, M.S.

Objective: Because cocaine enhances dopamine brain activity and dopamine signals are
transferred through γ-aminobutyric acid pathways, the authors hypothesized GABA-ergic dis-
ruption in cocaine-abusing subjects. This study tests this hypothesis. Method: GABA brain
function was assessed indirectly by measuring the brain metabolic responses to lorazepam, a
drug that facilitates GABA neurotransmission. Thirteen current cocaine-abusing subjects and
14 comparison subjects were scanned twice with positron emission tomography and
[18F]fluorodeoxyglucose; the first scan was obtained after placebo administration and the
second after lorazepam administration (30 µg/kg). Results: Despite significantly higher plasma
lorazepam concentrations in comparison subjects than in cocaine-abusing subjects, lorazepam-
induced decrements in whole brain metabolism were significantly greater in cocaine-abusing
(mean=21%, SD=13%) than in comparison (mean=13%, SD=7%) subjects. These differences
were largest in striatum, thalamus, and parietal cortex. Lorazepam-induced sleepiness in co-
caine-abusing subjects was intense and was significantly greater than in comparison subjects,
and it was correlated with lorazepam-induced changes in thalamic metabolism. Whereas re-
gional metabolic measures during placebo administration were significantly higher in cocaine-
abusing subjects than in comparison subjects, the measures during lorazepam administration
were equivalent for both groups. Conclusions: The enhanced sensitivity to lorazepam in co-
caine-abusing subjects suggests disruption of GABA pathways that may reflect, in part, cocaine
withdrawal. The intense sleepiness induced by lorazepam in some of the abusers, despite their
significantly lower plasma concentrations, should alert clinicians of the potential toxicity from
accentuated responses to sedative hypnotics in active cocaine-abusing subjects.
 (Am J Psychiatry 1998; 155:200–206)

A lthough the ability of cocaine to increase dopa-
mine in nucleus accumbens has been shown to be

crucial for cocaine reinforcement (1, 2), the role of do-
pamine in the loss of control and the compulsive self-
administration of cocaine in the cocaine addict is much
less clear. It has been postulated that the dopamine sys-

tem’s involvement in addiction is by means of its dis-
ruption of the brain regions that it modulates (3). The
expression of dopamine-mediated behaviors requires
the activation of γ-aminobutyric acid (GABA) path-
ways (4), which are therefore a particularly susceptible
target for cocaine’s effects. In fact, using positron emis-
sion tomography (PET), we have documented signifi-
cant reductions in striatal dopamine D2 receptors in co-
caine abusers that persist after detoxification (5, 6).
Because dopamine D2 receptors predominantly reflect
postsynaptic elements on GABA cells (7), these findings
suggest an involvement of GABA in the dopamine ab-
normalities in cocaine abusers. In the present study we
evaluated the GABA system indirectly by assessing the
brain regional responsivity to GABA stimulation and
compared the responses in cocaine-abusing subjects to
those in comparison subjects.

Responsivity to GABA stimulation was quantified by
measuring the regional brain metabolic response to lor-
azepam by using [18F]fluorodeoxyglucose (FDG) and
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PET (8). Benzodiazepines have been used to assess the
response of the brain to GABA stimulation since they
facilitate GABA neurotransmission (9, 10). Benzodiaz-
epines produce a pattern of changes in regional brain
metabolism that parallels the regional concentration of
benzodiazepine receptors in brain (11) and that is re-
versed by the benzodiazepine antagonist flumazenil
(12). Metabolic responses to benzodiazepines are
highly reproducible in a given subject and are consistent
across normal individuals (13).

The regional brain metabolic responses to lorazepam
were measured in 13 active cocaine-abusing subjects
and compared to those in 14 healthy subjects. Because
dopamine is inhibitory to striatal GABA cells (4), we
hypothesized that chronic cocaine abusers would have
decreased GABA function with a concomitant receptor
sensitization that would manifest itself as an enhanced
response to lorazepam.

METHOD

Subjects

Thirteen current cocaine-abusing subjects (mean age=38 years,
SD=6) were selected from a pool of cocaine-abusing subjects who
responded to an advertisement. The inclusion criteria were 1) meeting
DSM-IV criteria for active cocaine dependence, 2) continuous use of
cocaine for at least the prior 6 months and claimed cocaine use of at
least “three grams” a week (estimated cost of $300/week), and 3) use
of cocaine as smoked free-base and/or intravenously. Exclusion crite-
ria were current or past psychiatric disease (other than cocaine depen-
dence); neurological signs and/or history of neurological disease; his-
tory of head trauma with loss of consciousness; cardiovascular or
endocrinological disease; current medical illness; dependence on any
substance other than cocaine, nicotine, or caffeine; and more than
moderate (12 ounces/week) use of ethanol. Evaluation of subjects was
performed consistently by the same clinician (G.-J.W.), and diagnoses
were separately confirmed (N.D.V.).

The comparison group comprised 14 healthy volunteers (mean
age=39 years, SD=6) who were screened for a lack of current or past
psychiatric or neurological disease, as well as for a lack of drug or
alcohol abuse (excluding nicotine and caffeine). Exclusion criteria
were otherwise the same as those used for the cocaine-abusing group.
None of the subjects in the comparison or the cocaine-abusing group
was taking medications at the time of the study. Table 1 provides the
demographic characteristics of the subjects.

As part of the evaluation procedure, subjects had physical, psychi-
atric, and neurologic examinations. Routine laboratory tests, as well
as a random urine test, were performed to exclude the use of psy-
choactive drugs other than cocaine in the abusing group. Subjects
were instructed to refrain from drinking alcohol the week before the
PET scan. Cigarettes, food, and beverages were discontinued at least
4 hours before the study. Written informed consent was obtained
from each subject after the procedure was fully explained. Subjects
were monetarily remunerated ($100 per day of participation) when
the studies were completed.

Scanning

PET measurements were done by using a CTI 931 tomograph
(6.5×5.9×5.9 mm full-width half maximum). Details on subject
positioning, catheterizations, transmission and emission scans, ra-
diotracer synthesis, and calculation of metabolic “rates” have been
published elsewhere (14). Briefly, emission scans were taken 35 min-
utes after injection of 4–6 mCi of FDG for a total of 20 minutes.
Arterialized blood was obtained throughout the procedure to meas-

ure plasma concentrations of F-18, glucose, PO2, pCO2, and loraz-
epam. Lorazepam concentration in plasma was measured 20, 50,
70, and 95 minutes after lorazepam administration with high-per-
formance liquid chromatography (National Psychopharmacology
Laboratory).

Each subject underwent two PET FDG scans obtained within 1
week of each other. The first FDG scan was obtained after intrave-
nous administration of placebo (3 cc of saline solution) given 40–50
minutes before FDG; and the second after intravenous administration
of lorazepam (30 µg/kg) given 40–50 minutes before FDG. The sub-
jects were blind to the drugs received. To ensure that the subjects
would not fall asleep, they were monitored throughout the procedure
and were asked to keep their eyes open. Subjects were scanned with
their ears unplugged in a dimly lit room with noise kept to a mini-
mum. Lorazepam-induced sleepiness and its effects on cognitive tasks
were periodically assessed as previously described (12).

Data Analysis

Regions of interest were drawn directly on the transaxial PET
images through use of a template that selected 72 regions of interest
from 10 of the 15 axial planes. Weighted averages of the regions of
interest from different slices corresponding to the same anatomical
areas were computed to obtain metabolic values in nine “compos-
ite” brain regions. The template indicating size and location of the
region of interest sampled and the regions of interest that were in-
cluded to obtain the composite regions have been published else-
where (15).

Differences in regional metabolism between the cocaine-abusing
group and the comparison group were tested with analysis of variance
(ANOVA). Differences in regional brain metabolic responses to lor-
azepam between the groups were tested by using the differences be-
tween placebo and lorazepam with one-factor (diagnosis) repeated
(regions) measures ANOVA. Post hoc t tests were then performed to
assess the brain regions when these differences were significant. In
consideration of the “multiple comparison problem” incurred by
analyzing values for nine brain regions in the post hoc t tests, we set
the level of significance to p≤0.01. We chose this criterion of signifi-
cance as being intermediate between the p≤0.05 value, considered
significant for an individual variable, and the p<0.0056 value re-
quired by the Bonferroni adjustment since Bonferroni criterion as-
sumes that variables are independent (16), but regional metabolic val-
ues are highly dependent on one another (17).

Pearson product moment correlation analysis was used to assess
the relationship between changes in regional metabolism and lor-
azepam-induced sleepiness and plasma lorazepam concentration at
different times after its administration. The level of significance for

TABLE 1. Demographic Characteristics of Comparison and Cocaine-
Abusing Subjects

Characteristic

Comparison
Group
(N=14)

Cocaine-
Abusing
Group
(N=13)

Mean SD Mean SD

Age (years)  39 6  38 6
Education (years)  14 2  13 2
Length of cocaine use (years)   0 0  13 6
Cocaine use (g/week)   8 6
Days since last cocaine use   5 5
Alcohol use (beers/day)   0.3 0.4   1.9 2.9
Coffee consumption (cups/day)   1.9 2.0   1.8 2.0

N N
Gender

Men 6  9
Women 8  4

Smokers 4 12
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the correlations (nine regions and four plasma measurements) was
set at p≤0.005. We chose this criterion of significance as being in-
termediate between the p≤0.05 value, considered significant for an
individual variable, and the p<0.0014 value required by the Bon-
ferroni adjustment.

Differences in self-ratings of sleepiness after placebo and after
lorazepam administration and differences in plasma lorazepam con-
centrations between the groups were tested with repeated measure
ANOVA.

RESULTS

Plasma lorazepam concentrations were significantly
higher in the comparison than in the cocaine-abusing
group (group effect: F=16, df=1, 75, p<0.0007) (table
2). Despite higher plasma levels of lorazepam in the
comparison group, reports of lorazepam-induced
sleepiness were significantly higher in the cocaine-
abusing group (interaction effect: F=5.5, df=1, 75, p≤
0.002) (table 3). We do not report cognitive effects of
lorazepam, since we were unable to assess them prop-
erly in the cocaine-abusing group because of the ex-
treme and prolonged levels of sleepiness induced by
lorazepam in some of these subjects. The ANOVA for

the placebo condition showed no differences in self-re-
ports of sleepiness between groups (F=0.9, df=1, 25,
p=0.36) (table 3).

Lorazepam decreased global and regional brain glu-
cose metabolism, and these decrements were signifi-
cantly larger in the cocaine abuser than in the compari-
son group (figure 1). Whereas in the comparison group
whole brain metabolism decreased 13% (SD=7%), in
the cocaine-abusing group it decreased 21% (SD=3%)
(F=6.2, df=1, 25, p<0.02). The results from the ANO-
VA obtained on the difference scores for the regional
metabolic measures showed a significant overall differ-
ence between the abuser and the comparison groups (F=
5.8, df=1, 25, p<0.03), as well as a significant group-
by-region interaction effect (F=2.8, df=1, 200, p<0.006).
The presence of a significant group-by-region interac-
tion effect indicates that the lorazepam-induced differ-
ences in metabolic activity between the comparison and
the abuser groups differed across brain regions. Post
hoc t tests showed that these differences were signifi-
cant in striatum (t=2.7, df=25, p<0.01), thalamus (t=
2.8, df=25, p<0.01), and parietal cortex (t=2.8, df=25,
p<0.01) (figure 2). Lorazepam-induced increases in self-
ratings of sleepiness obtained 25 and 55 minutes after
lorazepam administration were significantly correlated
with the decreases in thalamic metabolism (r=0.67, df=
25, p<0.0001, and r=0.65, df=25, p<0.0002) (figure 3).
There were no significant correlations between plasma
lorazepam concentration and lorazepam-induced meta-
bolic changes.

At baseline, whole brain metabolism was signifi-
cantly higher in the cocaine-abusing group than in the
comparison group (ANOVA, group effect: F=7.5, df=
1, 25, p<0.01), whereas after lorazepam administra-
tion, regional metabolic measures were equivalent for
the abuser and the comparison groups (figure 4). Post
hoc t tests showed that differences in baseline meta-
bolic measures were significantly higher in cocaine-
abusing subjects in the occipital cortex (t=2.8, df=25,
p<0.01), temporal cortex (t=3.2, df=25, p<0.005), tha-
lamus (t=3.9, df=25, p<0.0006), and striatum (t=4, df=
25, p<0.0004).

TABLE 2. Plasma Lorazepam Concentrations in Comparison and
Cocaine-Abusing Subjects 20–95 Minutes After Lorazepam Admini-
stration

Plasma Lorazepam Concentration (ng/ml)a

Minutes After
Lorazepam
Administration

Comparison
Group
(N=14)

Cocaine-
Abusing Group

(N=13)

Mean SD Mean SD

20 48 15 33b 8
50 38 14 23c 3
70 37 13 22c 3
95 31 10 20c 4

aSignificant group effect (F=16, df=1, 75, p<0.0007).
bSignificant difference from comparison group (t>2.9, df=25, p<
0.009; post hoc test).

cSignificant difference from comparison group (t>3.5, df=25, p<
0.002; post hoc test).

TABLE 3. Self-Ratings of Sleepiness in Comparison (N=14) and Cocaine-Abusing (N=13) Subjects 5 Minutes Before and 25–95 Minutes After
Administration of Placebo and Lorazepam

Sleepiness Self-Rating (scale=0–100)

Minutes Before and After Placebo
and Lorazepam Administration

Placeboa Lorazepamb

Comparison
Group

Cocaine-
Abusing Group

Comparison
Group

Cocaine-
Abusing Group

Mean SD Mean SD Mean SD Mean SD

–5  7 14 24 36  7 10 13 10
25 15  2 19 30 16 16 62c 33
55 12 19 19 30 24 22 69d 15
95 21 19 24 29 39 22 65 40

aNo significant intergroup differences (F=0.9, df=1, 75, p=0.36).
bSignificant group effect (F=5.5, df=1, 75, p<0.002).
cSignificant difference from comparison group (t>4.5, df=25, p<0.0001; post hoc test).
dSignificant difference from comparison group (t>3.6, df=25, p<0.002; post hoc test).
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DISCUSSION

This study documents an increased
sensitivity to lorazepam in active co-
caine-abusing subjects as assessed by
the enhanced responses to its sedative
effects and to its reduction of brain
glucose metabolism. Although the ac-
centuated brain metabolic responses
were global, there were some brain re-
gions where these effects were more
pronounced than others, as shown by
the significant group-by-region inter-
action effect. More specifically, the
differences in responses between the
abuser and the comparison groups
were largest in thalamus, striatum,
occipital cortex, and parietal cortex.
Because metabolism reflects activity
in terminal regions (18), the meta-
bolic changes induced by lorazepam
in a given area predominantly reflect
the responses in the projecting GABA
cells. Thus, one could speculate that
the increased metabolic response to
lorazepam in thalamus in the cocaine
abusers could reflect increased GABA
sensitivity in pallidum and in substan-
tia nigra reticulata (4). However, it could also reflect
changes in other GABA-ergic populations (i.e., GABA in-
terneurons). We interpret these findings as reflecting ad-
aptation changes in the GABA system secondary to inter-
mittent cocaine intoxication.

The regional specificity for the enhanced responses in
the cocaine abusers is likely to reflect the sequential as
well as the parallel organization of GABA output sys-
tems (19). Thus, adaptive processes in response to do-
pamine stimulation are likely to depend on the brain
regions and the balance between them (20), as well as
the subtype of GABA and/or dopamine receptors that
prevail in a given region (19). In addition, regional
metabolic responses to benzodiazepines probably re-
flect not only direct interactions with benzodiazepine
receptors but also secondary effects. The extent to
which the enhanced response to lorazepam reflects dif-
ferences in receptors or secondary effects cannot be de-
termined by this study. Future imaging studies using
benzodiazepine receptor ligands coupled to metabolic
studies with a benzodiazepine challenge are required to
clarify this issue.

Studies in laboratory animals have shown that chronic
cocaine affects the GABA system, and this includes
changes in GABA receptors (function, concentration,
composition, and transduction elements) (21–23) and
in enzymes that regulate GABA synthesis (24). In gen-
eral, most studies document enhancement of GABA-er-
gic responses with chronic cocaine administration, in-
cluding an enhanced sensitivity to the sedative effects of
benzodiazepines (25). However, results are not always
consistent. For example, while most binding studies

have reported increases in striatal concentration of
GABA receptors (26, 27), others have reported de-

FIGURE 1. Images of Brain Glucose Metabolism for a Comparison Subject and a Cocaine-
Abusing Subject After Placebo and After Lorazepam Administrationa

aLorazepam decreased metabolism, and the changes were larger in the cocaine-abusing sub-
ject than in the comparison subject.

FIGURE 2. Regional Changes in Metabolism Induced by Lorazepam
in Comparison and in Cocaine-Abusing Subjectsa

aLorazepam-induced decrements in regional brain glucose metabo-
lism were significantly larger in the cocaine-abusing group than in
the comparison group (ANOVA, group effect: F=5.8, df=1, 25,
p<0.03).

bt>2.8, df=25, p<0.01; post hoc t tests.
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creases (28). Similarly, while some studies of chroni-
cally treated animals have reported an enhanced sensi-
tivity to iontophoretically applied GABA (29, 30), oth-

ers have reported decreases (31). These inconsistencies
could reflect the different adaptation responses in
GABA cells depending on whether they receive direct or
indirect dopamine projections. Inconsistencies could
also reflect differences in the regimens of cocaine ad-
ministration used as well as the time after withdrawal
at which measurements were made (25, 27). Although
most of these studies have linked the changes in the
GABA system to the process of sensitization (32), their
role in cocaine addiction per se has not been evaluated.

Studies of cocaine abusers have also shown evidence
of changes in the GABA system. However, as with the
laboratory animal literature, there are few studies, and
the pattern of abnormalities has not been consistent.
For example, while some studies have reported in-
creases in peripheral benzodiazepine receptors in plate-
lets of cocaine abusers (33), others have shown de-
creases (34). The phenomenology associated with
cocaine intoxication and withdrawal is also suggestive
of an involvement of GABA. For example, convulsions
associated with cocaine intoxication respond to benzo-
diazepine agonists but not to the anticonvulsant pheny-
toin (35). In addition, cocaine intoxication is associated
with anxiety, agitation, and, not infrequently, panic at-
tacks, which are symptoms that respond to benzodiaz-

epines (36, 37). Furthermore, the fre-
quent combined use of alcohol and
cocaine by cocaine-abusing subjects
(38) could reflect in part a means to
compensate for cocaine-induced de-
creases in GABA activity, since alco-
hol potentiates GABA-induced chlo-
ride flux at the GABA receptor (39,
40). In this respect, it was interesting
to note that the increased metabolic
activity at baseline observed in the
cocaine abusers, which we had pre-
viously reported to be related to days
since last cocaine use (41), returned
to values similar to those in the com-
parison group after lorazepam ad-
ministration. Thus, one could postu-
late that this metabolic hyperactivity
observed during early detoxification
may reflect decreased GABA-ergic
activity shortly after cocaine discon-
tinuation. Although in laboratory
animals discontinuation of chronic
low doses of alcohol can produce
global increases in glucose metabo-
lism (42), alcohol consumption in
the abusers is unlikely to account for
the baseline metabolic differences
between groups, since the amount of
alcohol they reported they used was
comparable to that reported by the
comparison subjects (table 1). How-

ever, because histories of alcohol and drug use are not
always reliable and we had no laboratory corrobora-
tion, we cannot exclude the contribution of variables

FIGURE 3. Correlation Between Lorazepam-Induced Changes in Re-
gional Metabolic Activity in Thalamus and in Self-Reports of Sleepi-
ness 25 Minutes After Its Administration for Comparison (N=14) and
Cocaine-Abusing (N=13) Subjectsa

ar=0.67, df=25, p<0.0001. Measures correspond to the differences
between scores obtained before and those obtained after lorazepam
administration.

FIGURE 4. Regional Brain Metabolic Measures in Comparison Subjects and in Cocaine-
Abusing Subjects After Placebo and After Lorazepam Administrationa

aBaseline metabolic measures were significantly higher in cocaine-abusing subjects than in
comparison subjects during placebo (ANOVA, group effect: F=7.5, df=1, 25, p<0.01),
whereas regional metabolic measures were equivalent between the groups during lorazepam
administration.

bt=3.2, df=25, p<0.005; post hoc t tests.
ct=2.8, df=25, p<0.01; post hoc t tests.
dt>3.9, df=25, p<0.0006; post hoc t tests.
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other than cocaine in the hypermetabolic baseline
measures observed in the abusers.

In cocaine-abusing subjects brain glucose metabolism
decreases after protracted withdrawal (43), and thus
further studies are required to determine if the en-
hanced responsivity to lorazepam in the abusers also
decreases as a function of withdrawal or whether it rep-
resents a more lasting adaptation (or predisposing fac-
tor), as seen for the changes in dopamine D2 receptors
that persist after detoxification (6).

The finding of an enhanced sensitivity to lorazepam in
cocaine-abusing subjects differs markedly from the find-
ings reported in alcoholic subjects, in whom a blunted
response to lorazepam-induced changes in regional brain
metabolism has been reported (14). Because subjects at
risk for alcoholism do not show the blunted brain meta-
bolic response to lorazepam (8), the response in the alco-
holics was interpreted as reflecting the effects of alcohol
administration and/or alcohol withdrawal. In this study
we excluded subjects who abused alcohol, and thus fu-
ture studies comparing response to lorazepam between
cocaine-abusing subjects who abuse alcohol and those
who do not are required to determine the generalizability
of our findings in cocaine-abusing subjects.

The lower plasma lorazepam concentration in the co-
caine-abusing group than in the comparison group is
most likely due to enhanced metabolism of lorazepam
and may reflect hepatic enzymatic induction in cocaine-
abusing subjects, since lorazepam is metabolized by glu-
curonide conjugation in the liver (44). The mechanisms
accounting for the enzyme induction are unclear and
could reflect the use of other substances (i.e., alcohol,
cigarettes, other sedative/hypnotic drugs) in the cocaine-
abusing subjects. In addition, because cocaine can be me-
tabolized by glucuroconjugation (45), the possibility of a
direct effect of cocaine on glucuronyl transferase should
be further investigated. Because the enhanced sensitivity
to lorazepam in cocaine-abusing subjects was observed
even in the presence of much lower plasma lorazepam
concentrations, the potential toxicity of sedative hyp-
notic drugs for which there is no enhanced metabolism
and/or for which the safety is not as good as for benzo-
diazepines should be further evaluated. This increased
sensitivity, for example, could contribute to the enhanced
toxicity and mortality observed with the combined use of
alcohol and cocaine (46). In addition, the extreme seda-
tive effects observed for some of the cocaine-abusing sub-
jects after lorazepam administration should alert the cli-
nician of potential untoward reactions with the use of
these drugs by active cocaine-abusing subjects in situ-
ations where alertness is required.

In summary, these data document an accentuated
sensitivity to benzodiazepines in cocaine-abusing sub-
jects, which appears as an enhanced response to the
sedative effects of lorazepam and an enhanced decrease
in regional brain metabolism relative to that in non-
abusing subjects. These results support the notion of
disruption of GABA activity in the brain of cocaine-
abusing subjects. Further studies are required to deter-
mine the extent to which these changes are due to co-

caine withdrawal and/or prolonged sleep deprivation
and whether they will decrease and/or disappear with
protracted detoxification.
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