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Abstract

The purpose of this study was to determine whether marijuana produced dose-dependent antinociception in humans and, if so,
whether endogenous opiates modulate this effect. A total of five male regular marijuana users participated in three test sessions
during which they smoked cigarettes containing 0% (placebo) and 3.55% D9-tetrahydrocannabinol (D9-THC) (active). Each of four
controlled smoking bouts per session, spaced at 40-min intervals, consisted of nine puffs from active and placebo cigarettes (three
cigarettes, three puffs per cigarette, one puff per min). During successive bouts, participants smoked 0, 3, 6 and 9 (0, 3, 9 and 18
cumulative) puffs from active marijuana cigarettes, with the remainder of puffs from placebo cigarettes. Test sessions were
identical, except for naltrexone 0, 50 or 200 mg p.o. (randomized, double-blind) administration 1 h before the first smoking bout
on the different days. Before smoking, between smoking bouts and postsmoking, participants completed an assessment battery
that included antinociceptive (finger withdrawal from radiant heat stimulation), biological, subjective, observer-rated signs and
performance measures. Marijuana produced significant dose-dependent antinociception (increased finger withdrawal latency) and
biobehavioral effects. Naltrexone did not significantly influence marijuana dose-effect curves, suggesting no role of endogenous
opiates in marijuana-induced antinociception under these conditions. © 2000 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Cannabinoid receptor agonists generally produce
antinociception in animals; however, the test com-
pound, assay, species, dose and route of administration
used can modulate this effect (Harris, 1971; Dewey,
1986; Adams and Martin, 1996; Martin and Lichtman,
1998). Neuropharmacological studies, most using the
tail-flick assay, have begun to characterize the mecha-
nisms of cannabinoid antinociception. Two can-
nabinoid receptor subtypes have been identified; CB1

receptors (nervous system) account for most of mari-
juana’s effects, whereas CB2 receptors (spleen) mediate

immune response (Adams and Martin, 1996). The pri-
mary brain site of tetrahydrocannabinol (THC) anti-
nociceptive action is at CB1 receptors in the
periacqueductal gray (Lichtman et al., 1996), also a
principal site of opioid antinociception (Basbaum and
Fields, 1984). Cannabinoid antinociception in this re-
gion is blocked by the CB1 antagonist SR-141716A
(Lichtman and Martin, 1997; Welch et al., 1998) but
not systemically administered opioid antagonists
(Welch et al., 1995; Vivian et al., 1998), indicating a
centrally mediated, opioid-independent mode of action.
Recent studies also implicate brainstem circuitry that
mediates THC, but not morphine, analgesia (Martin et
al., 1998; Meng et al., 1999).

Early studies using opioid antagonists, at high doses
that presumably blocked mu, kappa and delta recep-
tors, demonstrated partial attenuation of THC-induced
antinociception (Wilson and May, 1975; Tulunay et al.,
1981; Ferri et al., 1986). These results suggested that
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endogenous opiates might partly mediate this effect.
Subsequently, a second site of cannabinoid antinocicep-
tion was identified in the spinal cord (Yaksh, 1981;
Lichtman and Martin, 1991; Smith and Martin, 1992),
where this effect is blocked by i.t. administration of
kappa-opioid antagonists (Welch, 1993a,b; Smith et al.,
1994; Reche et al., 1996) but only partially attenuated
by SR-141716A (Welch et al., 1995).

Effects of THC on clinical pain have been infre-
quently studied in humans, with mixed results (Noyes et
al., 1975, 1976; Raft et al., 1977). Analgesic effects of
THC are usually overshadowed by side-effects, e.g.
sedation. Cannabinoid effects on human pain sensitiv-
ity have been studied in double-blind, placebo-con-
trolled laboratory situations, again with conflicting
findings. Single doses of oral THC did not increase pain
threshold using cold pressor (25 mg; Karniol et al.,
1975) or electrocutaneous stimuli (12 mg; Hill et al.,
1974), whereas i.v. THC (0.022 and 0.044 mg/kg) in-
creased pain detection but not tolerance threshold using
pressure and electrocutaneous stimulation (Raft et al.,
1977). Acute marijuana (cigarettes with :1.0% THC)
versus placebo smoking did not affect radiant heat
(thermode on the forearm) sensitivity in either can-
nabis-experienced or non-experienced volunteers (Mil-
stein et al., 1974). These negative results may be due to
the use of a single low THC dose, smoking procedures
that were less well-controlled, a response criterion that
was closer to a sensory than a pain threshold, and short
mean reaction times (i.e. possibly indicating a ceiling
effect). In contrast, Milstein et al. (1975) found signifi-
cant increases in pain tolerance following marijuana
smoking, with slightly (but not significantly) greater
effects for cannabis-experienced than non-experienced
volunteers. Clark et al. (1981) found a hyperalgesic
effect of chronic daily marijuana smoking, relative to a
presmoking wash-out period, during a long-term resi-
dential study.

Contributing to this uncertain body of literature is
the fact that procedures for measuring human pain
sensitivity are often unreliable. Lee and Stitzer (1995)
developed a procedure in humans that is comparable to
the tail-flick assay. This procedure, which requires the
participant to withdraw the finger from a radiant heat
source under pain threshold instructions, was shown to
have better reliability (within- and between-sessions)
than an electrocutaneous method. This is also impor-
tant because THC actually lowered pain threshold (pro-
duced hyperalgesia rather than antinociception) in
healthy volunteers using electrocutaneous stimulation
(Hill et al., 1974). Thermal stimulation has been the
predominant laboratory model for evaluating can-
nabinoid antinociception in animals; we therefore used
this method to probe pain sensitivity in marijuana-
smoking human volunteers.

This study had three aims. The first aim was to
determine whether marijuana smoking produced dose-
dependent thermal antinociception in humans, similar
to animals. These data were compared with biological,
subjective effects, objective signs and performance mea-
sures for a complete profile. Psychomotor measures
were used to evaluate whether marijuana produced
motor deficits versus an inhibition of pain transmission.
The second aim was to extend the method of Chait et
al. (1988), in which participants smoked 0, 2, 4 and 8
cumulative active (and placebo) puffs across four smok-
ing bouts from cigarettes with 1.4% THC. In the
present study, participants smoked a wider range of
doses — 0, 3, 9 and 18 cumulative active (and placebo)
puffs from cigarettes with 3.55% THC across four
bouts. In the Chait et al. study, smoking occurred at
20-min intervals; in the present study, bouts were
scheduled every 40-min to collect a broader range of
data (see first aim). The third aim was to assess whether
endogenous opiates influence marijuana effects in hu-
mans, i.e. whether naltrexone pretreatment produced
rightward shifts in marijuana dose-response curves.
Based on evidence that kappa-opioid antagonists atten-
uate THC-induced spinal antinociception in animals,
we tested high doses of naltrexone to block a higher
fraction of kappa (and other opioid) receptors. Naltrex-
one was used because there are no kappa-selective
antagonists presently available for human use, and it
has a long duration of action (Verebey et al., 1976) to
span the cumulative dosing period.

2. Methods

2.1. Participants and screening

The local Institutional Review Board approved this
study. All volunteers provided informed consent prior
to participation. Male and female recreational drug
users aged 18–45 years old were recruited by newspa-
per advertisements and paid for participation. Before
the study, participants underwent a complete medical
examination (blood chemistry, electrocardiogram, med-
ical history, urine samples for drug analysis and preg-
nancy testing, physical examination) and were
interviewed about their current and past psychoactive
substance use using the Structured Clinical Interview
for DSM-IV (SCID; First et al., 1996). Only generally
healthy, regular marijuana users were included; they
were required to have smoked from 3 to 20 marijuana
cigarettes per week (by self-report) in the month prior
to screening. Participants were excluded if they reported
current illicit drug use (other than marijuana) but the
majority had previous experience with other illicit
drugs. Alcohol use in excess of 20 standard drinks per
week, a history of drug treatment, inability to pass a
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physical examination, chronic health problems, or a
positive pregnancy test were all exclusionary factors.

2.2. Study design

The present study employed three different naltrex-
one pretreatments followed 1 h later by cumulative
dose marijuana smoking and assessment. Thus, a two-
way repeated measures design was used to evaluate the
influence of naltrexone on marijuana effects. Session
time (nine levels, within session: pre-naltrexone and
post-naltrexone baselines; after 0, 3, 9 and 18 cumula-
tive active puffs, and at 1, 2 and 3 h post-smoking) and
naltrexone dose (three levels, between sessions: 0; 50
and 200 mg) were the within-subject factors. Partici-
pants were exposed to the three naltrexone dose condi-
tions in a randomized, counterbalanced order. Fig. 1
illustrates the session timeline.

2.3. Drugs

The National Institute on Drug Abuse Research
Technology Branch supplied the marijuana cigarettes.
These cigarettes were �85 mm (length)×25 mm (cir-

cumference), weighed from 750 to 990 mg, and con-
tained either 0% (placebo) or 3.55% (active) THC.
Cigarettes were stored in a −20°C freezer until the day
before use. At least 12 h before each session, moisture
content of the cigarettes was raised by placing them
above a saturated NaCl solution in a closed humidifier
at room temperature. Marijuana doses were selected
based on previous research from our laboratory (Azor-
losa et al., 1992), indicating that healthy, marijuana-ex-
perienced volunteers could tolerate up to 25 puffs (one
per min) from 3.55% cigarettes in a single session.
Smoking was conducted under double-blind conditions.

Naltrexone tablets (DuPont, Wilmington, DE) were
used to compound the study capsules. Doses of 50 and
200 mg were prepared by placing the hydrochloride
powder in four identically opaque gelatin capsules and
filling with lactose USP (Mallinckrodt, St. Louis, MO).
Matched placebo doses consisted of identical capsules
filled with lactose. Naltrexone has been safely adminis-
tered to eating disorder patients at doses up to 400
mg/day (Marrazzi et al., 1997), to opioid abusers at
doses up to 200 mg/day (Gonzalez and Brogden, 1988)
and to polydrug abusers at 200 mg/day (Walsh et al.,
1996). However, others (Hollister et al., 1981) have

Fig. 1. Session timeline (see text for details). Naltrexone was administered 60 min before the initiation of marijuana smoking. In each smoking
bout participants inhaled nine puffs (1/min; 9-min duration), with zero active puffs in bout 1, three active puffs in bout 2 (three cumulative), six
active puffs in bout 3 (nine cumulative), and nine active puffs in bout 4 (18 cumulative). Assessment periods (30-min duration) were scheduled
before and after naltrexone pretreatment, after each smoking bout, and at 1, 2 and 3 h after completion of smoking.
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reported aversive effects of acute lower doses in healthy
volunteers without drug abuse histories.

2.4. Procedure

2.4.1. Training session
Before the study, participants practiced the pain

threshold sensitivity task, psychomotor performance
measures and computerized questionnaires. During the
pain sensitivity procedure (see below), the experimenter
adjusted the heat intensity until the participant pro-
duced mean (average of left and right) finger with-
drawal latencies between 6 and 8 s on three consecutive
trials. For psychomotor tasks, participants had to re-
spond consistently across three consecutive trials
(defined in advance for each measure). Participants
were also taught the controlled smoking procedure,
which has been described in detail elsewhere (Azorlosa
et al., 1992, 1995). They were trained to achieve the
target puffing and inhalation behaviors using placebo
cigarettes; this was designed to minimize variability in
the marijuana doses delivered during the experimental
sessions. Lung vital capacity was determined during
this session. The training session lasted �2–3 h.

2.4.2. Protocol timeline and experimental sessions
Participants participated in three sessions scheduled

at least 3 days apart; they completed the sessions over
an average of 9.2 days (range, 7–13), with comparable
spacing between sessions 1 and 2 (mean 4.6 days) versus
between sessions 2 and 3 (mean 4.6 days). Test sessions
began at �08:00 h. Participants were instructed to eat
a light breakfast before arriving at the laboratory.
Participants were instructed not to drink alcohol for 24
h or smoke marijuana for 48 h before each session.
Participants were instructed to refrain from all other
illicit drug use during the study. To promote compli-
ance with these restrictions, participants provided urine
samples (which were tested using EMIT for opioids,
cocaine, barbiturates, amphetamines, and benzodi-
azepines) and breathalyzer tests before each session;
none were positive. Caffeine and cigarette use was
prohibited from the time of arrival at the laboratory
and throughout the session, ensuring at least a 90-min
period of abstinence prior to marijuana smoking; no
caffeine or nicotine abstinence symptoms were re-
ported. Participants and staff were blind to cigarette
THC content and naltrexone dose.

2.4.2.1. Baseline measures. All sessions took place in a
private, specially ventilated test room located at an
outpatient research laboratory. The research nurse was
always present during testing and smoking periods. At
the start of each session, heart rate and respiratory
monitoring equipment were attached to the volunteer
and an i.v. catheter was inserted into an antecubital

vein. Naltrexone was always administered 1 h before
the start of smoking. All measures except the blood
sample were collected starting 30 min before naltrexone
(session baseline). Then 30 min after naltrexone, the
first blood sample was obtained and all measures were
repeated (presmoking baseline).

2.4.2.2. Smoking procedure. During each of the four
smoking bouts, three cigarettes were used (i.e. 12 per
session). Cigarettes were arranged in a tray with num-
bered slots to maintain proper dosing order. Partici-
pants took three puffs at 1-min intervals from each
cigarette. In the minute before each new cigarette, the
experimenter lit the cigarette and (after removing the
old one first) placed it in the plastic holder in time for
the next puff. It took �9 min to complete each smok-
ing bout. In bout 1, all three cigarettes were placebos
(zero active puffs). In bout 2, the first two cigarettes
were placebo and the last one was active (three active
puffs). In bout 3, the first cigarette was placebo and the
last two were active (six active puffs). In bout 4, all
three cigarettes were active (nine active puffs). Thus,
the volunteer took 0, 3, 9 and 18 cumulative active
puffs after bouts 1, 2, 3 and 4, respectively.

Controlled smoking involved taking one 50-ml puff
(over �1.5 s) every 60 s, inhaling to a depth of �35%
of lung vital capacity (over �2.5 s), and holding smoke
in the lungs for 10 s. Actual smoking behavior recorded
by the computer reached these designated targets and,
when analyzed statistically, did not significantly vary
over bouts or between sessions. Thus, our computerized
feedback procedures prevented participants from alter-
ing their smoking behavior.

2.5. Measures

At each session time point, data were collected in the
following order: biological exposure [blood, heart rate
(HR), carbon monoxide (CO)], subjective effects [visual
analog scales (VAS), Addiction Research Center Inven-
tory (ARCI), multiple choice), antinociception, psycho-
motor performance (balance, Digit Symbol Substitution
Test (DSST), divided attention, digit span], and ob-
server-rated signs. Results are presented according to
their relevance for the present hypotheses.

2.5.1. Antinociception
This procedure, a modified version of the rodent

tail-flick test, has been described in detail (Lee and
Stitzer, 1995). The apparatus consists of a radiant heat
source, photocell, digital timer, and power source. The
participant was instructed to place the distal pad of
his/her index finger over a 3-mm hole, through which
the heat source (projection bulb) radiated from below.
Above the finger (mounted on a post) was a photocell;
when the finger covered the light source, the photocell
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was prevented from sensing the light. A switch acti-
vated the lamp and digital timer. Once the participant
removed his/her finger the light reached the photocell,
automatically stopping the light and the timer. The
present procedure differs from that of Lee and Stitzer
(1995) in that both the dominant and non-dominant
index fingers were tested (in that order) on each trial.
These two withdrawal latency values and their average
were analyzed separately to determine whether the av-
erage score would be more reliable than either individ-
ual score. Pain sensitivity testing was conducted about
halfway through the assessment battery, i.e. �15 min
after each smoking bout ended. Participants were in-
structed to retract their finger from the heat stimulus
when it first became painful (i.e. pain threshold). Cut-
off time was 20 s. To compare directly with previous
animal studies of thermal antinociception, maximum
percent effect (MPE) scores were calculated according
to a standard algorithm (Harris and Pierson, 1964):

MPE=100× [(test−presmoking control)

/(20−presmoking control)]

2.5.2. Biological exposure
A total of five 5-ml blood samples were taken in each

session to determine plasma THC levels prior to smok-
ing and immediately after each of the four smoking
bouts. Immediately after each session plasma was sepa-
rated and frozen. All samples were sent in a single
batch to the Research Triangle Institute (Research Tri-
angle Park, NC) for radioimmunoassay of D9-THC
content in ng/ml (Cook et al., 1982). Interassay vari-
ability was within 5% when standards were run at both
8 and 30 ng/ml.

Heart rate (HR, in beats per min, bpm) was mea-
sured continuously using a pulse oximeter. HR was
recorded three times — at 5, 15 and 25 min — after
each smoking bout ended; the highest of these three
values was used as the index of marijuana-induced
tachycardia.

Expired air CO levels (in parts per million, ppm)
were obtained by having participants fully inhale, ex-
hale, inhale again, hold their breath for 15 s, and then
exhale into an Ecolyzer 2000 device (Energetics Science,
Elmsford, NJ). CO levels were measured before naltrex-
one (pre-session baseline), after naltrexone (pre-smok-
ing baseline), immediately after each smoking bout, and
at 1, 2 and 3 h after the final smoking bout.

2.5.3. Psychomotor performance
On the balance task, the participant was instructed to

stand (with eyes closed) on one leg at a time until the
experimenter told the participant the trial was com-
pleted; each of the two trials (right leg, then left leg)
lasted 30 s. The experimenter began each trial by
starting a timer when the participant lifted the leg, and

ended the trial by stopping the timer when the partici-
pant put the leg down. Scores from each of the two
trials were averaged to provide a duration measure of
overall balance. The maximum score was 30 s at each
assessment time point.

Then three computerized psychomotor tasks were
performed [see Azorlosa et al. (1992) for details]. The
DSST provided a measure of encoding speed and accu-
racy. A divided attention test provided concurrent mea-
sures of motor tracking and visual detection. A digit
span (forward and reverse) provided a measure of
short-term memory.

2.5.4. Subjecti6e effects
A total of 15 separate VAS ratings were each pre-

sented on the computer monitor as a 100-mm horizon-
tal line, anchored on the left with ‘not at all’ and on the
right with ‘extremely’. Participants moved the cursor (a
vertical line) along the horizontal line with a joystick
and clicked the button when they reached the position
on the line that represented their current feeling (ques-
tions usually phrased, ‘Do you feel – – – right now?’).
Ratings (in order) were: any drug effect, good drug
effect, bad drug effect, high, drunk, impaired, stoned,
like the drug effect, sedated, confused, nauseous, desire
more of the drug, anxious, down, and hungry. A final
VAS asked participants to rate how closely the current
drug effect compared with the effect from their usual
smoking outside the laboratory; a rating of 0 was
anchored with ‘much weaker’, 50 was anchored with
‘same’, and 100 was anchored with ‘much stronger’.

To obtain an estimate of the monetary value of the
marijuana doses smoked, the participant completed a
multiple-choice form with 50 independent choices be-
tween drug and money. The monetary amounts ranged
from $0.25 to $64.51, increasing by arithmetic progres-
sion from small steps (a few cents in the first choices) to
large steps (a few dollars in the final choices). Unlike
the standard Multiple Choice Procedure (Griffiths et
al., 1993), there was no additional session to provide
consequences for these drug versus money choices.

The short form of the ARCI (Martin et al., 1971)
consisted of 49 true-false items. These 49 items make up
five empirically determined subscales: Amphetamine
(A) and Benzedrine Group (BG), both sensitive to
stimulant-like effects; MBG, sensitive to euphoria;
PCAG, sensitive to sedation; and LSD, sensitive to
somatic and dysphoric changes. A Marijuana scale,
previously reported by Chait et al. (1988), was also
analyzed.

2.5.5. Obser6er-rated signs
A total of seven objective signs of drug effect were

developed. At the end of each assessment block, the
observer rated each sign on a 0–3 scale, as indicated
below. These were: ‘Good Mood’ (0=not at all [bad
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mood], 1=mild [pleasant, agreeable; no smile re-
quired], 2=moderately happy [smiles], 3=extreme [eu-
phoric, exuberant]); ‘Stimulated/Aroused’ (0=normal
[quiet, calm, unaroused], 1=mild [occasionally fidgety,
restless or nervous], 2=moderate [frequently fidgety,
restless or nervous], 3=strong [agitated or vigilant]);
‘Flushed Face’ (0=normal color, 1=mild [slight red-
dening], 2=moderate [noticeable reddening], 3=
strong [patches]); ‘Sweaty’ (0=normal [palms and
forehead dry to touch], 1=mild [sweat palpable on
palms or forehead], 2=moderate [see sweat on palms
or forehead without touching], 3=strong [underarms
sweaty in addition to palms and forehead]); ‘Nausea/
Vomiting’ (0=normal [no spontaneous report of gas-
trointestinal disturbance], 1=spontaneous report of
nausea, 2= ‘dry heaves’, 3=vomiting); ‘Red Eyes’
(0=normal [white], 1= just detectable redness [one or
both eyes], 2=moderate redness [lines in both eyes],
3= ‘bloodshot’ eyes [extensive]); and ‘Strength of Drug
Effect’ (0=none; 1=mild [just detectable increase —
one or two of the six signs above], 2=moderate [multi-
ple, mild signs of a reaction], 3=strong [multiple,
intense signs of a reaction].

2.6. Data analysis

Marijuana smoking and naltrexone pretreatment ef-
fects were analyzed using two-way Time (pre-naltrex-
one and post-naltrexone baselines; after 0, 3, 9, and 18
cumulative puffs, and at 1, 2 and 3 h post-smoking)×
Naltrexone Dose (0, 50, 200 mg) repeated measure
ANOVAs. In all analyses, Huynh–Feldt adjustments of
repeated measures degrees of freedom were used to
correct for violations of sphericity.

There is an extensive literature for marijuana dose-ef-
fects on most measures collected in this study (Jaffe,
1985; Chait and Pierri, 1992; Adams and Martin, 1996).
Thus, following the ANOVAs, planned comparisons of
each active dose condition (3, 9 and 18 puffs) versus
placebo (zero puffs) were conducted using one-tailed
t-tests whenever the direction of effect (increase or
decrease) was unambiguous. To limit the number of
planned tests, active doses were not compared with one
another. Based on this literature and our own previous
studies (Azorlosa et al., 1992, 1995), we expected that
marijuana smoking would produce dose-related in-
creases in plasma THC, CO, HR, antinociception
(finger withdrawal latency), and certain subjective ef-
fects (e.g. VAS high and liking, ARCI Marijuana and
PCAG subscales). We expected that marijuana would
produce dose-related decreases on psychomotor mea-
sures (e.g. balance time, DSST, divided attention la-
tency and tracking, digit span). Because observer-rated
signs were created for the present study, two-tailed
Tukey post hoc tests were used.

3. Results

3.1. Participant characteristics

A total of 13 participants (nine male, four female)
aged 19–27 enrolled in the study and participated in at
least the first experimental session. A total of eight
(four male, four female) were terminated after the first
session. All four females disliked the strength of the
marijuana effect. Among the four males, one could not
tolerate the blood withdrawal procedure, one coughed
excessively which disrupted the controlled smoking pro-
cedure, one disliked the strength of the marijuana ef-
fect, and the other experienced gastric upset, blurred
vision and muscle weakness during the combination of
naltrexone 200 mg and marijuana smoking. Aside from
being female, no other demographic or drug use factors
were obviously associated with study attrition. A total
of five male (four white, one Asian American) volun-
teers completed the remaining sessions. These volun-
teers had a mean age of 20.6 years, averaged 14 years
education, and reported having smoked marijuana for
an average of 4 years; four were current cigarette
smokers. Participants reported usually smoking 6–12
marijuana cigarettes per week.

3.2. Cumulati6e marijuana smoking effects

As Table 1 indicates, marijuana smoking produced
statistically significant, dose-related effects across a
wide range of measures. In contrast, naltrexone pre-
treatment at either active dose (relative to placebo) did
not systematically influence marijuana dose-effect
curves.

3.2.1. Antinociception
Mean finger withdrawal latency (Fig. 2) was stable

before smoking. Relative to presmoking, finger with-
drawal latency did not significantly increase after zero
or three active puffs, increased slightly (but not signifi-
cantly) after nine active puffs, and was significantly
greater after 18 active marijuana puffs. The 18 active-
puff condition was significantly different from the zero
and three active-puff conditions in planned comparison
tests. Nevertheless, the significant difference between
18-puff and presmoking control levels was rather mod-
est in size (19% MPE; see right ordinate). At the first
post-smoking time point, mean finger withdrawal la-
tency returned to baseline levels. The apparent rebound
effect, i.e. decrease below presmoking baseline, at the
last two postsmoking time points was not significantly
different than presmoking baseline but was different
from the 18 active-puff condition.

The marijuana dose-effect curves for the dominant
and non-dominant finger withdrawal latencies were
highly similar and each was significant (Table 1), i.e.
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Table 1
Summary of statistical effects

Time×pretreatment, F [16,64]Timea, F [8,32] Active marijuana condition meansMeasure

BL 0-puff 3-puff 9-puff 18-puff

Antinociception (s)
Dominant 4.16 (0.02) NS 7.0 7.6 7.3 8.6 9.3

NS 6.6 7.5 7.6 8.1 9.1Non-dominant 4.56 (0.02)
NS 6.8 7.6 7.54.95 (0.02) 8.4Average 9.2

Biological exposure
NS 3.4 4.832.11 (0.0001)c 161Plasma THC (ng/ml)b 179 202

32.77 (0.0001)Expired CO (ppm) NS 5.9 15.9 19.7 25.4 30.3
NS 66.1 69.3 82.422.30 (0.0001) 89.2Heart rate (bpm) 93.1

Psychomotor performance
NS 28.6 28.6 26.6Balance (s) 22.45.77 (0.001) 16.2
NS 74.0 73.510.90 (0.002) 74.8DSST c attempts 71.3 67.1
NS 70.8 70.7DSST c correct 71.910.83 (0.0001) 67.3 64.1
NS 0.96 0.96NS 0.96DSST % correct 0.94 0.96

2.40 (0.04)Div. attn. latency (s) NS 1.08 1.08 0.98 1.00 1.14
NS 9.7 10.0NS 11.3Div. attn. distance (pixels) 11.8 15.8

1.90 (0.10)Digit span c correct NS 10.5 10.5 10.2 9.6 9.2
NS 14.4 14.3 14.2Digit span longest 13.72.13 (0.08) 13.3

VAS ratings (0–100)
NS 0.0 5.5Any effect 38.930.52 (0.0001) 62.7 71.8
NS 0.0 5.126.78 (0.0001) 44.8Good effect 67.5 71.5

Bad effect 3.22 (0.01) NS 0.0 0.0 3.8 2.3 10.0
NS 0.0 4.931.13 (0.0001) 39.2High 60.6 69.7

10.54 (0.005)Impaired NS 0.0 1.2 21.3 37.1 46.1
NS 0.0Stoned 3.125.67 (0.0001) 36.3 58.0 62.4
NS 0.0 8.925.77 (0.0001) 49.5Liking 65.1 63.8
NS 0.0 2.0Sedated 17.94.57 (0.03) 22.3 34.9
NS 0.0 0.4NS 5.2Confused 8.1 18.8

NSNauseous NS 0.0 0.0 3.7 1.1 5.1
NS 4.9 20.54.69 (0.005) 45.7Desire 42.5 28.2

NSAnxious NS 1.2 0.0 13.9 18.9 22.5
NS 0.0 0.0 5.3Down 3.56.08 (0.01) 12.5
NS 3.2 5.017.14 (0.0001) 17.3Hungry 33.3 49.0
NS 0.0 6.2 42.3Comparison 62.619.13 (0.0001) 71.1

NS 0.25 0.98Multiple choice form ($) 4.956.32 (0.002) 11.62 9.97

ARCI scales
NS 0.0 0.611.96 (0.0001) 3.7Marijuana 5.5 5.3

7.60 (0.0001)PCAG NS 3.3 3.5 3.9 4.7 5.9
MBG NS7.02 (0.0001) 0.7 1.7 3.7 4.7 3.4

NS 1.3 2.15.54 (0.01) 3.3AMPH 3.9 3.7
NS 3.1 3.0 5.2LSD 5.64.53 (0.02) 6.5
NS 5.0 5.7 5.2NS 5.2BG 5.4

Obser6er-rated signs (0–3)
NS 1.0 1.04.20 (0.03) 1.1Good mood 1.5 1.6

6.57 (0.0001)Stimulated 2.08 (0.02) 0.0 0.0 0.4 0.8 0.8
Flushed face NS3.89 (0.02) 0.2 0.2 0.3 0.7 0.6

NS 0.2 0.3NS 0.5Sweaty 0.5 0.5
NSNausea/vomiting NS 0.0 0.0 0.1 0.1 0.3

1.77 (0.07) 0.0 0.0 0.4 1.3Red eyes 1.833.46 (0.0001)
NS 0.0 0.3 1.064.64 (0.0001) 2.2Strength of effect 2.6

a The Time variable has nested within it two presmoking time points (pre- and post-naltrexone), four levels of the Marijuana Dose effect (zero,
three, nine and 18 active puffs), and three postsmoking time points. The baseline (BL) mean given in this table is the average at the post-naltrexone
time point.

b Degrees of freedom for plasma THC measure are (4,16) for Time and (8,32) for interaction terms.
c P-values appear in parentheses.
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the reliability of this dose-effect did not significantly
decrease using either finger alone compared with the
average of the two latencies. Pearson correlations be-
tween mean finger withdrawal latencies and plasma
THC (five time points) and HR (nine time points) were,
rs=0.78 and 0.75, respectively. Thus, there was good
correspondence between indices of biological exposure
and antinociception in the overall sample.

3.2.2. Biological exposure
Fig. 3 (upper panels) shows effects of marijuana

smoking on biological exposure measures. Mean
plasma levels of THC prior to smoking were 3 ng/ml,
near the cut-off for detection. Immediately after smok-
ing 0, 3, 9 and 18 cumulative active puffs (bouts 1–4),
mean THC levels were 5, 161, 179 and 202 ng/ml,
respectively. Plasma THC levels after 3, 9 and 18 active
puffs did not significantly differ from one another, but
all were significantly different than the presmoking and
placebo smoking means. HR levels were stable prior to
smoking, significantly increased upon smoking, and
continued to increase through bout 4. CO increases
occurred after each smoking bout (including placebo,
as expected), whereas tachycardia resulted only when
active doses (3, 9 and 18 puffs) were administered.
Mean HR levels were very highly correlated with mean
plasma THC levels (at the presmoking time point and
just after each of the four marijuana doses), r=0.98.
After completion of smoking, HR levels returned to
baseline more rapidly than CO levels.

3.2.3. Psychomotor performance
As shown in Fig. 3 (lower left), marijuana produced

dose-dependent decreases in gross motor stability
(mean balance time); only the high dose condition
significantly differed from the zero active-puff placebo
condition. The magnitude of impairment at the high
dose relative to control levels (45% decrease, from 29 to
16 s) was considerably greater than for the antinocicep-
tion measure. Unlike finger withdrawal latency (which
depends on a fine motor response), gross motor stabil-
ity was still impaired at 1 h after smoking, and gradu-
ally returned to baseline.

On the DSST (Fig. 3, lower right), the number of
attempts was stable across the two presmoking points
and after the zero and three active-puff conditions.
Subsequently, the number attempted significantly de-
creased, with even greater decrements at the 2-h
postsmoking point. The number of correct responses
showed an identical dose-dependent pattern (but
slightly lower overall absolute scores) across assessment
time points. Because of these parallel changes in the
number of attempted and correct responses, the mean
percentage of correct responses did not significantly
vary as a function of dose (Table 1). Thus, marijuana
smoking degraded performance speed but not accuracy
on this psychomotor measure.

On the Divided Attention task, response latency (i.e.
button-pressing reaction time to random visual targets)
significantly differed over the time course of the session.
Mean response latency was longest after 18 active puffs.
However, this was not significantly different from
placebo or presmoking levels due to large variability;
rather, the time effect resulted from a difference be-
tween 18-puff and pre-naltrexone baseline time points.
Accuracy in tracking (i.e. distance from) the visual
targets was not significantly affected by marijuana dose.

Similar to the Divided Attention response latency
measure, Digit Span measures (total correct and longest
correct span) showed marginal session time effects, but
interpretation of both effects was problematic due to
performance variations in the control (presmoking and
placebo) conditions.

3.2.4. Subjecti6e effects
As expected, marijuana smoking produced signifi-

cant, dose-dependent changes on the majority of sub-
jective effects. Fig. 4 (upper left) illustrates mean VAS
ratings of drug ‘liking’ and ‘desire for more’ (craving)
marijuana before, during and after cumulative dose
smoking. Relative to placebo, drug liking scores signifi-
cantly increased after three active puffs, peaked after
nine active puffs and were similarly elevated after 18
active puffs (:70% MPE). In contrast, mean ratings of
desiring more marijuana peaked after only three active
puffs and decreased at higher doses, thus demonstrating
an inverted U-shaped (quadratic) dose-effect curve. The

Fig. 2. Antinociceptive effects of cumulative marijuana smoking, as
measured by finger withdrawal latency (in seconds, left axis) and
maximum percent effect (MPE, right axis). The zero MPE is refer-
enced to the pre-smoking control value (dashed line). Data in the
shaded area indicate the 0-, 3-, 9- and 18-puff cumulative dose
conditions (dose-effect curve). Data points to the left of the shaded
area are presmoking and data points to the right are postsmoking.
Dark icons indicate a significant difference from the placebo (zero-
puff) condition. Means (with standard error bars) are collapsed
across the three test sessions.
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Fig. 3. Effects of cumulative marijuana smoking on biological exposure measures of plasma THC (upper left), HR levels (upper right), balance
(lower left) and DSST performance (lower right). Data in the shaded area indicate the 0-, 3-, 9- and 18-puff cumulative dose conditions
(dose-effect curve). Data points to the left of the shaded area are presmoking and data points to the right are postsmoking. Dark icons indicate
a significant difference from the placebo (zero-puff) condition. Means (with standard error bars) are collapsed across the three test sessions.

contrast between these measures indicates a dissociation
between liking the drug and wanting more of it.

Fig. 4 (upper right) demonstrates similarity between
participants’ comparison of drug effect strength (labo-
ratory versus natural smoking) and reported value of
(willingness to pay money for) the marijuana effect on
the multiple choice form. The effect produced by smok-
ing three puffs from 3.55% THC cigarettes was weaker
than their usual marijuana smoking, whereas the effects
produced after smoking nine and 18 puffs from these
active cigarettes were stronger than their typical natu-
ralistic experience. Marijuana monetary value exhibited
dose-related increases, with the nine and 18 cumulative
puffs showing equivalent, significant increases from the
zero-puff control condition.

VAS ratings of any drug effect, high, good drug
effect and stoned showed dose-dependent monotonic

increases that were similar in magnitude (peaks in the
18 active-puff condition of �70 on the 0–100 scale) to
that for the ‘comparison’ rating (Fig. 4, upper right and
Table 1). Thus, the majority of typical marijuana sub-
jective effects reached �70% of maximum under the
dosing conditions studied here. VAS ratings of ‘hungry’
and ‘impaired’ showed dose-dependent monotonic in-
creases but peaked at slightly lower levels in the 18-puff
condition (Table 1). VAS ratings of ‘bad drug effect’,
‘anxious’ and ‘confused’ showed small mean increases
that were greatest in the 18-puff condition at �10–20
on the 100-point scale. Although VAS ratings of
‘sedated’ and ‘down’ showed modest increases, these
measures peaked (at �30 on the 100-point scale) dur-
ing the postsmoking period.

Fig. 4 (lower left) illustrates results for two ARCI
subscales, Marijuana and PCAG. Both exhibited dose-
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dependent increases, but only the Marijuana scale
scores showed a significant dose-effect during the smok-
ing period. In contrast, PCAG (similar to the VAS
‘sedated’ rating) did not peak until the first postsmok-
ing time point. MBG and AMPH subscale scores
showed dose-related increases that peaked after nine
active puffs, whereas LSD scores showed dose-related
increases that peaked after 18 active puffs. Mean BG
subscale scores did not significantly change during the
session (Table 1).

3.2.5. Obser6er-rated signs
Of seven observer-rated signs, five (good mood, stim-

ulated, flushed face, red eyes, and strength) showed
significant dose-dependent effects of varying magni-
tude, whereas nausea/vomiting and sweaty did not

(Table 1). The ‘strength’ measure, a composite score
that was based on ratings of the other signs, was most
sensitive to marijuana dose-effects (Fig. 4, lower right).
Although there was a significant pretreatment× time
interaction for ‘stimulated’, the marijuana dose-effect
was not shifted by naltrexone in a dose-related manner.

4. Discussion

The goal of this study was to determine whether
smoked marijuana produces dose-related antinocicep-
tion in humans. The procedure used to test pain sensi-
tivity (finger withdrawal from radiant heat) parallels the
tail-flick assay often used in animals to demonstrate the
antinociceptive effects of naturally-occurring and syn-

Fig. 4. Effects of cumulative marijuana smoking on subjective reports of drug liking and craving (upper left), drug comparison and monetary value
(upper right), ARCI Marijuana and PCAG scales (lower left), and observer-rated behavioral signs (lower right). Data in the shaded area indicate
the 0-, 3-, 9- and 18-puff cumulative dose conditions (dose-effect curve). Data points to the left of the shaded area are presmoking and data points
to the right are postsmoking. Dark icons indicate a significant difference from the placebo (zero-puff) condition. Means (with standard error bars)
are collapsed across the three test sessions.
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thetic cannabinoid receptor ligands. A cumulative mari-
juana smoking procedure, extended from work by
Chait et al. (1988), was used to evaluate this hypothesis
and to efficiently collect a broad range of biobehavioral
reference data. Higher doses were used in the present
study (18 cumulative puffs, consumed in a standard
manner over 2 h, from cigarettes containing 3.55%
THC) than the Chait et al. study. This change antici-
pated the possibility that marijuana’s antinociceptive
potency or efficacy might be lower than for production
of its biological (e.g. tachycardia), abuse-related (e.g.
euphoric), and psychomotor-impairing effects. In addi-
tion, we tested the hypothesis that the endogenous
opiate system might modulate cannabinoid effects in
humans by administering the opioid antagonist naltrex-
one (0, 50 and 200 mg p.o.) acutely prior to three,
otherwise identical, smoking sessions.

Marijuana smoking produced a dose-dependent in-
crease in antinociception. The linear increase in pain
threshold was only significant at the highest dose. Anti-
nociception was relatively weak (19% MPE) in this
assay. In contrast, tail-flick studies in rats and mice
have shown that systemically administered THC (which
is the best available comparison to human marijuana
smoking) is a more effective (\80% MPE) antinocicep-
tive agent (Lichtman and Martin, 1991; Welch, 1993a;
Lichtman and Martin, 1997) than observed here. How-
ever, the present data are concordant with results of a
study with rhesus monkeys using the warm water tail-
withdrawal assay (Vivian et al., 1998). Whereas heroin
and the kappa opioid agonist U-69593 completely
blocked the tail-withdrawal response in 50 and 55°C
water (100% MPE), a cumulative dose of 3.2 mg/kg
i.m. THC produced more limited antinociception (:
70% MPE) in 50°C water and only 15% MPE in 55°C
water. Thus, both data in non-human primates and
humans are consistent in showing that systemically
administered THC produces limited-efficacy thermal
antinociception.

Caution is warranted when comparing the present
results to animal data. First, the marijuana plant con-
tains multiple cannabinoids that may potentiate or
reduce THC-induced antinociception. For example,
cannabidiol antagonized THC antinociceptive activity
in mice (Wellburn et al., 1976) and cannabinol antago-
nized THC-induced tachycardia in humans (Karniol et
al., 1975). Second, THC doses are not comparable
across species; as a result, THC doses of 3.2 mg/kg or
more in animals may appear to be more effective than
the limited doses that can be administered to humans.
Third, the withdrawal latency cut-off time of 20 s in the
present study is longer than typically used with rats and
mice (510 s) although identical to the primate study
by Vivian et al. (1998). In the present study, no latency
on any test trial exceeded the 20-s criterion (range,
3.9–16.6 s). This higher cut-off value therefore underes-

timates marijuana’s MPE relative to animal studies.
Fourth, compared with the present study, the shorter
latencies obtained in animal studies probably reflect the
use of a higher-intensity radiant heat stimulus. In con-
trast, we deliberately used a lower-intensity stimulus
(i.e. trained a baseline latency that was 6–8 s), cus-
tomized for each participant, so that a weak antinoci-
ceptive effect of marijuana might be more detectable.
Finally, all participants in the present study were rela-
tively frequent marijuana users; this may have led to
greater tolerance to the antinociceptive effects of mari-
juana smoking. It is clear that tolerance and cross-toler-
ance develops to cannabinoid antinociception in
animals (Fan et al., 1994). Perhaps greater effects may
have been observed if marijuana-naı̈ve or infrequent
marijuana users had served as participants.

Marijuana doses in the present study produced sig-
nificant changes on other biological, abuse- and impair-
ment-related reference measures. Therefore, it might be
inferred that marijuana is a less effective (i.e. partial
agonist) or less potent antinociceptive agent relative to
its ability to produce these other effects and, in turn,
has a limited therapeutic margin for analgesia. Al-
though we chose a thermal assay similar to the animal
tail-flick test for this demonstration, marijuana’s anti-
nociceptive effects in humans might be greater in a
different assay condition, e.g. an inflammatory pain
model (cf. Smith et al., 1998). Interestingly, the non-
steroidal anti-inflammatory drug indomethacin antago-
nized certain of marijuana’s effects in one human study
(Perez-Reyes et al., 1991); whether a similar effect
might occur with antinociception has not been
evaluated.

One alternative explanation for the antinociceptive
effect is that marijuana produced motor slowing,
thereby increasing finger withdrawal latencies at higher
doses. However, other measures of psychomotor func-
tion discount this possibility. First, Divided Attention
visual target response latency is topographically similar
to finger withdrawal; however, this measure was not
significantly affected by marijuana dose. These data are
consistent with conclusions from a review by Chait and
Pierri (1992), indicating only weak effects of marijuana
on simple reaction time. Second, although balance was
reduced in a dose-dependent manner, this measure of
gross motor stability differs from the fine-motor with-
drawal response to acute heat stimulation. Further, the
duration of balance impairment was longer than that
observed for finger withdrawal latency. Third, DSST
motor speed (but not accuracy) decreased as a function
of marijuana dose. Like balance, DSST impairment
and finger withdrawal latency changes exhibited differ-
ent time courses. Finally, the ARCI PCAG scale (a
sedation measure correlated with motor impairment)
increased before peak antinociception but, like disrup-
tion of motor balance, continued at the same level for
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2 h after smoking ended. Thus, it appears unlikely that
a general motor disturbance or sedation accounts for
the increased finger withdrawal latency produced by
higher doses of marijuana.

Another explanation for increasing withdrawal la-
tency is that marijuana smoking produced peripheral
hypothermia (decreased finger temperature), making
participants less sensitive to radiant heat stimulation.
Consequently, finger withdrawal latency increases
might be mediated by THC-induced changes in vaso-
motor tone rather than CNS factors. Marijuana pro-
duces hypothermia in animals (Dewey, 1986; Adams
and Martin, 1996), and some authors have argued that
any drug which produces hypothermia may increase
tail-flick latency (Berge et al., 1988; Tjolsen et al., 1989;
Hole et al., 1990; Han and Ren, 1991). Because this
hypothesis is based on correlational evidence, Lichtman
et al. (1993) directly manipulated drug (including THC)
and non-drug variables (e.g. heat intensity) to deter-
mine the relationship between tail-skin temperature and
tail-flick latency. They concluded that there was a negli-
gible relationship between temperature and response
latency, and that it was unnecessary to control this
variable. Despite this empirical evidence in animals, the
role of hypothermia in the present data set cannot be
excluded because this factor has not been systematically
evaluated in humans.

The present study extends observations of Chait et al.
(1988) regarding dose-effects of smoked marijuana. The
procedure used here resulted in different dose deliveries
from the Chait et al. study. First, participants in the
present study smoked more puffs from more potent
cigarettes but at less frequent intervals. Second, Chait
et al. cut cigarettes in half prior to smoking whereas in
the present study they were not. This is important
because more THC is delivered in the proximal than
distal fraction of the cigarette during pyrolysis (Tashkin
et al., 1991). Third, although interpuff interval and
breathhold duration parameters were similar across
studies, Chait et al. (1988) did not control puff volume
or inhalation volume whereas these factors were con-
trolled here. Fourth, unlike Chait et al. we did not
include a placebo smoking session (which would con-
trol for time and puff inhalation effects). Although this
is a possible limitation of the present study, data from
Chait et al. and our own data (Greenwald and Stitzer,
1994) indicate negligible effects of placebo marijuana
smoking. Despite these procedural differences, the two
studies produced remarkably consistent findings.

Although plasma THC levels were not measured by
Chait et al. (1988) it is feasible to compare studies using
HR changes, which are sensitive to marijuana dose
(Chait and Pierri, 1992). In this study, plasma THC and
HR means were highly correlated across assessment
time points. Although baseline HR levels differed be-
tween studies, there was about a 10-bpm greater HR

increase in the present study after each active smoking
bout compared with the Chait et al. study. This indi-
cates that the present smoking parameters produced
greater overall biological exposure, but the studies did
not differ in within-session tolerance to THC-induced
tachycardia. At comparable doses, there was a similar
degree of change observed on identical subjective effects
(ARCI Marijuana scale and ‘high’ and ‘hungry’ VAS
ratings) across the two studies, but effects on identical
psychomotor measures (Digit Span and Divided Atten-
tion) were less statistically robust in the present study.
Qualitatively, the strength of the marijuana effect in the
present study led to substantial attrition of participants.
This may have influenced estimation of effect size for
some measures in the present study; however, it actually
reinforces the conclusion that marijuana-induced anti-
nociception is rather weak relative to the other biobe-
havioral reference measures.

One advantage of the cumulative dosing paradigm is
that it can be used to study effects of drug pretreat-
ments. This permits analysis of the neuropharmacologi-
cal mechanisms of marijuana actions in humans and,
ultimately, screening pharmacological agents for treat-
ing marijuana abuse and dependence. In contrast to
animal studies that showed partial attenuation of THC
antinociception with systemically administered opioid
antagonists (Wilson and May, 1975; Tulunay et al.,
1981; Ferri et al., 1986), the high doses of naltrexone
used in this study did not influence marijuana-induced
antinociception. On the other hand, the results are
consistent with recent evidence that systemic adminis-
tration of the opioid antagonist quadazocine does not
attenuate THC antinociception (Vivian et al., 1998).
There may be several reasons for this lack of effect.
First, marijuana (or THC) may primarily produce anti-
nociceptive effects in humans through cannabinoid re-
ceptors. If so, only a cannabinoid antagonist would be
expected to attenuate such effects. Second, naltrexone
may not sufficiently penetrate the spinal cord and/or
stimulate spinal kappa opioid receptors. In healthy
humans, 50 mg naltrexone saturates brain mu-opiate
receptors (Lee et al., 1988); however, the ability of
naltrexone to bind to kappa-receptors in human brain
and spinal cord is unknown. Some previous animal
studies found that only i.t. naltrexone attenuated THC
antinociception (Welch, 1993a,b; Smith et al., 1994).
Third, there may be species differences, e.g. THC anti-
nociception via spinal kappa receptors may be specific
to rodents and not humans. To resolve some of these
issues, it would be desirable to administer a can-
nabinoid antagonist or a kappa-opioid antagonist
(which were unavailable for human use when this study
was conducted) prior to cumulative marijuana smoking.
Finally, the present data are internally consistent, in
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that naltrexone also did not influence marijuana dose-
dependent changes on biobehavioral measures. The ab-
sence of a naltrexone effect is consistent with previous
animal studies that have shown opioid antagonists do
not alter THC discriminative stimulus effects (Järbe
and Ohlin, 1977; Browne and Weissman, 1981).

Cumulative dosing procedures can be used to com-
pare indices of marijuana effect that exhibit dose-pro-
portionality versus those that show less than
proportional dose-effects. Depending on the doses and
intervals (i.e. interpuff and interbout) selected, greater
or lesser effects could develop relative to a single-dose
procedure. Under the conditions of this study, few
measures showed dose-proportional changes (e.g. bal-
ance). Rather, most measures exhibited mean changes
that were either linear but less than dose-proportional
(e.g. antinociception, plasma THC, HR, drug compari-
son VAS, observer ratings), reached a plateau (e.g. drug
liking, ARCI Marijuana scale), or showed an inverted
U-shaped function (e.g. desire for more drug, monetary
value). Whether these differential changes are due to
dispositional, pharmacodynamic or behavioral toler-
ance is not presently clear. It should be noted that THC
plasma levels did not significantly differ between the 3,
9 and 18 puff conditions (but did differ from placebo)
in this study. This lack of separation between active
doses probably reflects the longer interbout interval
used and rapid decreases in blood levels typically ob-
served after marijuana smoking.

The antinociception data reported here are poten-
tially relevant to the ongoing debate concerning thera-
peutic use of cannabinoids for analgesia (Gurley et al.,
1998; Marmor, 1998; Smith, 1998; Taylor, 1998). A
crucial caveat is that the present data were collected
with healthy, regular marijuana users who smoked
acute doses in a controlled laboratory situation and
were exposed to a thermal stimulus. Although it is not
possible to predict whether chronically ill patients tak-
ing cannabinoids for pain relief would respond simi-
larly, the present data are consistent with previous
studies (Noyes et al., 1975, 1976) showing that THC-in-
duced analgesia was accompanied (and outlasted) by
side-effects such as sedation. These results indicate that,
at doses producing substantial biological exposure, the
antinociceptive effects of marijuana — although statis-
tically significant — were rather weak (:20% MPE)
compared with motor-impairing and subjective effects
(45–70% MPE). Further, reduction in pain sensitivity
recovered rapidly (within 1 h) whereas the physiologi-
cal, subjective and performance effects persisted long
after smoking. Although these results should be cau-
tiously interpreted, they suggest that the antinociceptive
efficacy of marijuana in a human laboratory setting is
probably marginal in relation to its other biological,
abuse-related, and performance-impairing effects.

Acknowledgements

This research was supported by US Public Health
Service Research Grant DA-05880 and Research Train-
ing Grant DA-07209 from the National Institute on
Drug Abuse. The authors are grateful to David Ginn
for medical screening, Rolley E. Johnson for drug
preparation, John Yingling for technical assistance,
Paula Pakulski for data collection, Valerie Schindler of
RTI for analyses of plasma THC, and Mike DiMarino
for consultation in statistical analysis.

References

Adams, I.B., Martin, B.R., 1996. Cannabis: pharmacology and toxi-
cology in animals and humans. Addiction 91, 1585–1614.

Azorlosa, J.L., Heishman, S.J., Stitzer, M.L., Mahaffey, J.M., 1995.
Marijuana smoking: effects of varying D9-tetrahydrocannabinol
content and number of puffs. J. Pharmacol. Exp. Ther. 261,
114–122.

Azorlosa, J.L., Greenwald, M.K., Stitzer, M.L., 1995. Marijuana
smoking: effects of varying puff volume and breathhold duration.
J. Pharmacol. Exp. Ther. 272, 560–569.

Basbaum, A.I., Fields, H.L., 1984. Endogenous pain control systems:
brainstem spinal pathways and endorphin circuitry. Annu. Rev.
Neurosci. 7, 309–338.

Berge, O-G., Garcia-Cabrera, I., Hole, K., 1988. Response latencies
in the tail-flick test depend on tail skin temperature. Neurosci.
Lett. 86, 284–288.

Browne, R.G., Weissman, A., 1981. Discriminative stimulus proper-
ties of D9-tetrahydro-cannabinol: mechanistic studies. J. Clin.
Pharmacol. 21, 227S–234S.

Chait, L., Pierri, J., 1992. Effects of smoked marijuana on human
performance: a critical review. In: Murphy, L., Bartke, A. (Eds.),
Marijuana/Cannabinoids: Neurobiology and Neuro-Physiology.
CRC Press, Ann Arbor, MI, pp. 387–423.

Chait, L., Corwin, R.L., Johanson, C.E., 1988. A cumulative dosing
procedure for administering marijuana smoke to humans. Phar-
macol. Biochem. Behav. 29, 553–557.

Clark, W.C., Janal, M.N., Zeidenberg, P., Nahas, G.G., 1981. Effects
of moderate and high doses of marihuana on thermal pain: a
sensory decision theory analysis. J. Clin. Pharmacol. 21 (Suppl.
8–9), 299S–310S.

Cook, C.E., Seltzman, H.H., Schindler, V.H., Tallent, C.R., Chin,
K.M., Pitt, C.G., 1982. Radioimmunoassays for cannabinoids. In:
Hawks, R.L. (Ed.), The Analysis of Cannabinoids in Biological
Fluids. US Government Printing Office, Washington, DC, pp.
19–32 DHHS Publication No. (ADM) 82-1212.

Dewey, W.L., 1986. Cannabinoid pharmacology. Pharmacol. Rev.
38, 151–178.

Fan, F., Compton, D.R., Ward, S., Melvin, L., Martin, B.R., 1994.
Development of cross-tolerance between delta 9-tetrahydrocan-
nabinol, CP 55940 and WIN 55212. J. Pharmacol. Exp. Ther. 271,
1383–1390.

Ferri, S., Cavicchini, E., Romualdi, P., Speroni, E., Murari, G., 1986.
Possible mediation of catecholaminergic pathways in the antinoci-
ceptive effect of an extract of Cannabis sati6a L. Psychopharma-
cology 89, 244–247.

First, M.B., Spitzer, R.L., Gibbon, M., Williams, J.B.W., 1996.
Structured Clinical Interview for DSM-IV Axis Disorders-Patient
Edition (SCID-I/P, Version 2.0).

Gonzalez, J.P., Brogden, R.N., 1988. Naltrexone: a review of its
pharmacodynamic and pharmacokinetic properties and therapeu-



M.K. Greenwald, M.L. Stitzer / Drug and Alcohol Dependence 59 (2000) 261–275274

tic efficacy in the management of opioid dependence. Drugs 35,
192–213.

Greenwald, M.K., Stitzer, M.L., 1994. Marijuana smoking: effects of
puff spacing. Pharmacol. Biochem. Behav. 48, 836.

Griffiths, R.R., Troisi, J.R., Silverman, K., Mumford, G.K., 1993.
Multiple-choice procedure: an efficient approach for investigating
drug reinforcement in humans. Behav. Pharmacol. 4, 3–13.

Gurley, R.J., Aranow, R., Katz, M., 1998. Medical marijuana: a
comprehensive review. J. Psychoact. Drugs 30, 137–147.

Han, J.S., Ren, M.F., 1991. The importance of monitoring tail-skin
temperature in measuring tail-flick latency. Pain 46, 117.

Harris, L.S., 1971. General and behavioral pharmacology of delta9-
THC. Pharmacol. Rev. 23, 285–294.

Harris, L.S., Pierson, A.K., 1964. Some narcotic antagonists in the
benzomorphan series. J. Pharmacol. Exp. Ther. 143, 141–148.

Hill, S.Y., Schwin, R., Goodwin, D.W., Powell, B.J., 1974. Mari-
huana and pain. J. Pharmacol. Exp. Ther. 188, 415–418.

Hole, K., Berge, O-G., Tjolsen, A., Eide, P.K., Garcia-Cabrera, I.,
Lund, A., Rosland, J.H., 1990. The tail-flick test needs to be
improved. Pain 43, 391–392.

Hollister, L.E., Johnson, K., Boukhabza, D., Gillespie, H.K., 1981.
Aversive effects of naltrexone in subjects not dependent on opi-
ates. Drug Alcohol Depend. 8, 37–41.

Jaffe, J.H., 1985. Drug addiction and drug abuse. In: Gilman, A.G.,
Goodman, L.S., Rall, T.W., Murad, F. (Eds.), The Pharmacolog-
ical Basis of Therapeutics, 7th ed. New York, McMillan, pp.
532–581.

Järbe, T.U.C., Ohlin, G.Ch., 1977. Stimulus effects of D9-THC and
its interaction with naltrexone and catecholamine blockers in rats.
Psychopharmacology 54, 193–195.

Karniol, I.G., Shirakawa, I., Takahashi, R.N., Knobel, E., Musty,
R.E., 1975. Effects of delta9-tetrahydrocannabinol and can-
nabinol in man. Pharmacology 13, 502–512.

Lee, J.H., Stitzer, M.L., 1995. A novel radiant heat test for assessing
pain threshold in human subjects: measurement stability. Behav.
Res. Methods Instr. Comp. 27, 41–45.

Lee, M.C., Wagner, H.N. Jr., Tanada, S., Frost, J.J., Bice, A.N.,
Dannals, R.F., 1988. Duration of occupancy of opiate receptors
by naltrexone. J. Nucl. Med. 29, 1207–1211.

Lichtman, A.H., Martin, B.R., 1991. Spinal and supraspinal compo-
nents of cannabinoid-induced antinociception. J. Pharmacol. Exp.
Ther. 258, 517–523.

Lichtman, A.H., Martin, B.R., 1997. The selective cannabinoid an-
tagonist SR 141716A blocks cannabinoid-induced antinociception
in rats. Pharmacol. Biochem. Behav. 57, 7–12.

Lichtman, A.H., Smith, F.L., Martin, B.R., 1993. Evidence that the
antinociceptive tail-flick response is produced independently from
changes in either tail-skin temperature or core temperature. Pain
55, 283–295.

Lichtman, A.H., Cook, S.A., Martin, B.R., 1996. Investigation of
brain sites mediating cannabinoid-induced antinociception in rats:
evidence supporting periacqueductal gray involvement. J. Phar-
macol. Exp. Ther. 276, 585–593.

Marmor, J.B., 1998. Medical marijuana. West. J. Med. 168, 540–543.
Marrazzi, M.A., Wroblewski, J.M., Kinzie, J., Luby, E.D., 1997.

High-dose naltrexone and liver function safety. Am. J. Addict. 6,
21–29.

Martin, B.R., Lichtman, A.H., 1998. Cannabinoid transmission and
pain perception. Neurobiol. Dis. 5 (6, Pt B), 447–461.

Martin, W.R., Sloan, J.W., Sapira, J.D., Jasinski, D.R., 1971. Physi-
ologic, subjective, and behavioral effects of amphetamine,
methamphetamine, ephedrine, phenmetrazine, and
methylphenidate in man. Clin. Pharmacol. Ther. 12, 245–258.

Martin, W.J., Tsou, K., Walker, J.M., 1998. Cannabinoid receptor-
mediated inhibition of the rat tail-flick reflex after microinjection
into the rostral ventromedial medulla. Neurosci. Lett. 242, 33–36.

Meng, I.D., Manning, B.H., Martin, W.J., Fields, H.L., 1999. An
analgesia circuit activated by cannabinoids. Nature 395, 381–383.

Milstein, S.L., MacCannell, K., Karr, G., Clark, S., 1974. Marijuana
produced changes in cutaneous sensitivity and affect: users and
non-users. Pharmacol. Biochem. Behav. 2, 367–374.

Milstein, S.L., MacCannell, K., Karr, G., Clark, S., 1975. Marijuana-
produced changes in pain tolerance: experienced and non-experi-
enced subjects. Int. Pharmacopsychiatry 10, 177–182.

Noyes, R. Jr., Brunk, S.F., Baram, D.A., Canter, A., 1975. Analgesic
effect of delta-9-tetra-hydrocannabinol. J. Clin. Pharmacol. 15,
139–143.

Noyes, R. Jr., Brunk, S.F., Avery, D.H., Canter, A., 1975. The
analgesic properties of delta-9-tetrahydrocannabionol and
codeine. Clin. Pharmacol. Ther. 18, 84–89.

Perez-Reyes, M., Burstein, S.H., White, W.R., McDonald, S.A.,
Hicks, R.E., 1991. Antagonism of marihuana effects by in-
domethacin in humans. Life Sci. 48, 507–515.

Raft, D., Gregg, J., Ghia, J., Harris, L., 1977. Effects of intravenous
tetrahydrocannabinol on experimental and surgical pain. Psycho-
logical correlates of the analgesic response. Clin. Pharmacol.
Ther. 21, 26–33.

Reche, I., Fuentes, J.A., Ruiz-Gayo, M., 1996. A role for central
cannabinoid and opioid systems in peripheral delta 9-tetrahydro-
cannabinol-induced analgesia in mice. Eur. J. Pharmacol. 301,
75–81.

Smith, D.E., 1998. Review of the American Medical Association
Council on Scientific Affairs Report on Medical Marijuana. J.
Psychoact. Drugs 30, 127–136.

Smith, P.B., Martin, B.R., 1992. Spinal mechanisms of delta 9-te-
trahydrocannabinol-induced analgesia. Brain Res. 578, 8–12.

Smith, P.B., Welch, S.P., Martin, B.R., 1994. Interactions between
delta 9-tetrahydrocannabinol and kappa opioids in mice. J. Phar-
macol. Exp. Ther. 268, 1381–1387.

Smith, F.L., Fujimori, K., Lowe, J., Welch, S.P., 1998. Characteriza-
tion of delta 9-tetrahydro-cannabinol and anandamide antinoci-
ception in non-arthritic and arthritic rats. Pharmacol. Biochem.
Behav. 60, 183–191.

Tashkin, D.P., Gliederer, F., Rose, J., Chang, P., Hui, K.K., Yu,
J.L., Wu, T.C., 1991. Tar, CO and D9-THC delivery from the first
and second halves of a marijuana cigarette. Pharmacol. Biochem.
Behav. 40, 657–661.

Taylor, H.G., 1998. Analysis of the medical use of marijuana and its
societal implications. J. Am. Pharm. Assoc. (Wash.) 38, 220–227.

Tjolsen, A., Lund, A., Berge, O-G., Hole, K., 1989. An improved
method for tail-flick testing with adjustment for tail-skin tempera-
ture. J. Neurosci. Methods 26, 259–265.

Tulunay, F.C., Ayhan, I.H., Portoghese, P.S., Takemori, A.E., 1981.
Antagonism by chlornaltrexamine of some effects of D9-tetrahy-
drocannabinol in rats. Eur. J. Pharmacol. 70, 219–224.

Verebey, K., Volavka, J., Mule, S., Resnick, R.B., 1976. Naltrexone:
disposition, metabolism, and effects after acute and chronic dos-
ing. Clin. Pharmacol. Ther. 20, 315–328.

Vivian, J.A., Kishioka, S., Butelman, E.R., Broadbear, J., Lee, K.O.,
Woods, J.H., 1998. Analgesic, respiratory and heart rate effects of
cannabinoid and opioid agonists in rhesus monkeys: antagonist
effects of SR 141716A. J. Pharmacol. Exp. Ther. 286, 697–703.

Walsh, S.L., Sullivan, J.T., Preston, K.L., Garner, J.E., Bigelow,
G.E., 1996. Effects of naltrexone on response to intravenous
cocaine, hydromorphone and their combination in humans. J.
Pharmacol. Exp. Ther. 279, 524–538.

Welch, S.P., 1993a. Blockade of cannabinoid-induced antinociception
by norbinaltorphimine, but not N,N-diallyl-tyrosine-Aib-pheny-
lalanine-leucine, ICI 174864 or naloxone in mice. J. Pharmacol.
Exp. Ther. 265, 633–640.

Welch, S.P., 1993b. Blockade of cannabinoid-induced antinociception
by naloxone benzoyl-hydrazone (NalBZH). Pharmacol. Biochem.
Behav. 49, 929–934.



M.K. Greenwald, M.L. Stitzer / Drug and Alcohol Dependence 59 (2000) 261–275 275

Welch, S.P., Thomas, C., Patrick, G.S., 1995. Modulation of can-
nabinoid-induced antinociception after intracerebroventricular ver-
sus intrathecal administration to mice: possible mechanisms for
interaction with morphine. J. Pharmacol. Exp. Ther. 272, 310–321.

Welch, S.P., Huffman, J.W., Lowe, J., 1998. Differential blockade of
the antinociceptive effects of centrally administered cannabinoids
by SR141716A. J. Pharmacol. Exp. Ther. 286, 1301–1308.

Wellburn, P.J., Starmer, G.A., Chesher, G.B., Jackson, D.M., 1976.

Effect of cannabinoids on the abdominal constriction response in
mice: within cannabinoid interactions. Psychopharmacologia 46,
83–85.

Wilson, R.S., May, E.L., 1975. Analgesic properties of tetrahydrocan-
nabinols, their metabolites, and analogs. J. Med. Chem. 18,
700–703.

Yaksh, T., 1981. The antinociceptive effects of intrathecally-adminis-
tered levonantradol and desacetyllevonantradol in the rat. J. Clin.
Pharmacol. 21, 334S–340S.

.


