







Marijuana’s Dose-Dependent Effects in Daily Marijuana Smokers
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Active marijuana produces significant subjective, psychomotor, and physiological effects relative to
inactive marijuana, yet demonstrating that these effects are dose-dependent has proven difficult. This
within-subject, double-blind study was designed to develop a smoking procedure to obtain a marijuana
dose–response function. In four outpatient laboratory sessions, daily marijuana smokers (
N
17 males,
1 female) smoked six 5-s puffs from 3 marijuana cigarettes (2 puffs/cigarette). The number of puffs from
active (
5.5%
9
-tetrahydrocannabinol/THC) and inactive (0.0% THC) marijuana varied according to
condition (0, 2, 4, or 6 active puffs); active puffs were always smoked before inactive puffs. Subjective,
physiological, and performance effects were assessed prior to and at set time points after marijuana
administration. Active marijuana dose-dependently increased heart rate and decreased marijuana craving,
despite evidence (carbon monoxide expiration, weight of marijuana cigarettes post-smoking) that
participants inhaled less of each active marijuana cigarette than inactive cigarettes. Subjective ratings of
marijuana “strength,” “high,” “liking,” “good effect,” and “take again” were increased by active
marijuana compared with inactive marijuana, but these effects were not dose-dependent. Active mari-
juana also produced modest, non-dose-dependent deficits in attention, psychomotor function, and recall
relative to the inactive condition. In summary, although changes in inhalation patterns as a function of
marijuana strength likely minimized the difference between dose conditions, dose-dependent differences
in marijuana’s cardiovascular effects and ratings of craving were observed, whereas subjective ratings of
marijuana effects did not significantly vary as a function of dose.
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Marijuana is the most widely used illicit drug in the United
States and smoking is the most common route of administration
(
Johnston, O’Malley, Bachman, & Schulenberg, 2012
). Effects of
marijuana, including tachycardia, subjective reports of intoxica-
tion, as well as impaired memory and attention, have been well
established in a number of controlled laboratory studies (
Foltin &
Fischman, 1990
;
Foltin, Fischman, Pedroso, & Pearlson, 1987
;
Hart, van Gorp, Haney, Foltin, & Fischman, 2001
;
Nemeth-
Coslett, Henningfield, O’Keeffe, & Griffiths, 1986
). Although
marijuana’s subjective effects are primarily mediated by
9
-
tetrahydrocannabinol (THC) (
Chait, 1989
;
Heishman, Arasteh, &
Stitzer, 1997
;
Kelly, Foltin, Emurian, & Fischman, 1997
), dem-
onstrating a dose–effect relationship between marijuana strength
(THC concentration) and its elicited subjective and physiological
effects (
Azorlosa, Heishman, Stitzer, & Mahaffey, 1992
;
Chait,
1989
;
Heishman, Stitzer, & Yingling, 1989
) has proven difficult.
Possible explanations for the difficulty observing marijuana
dose dependence in early studies could be that the range of
marijuana strengths tested (0.2% to 0.8% THC) was too narrow
(
Cappell, Kuchar, & Webster, 1973
) or that marijuana administra-
tion was ad libitum as opposed to controlled (
Ashton, Golding,
Marsh, Millman, & Thompson, 1981
;
Herning, Hooker, & Jones,
1986
). Unlike drugs administered orally or intravenously, smoked
administration is reliant on inhalation strength (
Azorlosa, Green-
wald, & Stitzer, 1995
), and participants alter their smoking topog-
raphy as a function of marijuana potency. One such study tested a
range of marijuana potencies (0.0% to 4.0% THC) using a timed
smoking procedure, in which puff duration was measured and
participants held the inhaled smoke in their lungs for a fixed
amount of time. Although subjective and cardiovascular measures
were not dose-dependent, expired carbon monoxide (CO) levels,
an index of smoke inhalation, showed a significant inverse rela-
tionship to THC content, demonstrating that participants reduced
their smoke intake as strength of the marijuana increased (
Nemeth-
Coslett et al., 1986
). These observations have been replicated in
later studies showing that CO expiration, as well as puff duration,
are inversely related to marijuana strength (
Chait, Fischman, &
Schuster, 1985
;
Cooper & Haney, 2009
;
Kelly, Foltin, & Fis-
chman, 1993
). Thus, even while using controlled smoking proce-
dures, smoke inhalation decreased with increasing strengths of
marijuana. Consequently, marijuana exposure is reduced at higher
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strengths, which decreases the likelihood of observing dose-
dependent marijuana effects.
In an effort to account for dose-dependent titration, Heishman
and colleagues used a procedure that controlled for smoking to-
pography (
Azorlosa et al., 1992
;
Heishman et al., 1997
) as well as
THC content (1.75% to 3.55% THC). In order to deliver uniform
amounts of marijuana smoke per puff, a computer-based smoking
topography system monitored puff volume, inhalation volume,
lung exposure duration, and interpuff interval. Although this pro-
cedure produced sensitive differences in plasma THC levels as a
function of dose condition, only considerably different dose con-
ditions produced significantly different subjective effects, that is,
the lowest and highest number of puff conditions (4 vs. 16 or 25
puffs). Thus, even procedures that carefully control smoke inha-
lation and produce distinct plasma THC concentrations demon-
strate that dose-dependent marijuana effects are difficult to ob-
serve.
Yet, establishing a procedure that produces dose-dependent
marijuana effects would greatly inform drug interaction studies.
For example, assessing how medications or other drugs of abuse
shift the marijuana dose-response curve would elucidate the mech-
anism of drug interaction. Thus, the objective of this within-
subject,
double-blind, placebo-controlled study was to develop a
smoking procedure to characterize marijuana
dose-dependence
by keeping participants blind to the marijuana “dose” and thereby
minimizing the expectation of a particular drug effect. Non-
treatment-seeking marijuana smokers smoked 6 puffs of marijuana
in each session, but the number of active marijuana puffs smoked
varied from 0 to 6. Participants smoked active puffs of marijuana
prior to inactive puffs because it was hypothesized that this would
better maintain the blind regarding the different dose conditions.
The duration of inhalation and the amount of time the smoke was
held in the lungs was controlled. We measured the time course of
marijuana’s subjective, physiological (heart rate, blood pressure,
expired carbon monoxide), and performance effects, as well as the
amount of marijuana smoked from each cigarette as a function of
the number of active marijuana puffs smoked.
Methods
Participants
Volunteers, 21 to 45 years of age, were recruited through
newspaper advertisements. Those meeting inclusion/exclusion cri-
teria after an initial phone screen were invited to the laboratory for
further screening. Participants were accepted into the study if they
were healthy, as determined by a physical examination, electro-
cardiogram, and urine and blood chemistry. Marijuana use was
confirmed by urine toxicology and self-report. To be eligible for
participation, volunteers had to report smoking at least three mar-
ijuana cigarettes four times a week for the previous month before
screening. Repeated use of other drugs, with the exception of
nicotine, alcohol, or caffeine, as determined by urine toxicology
and self-report, and/or current use of over-the-counter or prescrip-
tion medication was exclusionary, as was alcohol dependence.
Those who met
Diagnostic and Statistical Manual of Mental
Disorders
(4th ed., text rev.;
American Psychiatric Association,
2000
) revised criteria for current Axis I psychopathology accord-
ing to a psychiatric examination were not eligible for participation.
Females were excluded if they were pregnant, nursing, or not using
contraception.
This study was part of an eight-session study assessing the
effects of naltrexone, a mu-opioid antagonist, on marijuana. Prior
to consent, volunteers were told that (a) the study objective was to
determine if commonly prescribed medications altered marijuana’s
effects on mood and physiology, (b) they would receive a capsule
containing placebo or one of three medications listed on the
consent form, and (c) active or inactive marijuana would be
smoked after capsule administration according to instructions from
the research staff. Participants were admitted into the study only
after written informed consent was obtained and eligibility was
verified. All study procedures were approved by the Institutional
Review Board of the New York State Psychiatric Institute and
were in accordance with the Declaration of Helsinki.
Drugs
Marijuana cigarettes (0, 5.5, or 6.2% THC; ca. 800 mg) were
provided by the National Institute on Drug Abuse. Cigarettes were
stored frozen in an airtight container and humidified at room
temperature for 24 hr prior to the session. Because of limited
supply of the highest strength of marijuana (6.2% THC), the first
13 participants smoked 6.2% THC for the active puffs, and the
final five participants smoked 5.5% THC; marijuana strength was
consistent within participants. Size 00 opaque capsules with lac-
tose filler or naltrexone (12 mg) were prepared by the New York
State Psychiatric Institute Research Pharmacy.
Study Design and Procedures
The study included eight outpatient sessions over the course of
3 to 6 weeks at the New York State Psychiatric Institute. Sessions,
which were separated by at least 48 hr to prevent medication
carryover effects, began around 9:00 a.m., and were about 6 hr in
duration. After study consent was obtained and prior to the first
session, participants were familiarized with computerized tasks
and study procedures with one to two training sessions. During the
training session, capsules and marijuana were not administered.
During each of the outpatient sessions, participants smoked a
total of 6 puffs from three marijuana cigarettes (2 puffs from each
cigarette). Marijuana administration occurred 45 min after capsule
administration. The experimenter rolled the marijuana cigarette
ends, and one end was inserted into a plastic cigarette holder so
that the participants could not distinguish active from placebo
marijuana based on visual cues. The number of active versus
inactive cigarettes smoked during each session varied according to
active puff conditions (i.e., 0 puffs
3 inactive cigarettes; 2
puffs
1 active
2 inactive cigarettes; 4 puffs
2 active
1
inactive cigarettes; 6 puffs
3 active cigarettes). Cigarettes were
smoked according to a cued smoking procedure that has been
shown to produce reliable increases in heart rate and plasma THC
levels (
Foltin et al., 1987
). During marijuana smoking, the exper-
imenter observed the participant behind a one-way mirror and used
an intercom to guide the participant as to which color-coded
cigarette to light, to “inhale” (5 s), “hold smoke in lungs” (10 s)
and “exhale,” with a 40-s interval between each inhalation. After
2 puffs, the participant was instructed to extinguish the cigarette
and light the next. Participants continued to smoke according to
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