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DOHRN, C. S., J. L. LICHTOR, D. W. COALSON, D. FLEMMING AND J. P. ZACNY. Reinforcing effects of
extended inhalation of a low nitrous oxide concentration in humans. PHARMACOL BIOCHEM BEHAYV 46(4) 927-932,
1993. — The reinforcing, subjective, and psychomotor effects of 30 min of inhalation of 20% nitrous oxide were determined
in 12 healthy volunteers using a choice paradigm with 100% oxygen as placebo. Nitrous oxide was chosen on only 22% of
choice occasions, indicating that, in general, this concentration did not function as a reinforcer. Nitrous oxide produced
changes in mood, but had no effect on psychomotor performance. Three out of the 12 subjects chose nitrous oxide on at
least two out of the three choice sessions, and during a poststudy debriefing interview, reported pleasant effects of the drug.
The other nine subjects reported unpleasant acute effects of the drug (e.g., drowsiness) or residual (postsession) effects of the
drug which, they said, influenced their drug choice. The present results are compared to those results obtained in a previous
study in which higher concentrations of nitrous oxide (30 and 40%) also produced relatively low choice rates. The apparent
lack of reinforcing effects of extended inhalation of nitrous oxide is discussed.
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NITROUS oxide (N,O) is an inhaled drug that is commonly
used in medical and dental practice for its anesthetic, amnes-
tic, analgesic, and anxiolytic effects. It produces a spectrum
of subjective effects that can differ among individuals and
includes euphoria, dysphoria, confusion, stimulation, relax-
ation/sedation, a dreamy-like, reverie state, disorientation,
derealization, and increased body awareness (2,5,6,13-
15,19,26,28,30). Nitrous oxide is used recreationally by some
humans (16,21), and serves as a reinforcer in nonhumans
(18,33). Previous studies in our laboratory have examined the
reinforcing effects of 30% and 40% nitrous oxide in humans
(13). Forty percent N,O was chosen on only 22% of all possi-
ble choice occasions, whereas 30% N,O was chosen on 42%
of all possible choice occasions. Although choice rates were
generally low with both of these concentrations, the 30% N,O
choice rate was significantly higher than the 40% N,O choice
rate. It is conceivable, then, that choice rates would be even
higher with a still lower dose of N,O.

The present study was designed to examine the reinforcing
efficacy of 20% N,O, compared to oxygen (placebo). Such a
study, in conjunction with our previous study, would allow us
to determine if the reinforcing effects of N,O are concentra-

tion related. Twenty percent is a low concentration by clinical
standards: a survey of over 1000 dental cases in which N,O
was used revealed that the mean concentration delivered to
patients was 38% (20). The effects of 20% N,O on mood and
psychomotor performance have been investigated in a number
of studies: most studies have documented that it alters mood
(7,14,23) and psychomotor performance (4,8,17,23,32), al-
though several studies have failed to detect an effect on one
or both parameters (14,15,17).

METHOD
Subjects

Twelve healthy volunteers (six ferales, six males) were re-
cruited. Candidates, aged 21-35 years old, who consumed at
least one alcoholic drink per week, were scheduled for a
screening interview with one of the research personnel. At the
interview, potential subjects completed the SCL-90 (10) and a
health questionnaire to judge their psychiatric and medical
status. During the psychiatric interview, if it was ascertained
that candidates had any significant psychiatric problems [in-
cluding any history of drug- or alcohol-related problems or
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Acxis I psychiatric disorders (1)], they were excluded. The sub-
jects underwent a physical exam and resting electrocardiogram
(EKG). Volunteers with significant medical disorders (includ-
ing past adverse reaction to general anesthesia) and females
who were pregnant or were planning to become pregnant dur-
ing the course of the study were excluded (pregnancy tests
were administered as a screening procedure in females prior
to the study). Subjects were paid for their participation upon
completion of the study. The study was approved by the local
institutional review board. Informed consent was obtained
during a practice session. The consent form described details
of the study. To keep subjects blind as to the compound be-
ing studied, subjects were told in the consent form that the
agents being studied might come from one of six classes, in
gaseous or aerosol form-—sedative, stimulant, general an-
esthetic (at subanesthetic concentrations), opiate, alcohol, or
placebo.

Experimental Procedures

There were seven sessions in this experiment, and sessions
were separated from each other by at least 48 h. Subjects were
instructed to abstain from all drugs (excluding their normal
amounts of caffeine and nicotine) for 24 h prior to sessions.
The first four sessions were sampling sessions, and the last
three were choice sessions. Each of the seven experimental
sessions consisted of three periods: baseline (BL), inhalation
(INH), and recovery (REC). Mood and psychomotor perfor-
mance were assessed at fixed times throughout each period.
Upon arrival in the laboratory on each session, noninvasive
monitoring apparati were placed on the subject so that we
could measure pulse, blood pressure, EKG, and arterial oxy-
gen saturation during the session. An anesthesia mask was
then placed over the subject’s nose and mouth by the anesthe-
siologist, and the BL period began. Subjects were told that
the air they were breathing was drug free. Subjects breathed
oxygen during this period, which rarely exceeded 5 min. The
30-min INH period then commenced. During the four sam-
pling sessions, half the subjects were randomly assigned to
inhale 20% N,O on days 1 and 3 and 100% oxygen on days 2
and 4. The order was reversed for the other subjects. At the
start of the INH period of the sampling sessions, subjects were
informed that the air they would be inhaling for the next 30
min may or may not contain drug. For each subject, the mood
forms that they filled out in the study were color coded and
remained consistent for each agent. The subjects were in-
structed during the sampling sessions to note the form colors
and to try to associate each of the two colors with the effects
of the agents inhaled. Prior to the BL measurement period of
the three choice sessions, subjects chose which agent they
wished to inhale during the INH period based on the color. In
both the sampling and choice sessions, following the INH
period, the anesthesiologist took the mask off the subject,
and the 60-min REC period commenced. During this time the
subject remained seated.

Dependent Measures

Choice. The agent that the subject chose, i.e., drug or pla-
cebo, was the primary dependent measure in this study.

Subjective effects. The Addiction Research Center Inven-
tory (ARCI) is a true-false questionnaire (49 items) designed
to differentiate among different classes of psychoactive drugs
(24). The 49 items yielded scores for five different scales:
PCAG (pentobarbital-chlorpromazine-alcohol group), a mea-
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sure of sedation; BG (benzedrine group), and A (amphet-
amine), measures of stimulant effects; LSD (lysergic acid di-
ethylamide), a measure of somatic and dysphoric effects; and
MBG (morphine-benzedrine group), a measure of euphoria.
The ARCI was completed at BL, 15 min into the INH per-
iod, and 5, 30, and 60 min after the REC period had com-
menced.

The Visual Analog Scale (VAS) measured mood states on a
form that had 10 100-mm lines, each labeled with an adjective
(stimulated, high, dizzy, nauseous, down, tingling, hungry,
anxious, happy, and sedated). Subjects were instructed to
place a mark on each line indicating how they felt at the
moment, ranging from ‘not at all’ to ‘extremely.” The VAS
was completed at BL, 2, 15, and 29 min into the INH period,
and 5, 30, and 60 min after the REC period had commenced.

On the Intrasession Drug Effects/Liking questionnaire,
subjects were asked to rate the intensity of the agent’s effect
as they were currently feeling it on a scale of 1 to 5 (from 1
= “] feel no effect at all” to 5 = “I feel a very strong effect”),
and to indicate their current degree of liking of the drug ef-
fects on a 100-mm line (0 = dislike a lot; 50 = neutral; 100
= like a lot). Liking was arbitrarily defined as =60 mm on
this scale, neutrality was defined as =41 mm and <59 mm,
and disliking the agent was defined as <40 mm. These ranges
were defined by previous observations (13,14) that liking rat-
ings for placebo substances rarely exceeded the 40-60 mm
limits. The Intrasession Drug Effects/Liking questionnaire
was completed at BL, 2, 15, and 29 min into the INH period,
and S, 30, and 60 min after the REC period had commenced.

Psychomotor/cognitive performance. The Digit Symbol
Substitution Test (DSST) is a simple pen-and-paper test that
provides a general measure of psychomotor performance (31).
It has also been shown to be sensitive to the effects of a
number of CNS-active drugs (11,12). In this 1-min test, sub-
jects replaced digits with an appropriate symbol. The appro-
priate symbols for each digit were changed for each adminis-
tration of the test to reduce any learning effect. The score was
the number of symbols drawn by the subject. In the eye-hand
coordination test, the subjects traced a randomly moving tar-
get on a computer screen with a small cross for 1 min (25).
The cross was controlled by a computer mouse, operated by
the dominant hand. The dependent measure was coordination
mistakes, which was assessed by counting the number of times
the cross exceeded a certain distance (1 cm) from the target.
These two psychomotor tests were completed at BL, 15 min
into the INH period, and 5, 30, and 60 min after the REC
period had commenced.

Debriefing comments. At the end of the study, a debriefing
session was held in which subjects were asked to characterize
the effects of the different agents they had inhaled during
sampling sessions, and more importantly, to tell us in their
own words what prompted their choices.

Data Analysis

Chi-square analyses were performed to determine whether
subjects chose nitrous oxide significantly more or less often
than chance. Data from the four sampling sessions of the
experiment were analyzed using a repeated measures analysis
of variance (ANOVA). Separate ANOVASs were used for each
of the subjective effects scales and the psychomotor tests
(DSST and eye-hand coordination). The three factors were
concentration (i.e., drug vs. placebo), replications (first vs.
second exposure to an agent), and time. An effect was consid-
ered significant if p =< 0.05. Huynh-Feldt adjustments of
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FIG. 1. Time course of the effects of oxygen (circle) and 20% N,O (0J) on scores from the PCAG (top left frame) and
LSD (top right frame) scales from the ARCI, ratings from the ‘high’ (middle left frame) and ‘stimulated’ (middle right
frame) visual analog scales, and scores from the drug effect question (bottom left frame) and ratings from the drug
liking scale (bottom right frame) of the Intrasession Drug Effects/Liking questionnaire. Each point is the mean across
12 subjects. Time point BL refers to baseline; I2, I15, and 129, respectively, refer to 2, 15 and 29 min after inhalation
began; RS, 30 and 60, respectively, refer to 5, 30, and 60 min after the INH period had ceased. Solid symbols indicate
that 20% N,O is significantly different from placebo (i.e., oxygen) at a given time point (using a Tukey post hoc
comparison test). Brackets indicate SEM.
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within-factors degrees of freedom were used to protect against
violations of symmetry assumptions. For the sake of brevity,
Time effects will not be reported. When significant (e.g., p <
0.05) concentration X time interactions were obtained, Tukey
post hoc comparisons of oxygen responses vs. drug responses
were made at each time point in a session.

RESULTS

Six females and six males (mean age: 26.7; range: 21-31)
completed the experiment. Subjects consumed an average of
4,7 ( £ 3.2) alcoholic beverages per week. Three subjects
smoked tobacco daily and two subjects had smoked marijuana
within the last month. Lifetime drug use of our subjects in-
cluded use of stimulants (one subject), sedatives (three sub-
jects), hallucinogens (five subjects), prescribed opiates (nine
subjects), and cannabis (nine subjects). One subject had pre-
viously used N,O recreationally (via Whippets®).

Drug choice. On the majority of choice occasions, placebo
was chosen over 20% N,O. Out of 36 choice occasions, sub-
jects chose nitrous oxide only eight times (22% choice rate),
which is significantly lower than chance levels (x* = 5.6, p
< 0.05). Only 1 out of 12 subjects chose nitrous oxide three
times, 2 subjects chose it twice, and 1 subject chose it once. It
is interesting to report that two of the three subjects who
chose N,O at least twice were those subjects who were current
marijuana users. The subject who had used N,O recreationally
in the past did not choose N,O in the present study.

Subjective effects. Scores on the PCAG [concentration X
time: F(4, 44) = 3.8, p < 0.05] (Fig. 1, top left frame) and
LSD [concentration X time: F(4, 44) = 5.6, p < 0.005] (Fig.
1, top right frame) scales of the ARCI increased during inhala-
tion of 20% N,O and gradually returned to baseline levels
during the recovery period.

Ratings of ‘dizzy’ [concentration X time: F(6, 66) = 4.2,
p < 0.05]; ‘high’ [concentration x time: F(6, 66) = 13.0, p
< 0.001] (Fig. 1, middle left frame); ‘sedated’ [concentration
X time: F(6, 66) = 3.5, p < 0.05]; ‘stimulated,” F(6, 66) =
5.6, p < 0.01 (Fig. 1, middle right frame); and ‘tingling’ [con-
centration X time: F(6, 66) = 3.9, p < 0.01] increased dur-
ing inhalation. Except for ‘dizzy’ ratings which peaked 2 min
after onset of gas inhalation, ratings peaked 15 min after onset
of gas inhalation and remained at that level for the duration
of the INH period. All subjective effects of N,O returned to
baseline levels by the end of the REC period.

Subjects reported an increase in strength of drug effect
during inhalation of N,O [concentration X time: F(6, 66) =
27.3, p < 0.001] (Fig. 1, bottom left frame). Ratings in-
creased 2 min after onset of gas inhalation, peaked 13 min
later, and remained at the peak level for the rest of the INH
period before declining gradually during the REC period.
Overall ratings of ‘liking’ did not change significantly during
or after inhalation of 20% N,O (Fig. 1, bottom right frame).
However, the three subjects who chose N,O at least two times
in the choice sessions reported liking N,O during the sampling
session.

Psychomotor effects. Subjects’ performance was not im-
paired by 20% N,O on either the eye-hand coordination test
or the DSST.

Debriefing comments. Table 1 summarizes comments sub-
jects made during the debriefing session when asked about
their choices during choice sessions. What is evident is the
striking degree of concordance between subjects’ description
of N,O (either its acute or residual effects) and whether they
were likely to choose it during choice sessions.
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TABLE 1

SUBJECTS’ DEBRIEFING COMMENTS REGARDING
DRUG CHOICE

Subject

1) Chose oxygen 2/3 times because the other agent made
her feel tired.

2 (0) Chose oxygen because he would always prefer to feel
straight.

30 N,O made him feel less than 100% for the rest of the

day.

N,O felt like alcohol, he liked it, and found it to be

pleasant.

5 (0) N,O had a strong disorienting effect and she did not
want to feel anything during the sessions.

6 (2) N,O had pleasant effects.

73) N,O felt okay, made him feel lightheaded and good.

8 (0 Didn’t want to feel sleepy and N,O made her feel sleepy.

4 Q)

9 (0) N,O was sort of pleasant but he preferred to feel clear
headed. Also, he didn’t like the environment and the fact
that he was being studied and nobody else was doing it.

10 (0) N,O produced an uncomfortable feeling, she did not feel
in control of her thoughts.

11 (0) N,O made her want to sleep for the rest of the day.

12 (0) Doesn’t like getting stoned, which is how N,O made her

feel. Compared it to alcohol except N,O had a much
quicker onset.

In parentheses are the number of times 20% N,O was chosen
during the three choice sessions.

DISCUSSION

Over the course of three experiments, N,O ranging in con-
centrations from 20-40% did not function as a reinforcer in
the majority of healthy volunteers tested. There was a subpop-
ulation of subjects tested in both this and a previous study (13)
in which N,O appeared to function as a reinforcer. Subjective
effects indicated that these subjects liked the effects of the
agent. On the other hand, the majority of subjects did not
like, nor choose N,O. Further, in the present study, the de-
briefing comments of the subjects who did not choose N,O
were concordant with their choice of placebo in that they
self-reported experiencing acute or residual dysphoric effects
of the drug during the sampling sessions.

What might account for this discrepancy between our labo-
ratory results and a) results obtained in animal studies in
which N,O does function as a reinforcer (18,33), b) N,O’s
known abuse liability in humans (16,21), ¢) N,O’s acceptance
by dental patients (20,29), and d) those laboratory studies that
have focused on the subjective effects of N,O and have found
predominantly a spectrum of “pleasant” subjective effects [e.g.,
(3,6,15)]. Admittedly, it is not clear why there is this discord-
ance, although we have several speculations. First, although
N,O does function as a reinforcer in animals, factors in the
human milieu can attenuate drug choice. For example, setting
is a powerful modulating variable in the subjective effects of
some drugs in that a social setting promotes a more positive
spectrum of subjective effects of the drug than does an iso-
lated setting (9,22). Time of day is another factor to consider
because most nondrug-abusing humans tend to self-administer
recreational drugs in the evening (i.e., at the end of the day).
Because of practical considerations, we could not conduct ses-
sions in the evening. It is possible that N,O choice would have
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been increased in our studies had the drug been administered
in a social environment and/or in the evening. In fact, one of
our subjects stated that the setting was not conducive to taking
N,O. Also, had the drug been given in the evening, fatigue
may not have been an issue to those subjects who reported
acute or residual fatigue from the gas. In regards to the wide-
spread acceptance of N,O in dental settings, dental patients
may find the effects of N,O to be tolerable, if not pleasant,
because it functions as a means to escape or avoid aversive
stimulation (e.g., anxiety engendered by dental procedures).
In our study, aversive stimulation was not present, but per-
haps if it had (e.g., some sort of stressor presented periodically
during the INH period), higher choice rates would have been
obtained. Finally, while there are some studies demonstrating
predominantly “pleasant” effects from the drug in healthy
normals, there are as many studies, if not more, which demon-
strate there are individual differences in how subjects react
to N,0, with some subjects showing dysphoric or unpleasant
effects from the drug [e.g., (5,23,26,28,30)].

In conclusion, we have shown that extended inhalation of
20% N,O did not function as a reinforcer in the majority of
healthy normal volunteers tested. This result systematically
replicates findings obtained from a previous study in which
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concentrations of 30 and 40% N,O were tested (13). Appar-
ently, decreasing N,O concentrations from 30% to lower con-
centrations does not increase the reinforcing effects of N,O,
as we had originally surmised. Future studies should be di-
rected at examining whether there are variables that would
increase the reinforcing effects of extended inhalations of N,O
(e.g., drug history, instructional set, subject’s ability to titrate
concentration), as well as examining the effects of briefer ex-
posures to N,O across a wider range of concentrations. This
latter study would be especially relevant to conduct because
N,O is often used recreationally via procedures (e.g., Whip-
pets®), which involve very brief inhalations of the drug
(21,27).
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