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Although nicotine is the main addictive chemical in tobacco, there have been few studies of pure nicotine self-administration in humans.

The goal of this study was to test the parameters of an intravenous (IV) nicotine self-administration model using nicotine doses presumed

to be within the range of those of average intake from cigarette smoking. Six male and four female smokers participated in a double-blind,

placebo-controlled, crossover study, which consisted of one adaptation and three experimental sessions. In each experimental session,

subjects were randomly assigned to one of the three doses of nicotine (0.1, 0.4, or 0.7mg). The lowest nicotine dose, 0.1mg, was chosen

to be approximately half the amount of nicotine inhaled from one puff of a cigarette. During each experimental session, subjects first

sampled the assigned nicotine dose and placebo and then had the opportunity to choose between nicotine and placebo for a total of six

choices over a 90-min period. Out of six options, the average (SEM) number of nicotine choices were 3.0 (0.48) for 0.1mg, 4.7 (0.48) for

0.4mg and 4.5 (0.46) for 0.7mg, indicating a significant effect of nicotine dose on nicotine choice. Both the 0.4 and 0.7, but not the

0.1mg, nicotine doses were preferred to placebo. These higher doses also produced increases in heart rate, blood pressure, and ratings

of drug liking and high. Overall, these findings indicate that smokers chose both the 0.4 and the 0.7mg nicotine doses over placebo. Our

model may be useful in the evaluation of the effects of both behavioral and pharmacological manipulations on nicotine self-administration

in humans.
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INTRODUCTION

There have been few studies of pure nicotine self-admin-
istration in humans despite the fact that nicotine is the main
addictive chemical in tobacco (Rose and Corrigall, 1997;
Benowitz, 1999; Rose et al, 2001; Le Foll and Goldberg
2006). Two paradigms have used nicotine replacement
therapy (NRT) products, nicotine nasal spray, and nicotine
gum, to assess preference for nicotine over placebo in
abstinent smokers evaluated in human laboratory settings
(Perkins et al, 1996; Hughes et al, 2000). These experiments
have not shown consistent preferences for nicotine
over placebo. In contrast, users of other drugs of abuse,
including cocaine, amphetamines, benzodiazepines, and
alcohol, consistently prefer active drug over placebo in the
human laboratory context (de Wit and McCracken, 1990;
Foltin and Fischman, 1992; Troisi II et al, 1993; Hatsukami
et al, 1994; Tancer and Johanson, 2003; Stoops et al, 2005).

Two important factors could account for the lack of nicotine
preference in the well-controlled studies of Perkins et al
(1996) and Hughes et al (2000). First, the two routes of
nicotine used could lead to aversive effects including local
irritation and nasal burning (nasal spray) or taste, local
irritation, and hiccups (nicotine gum). In recent studies of
preferences for NRTs, substantial proportions of smokers
do not prefer nicotine gum or nasal spray (West et al, 2001;
Schneider et al, 2004, 2005). Second, the slower nicotine
delivery via nicotine gum, compared to cigarette smoking,
may diminish reinforcing effects (de Wit et al, 1992; Nelson
et al, 2006).Thus, other routes, such as the intravenous (IV)
one, may be more optimum for nicotine self-administration
studies.
A series of studies have tested IV nicotine self-adminis-

tration in smokers (Henningfield and Goldberg, 1983;
Henningfield et al, 1983; Harvey et al, 2004). In the Harvey
et al (2004) study, during 3 h sessions, IV nicotine (0.75, 1.5,
and 3.0mg/injection) and saline were available concurrently
for abstinent male cigarette smokers who, on average,
smoked 29 cigarettes/day. To receive the injections,
smokers had to pull a lever according to a fixed-ratio
requirement ranging from 10 to 1600 (Harvey et al, 2004).
Smokers preferred nicotine injections over saline adminis-
tration for all three nicotine doses. Moreover, when the
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work requirement was higher, fixed-ratio values equal or
over 200 lever pulls, rates of responding were significantly
greater for nicotine than for saline. Importantly, the
nicotine doses used in the Harvey et al study delivered
higher than the usual nicotine intake of an average smoker,
which is, on average, 1–2 cigarettes/h or 1–4mg nicotine/h
(Benowitz and Jacob, 1990). Nicotine dose may be a critical
factor since in a previous study, IV nicotine doses over
1.5mg were rated similar to cocaine or amphetamines by
smokers who have used stimulants (Chausmer et al, 2003).
Thus, whether smokers prefer IV nicotine over placebo in
nicotine doses within the range of those of average intake
from smoking remains to be determined. To address this
question, this study used a choice procedure in which
smokers were able to choose between various IV nicotine
doses or saline. The nicotine doses chosen were 0.1, 0.4, and
0.7mg, relative to placebo (saline). The 0.1mg dose is less
than the amount of nicotine inhaled from one puff of a
cigarette (Djordjevic et al, 2000). The 0.7mg is close to the
minimum nicotine dose that has been shown to be self-
administered in the Harvey et al (2004). Thus, this study
extended earlier IV nicotine self-administration studies by
testing lower doses of nicotine presumed to be within the
range of nicotine doses delivered with cigarette puffs and
including both male and female smokers, who were less
heavy cigarette smokers and without a history of any drug
and alcohol dependence.

METHODS

Subjects

Six male and four female non-treatment seeking smokers
were recruited from the New Haven area (three African-
Americans, six Caucasians, one Hispanic). Four additional
participants were enrolled but dropped out of the study
before participating in experimental sessions and were not
included in the analyses. The reasons for dropping out were
high baseline blood pressure (n¼ 2), fear of the IV catheter
(n¼ 1) and positive urine toxicology for drugs of abuse
(n¼ 1). The average age (SD) of the participants was
35.0 (10.1). On average, participants smoked 17.4 (4.3)
cigarettes/day, and had a Fagerstrom test for Nicotine
Dependence (Heatherton et al, 1991) score of 6.7 (1.5).
Participants had normal physical, laboratory and psychia-
tric examinations. None of the participants ever met
criteria for drug abuse or dependence for any substances
other than nicotine, as established by psychiatric examina-
tion (APA, 1994). Subjects had urine drug screening
before each session to rule out recent drug use. All
participants signed informed consent forms before their
entry into the study. All the sessions were conducted in
the Biostudies Unit located at the VA Connecticut Health-
care System (West Haven campus) and participants
were paid for participation. This study was approved
by the VA Connecticut Healthcare System Human Subjects
Subcommittee.

Procedures

This outpatient, double-blind, crossover study had one
adaptation and three experimental sessions. For all of these

sessions, subjects were instructed not to smoke after
midnight the night before sessions. Smoking abstinence
was verified using breath carbon monoxide levels (o10
parts per million (ppm)) and plasma nicotine levels o5 ng/
ml. Before the beginning of each session, an indwelling IV
catheter was placed in the subject’s antecubital vein for
nicotine infusion, blood drawing and as a safety precaution.
In the adaptation session, subjects first received an IV saline
injection followed by three escalating doses of IV nicotine
(0.1, 0.4, or 0.7mg), given 30min apart. Each injection was
given over 30 s and ensured that subjects tolerated the IV
saline and nicotine doses that were used in the experimental
sessions. In each experimental session, subjects were
randomly assigned to one of the three doses of nicotine
(0.1, 0.4, or 0.7mg). At the beginning of each experimental
session, subjects first sampled the assigned nicotine dose
and placebo (saline), randomly labeled A or B. The label
assigned to nicotine was randomly determined for each
session by the research pharmacist (SY), and the research
team was blind to the assignment. Starting 15min after the
second sample dose, subjects had the opportunity to choose
between drug A or B every 15min, for a total of six
opportunities over a 90-min period. Immediately after
subjects made their choice, drugs were administered using
an infusion pump over 30 s. Cardiac rhythm was monitored
continuously during sessions, and 12-lead ECGs were
obtained before and at the end of the session. The sessions
started at 0800 hour and were 2–7 days apart to minimize
any carryover effects from nicotine.

Drugs

Nicotine administration. Nicotine stock solution vials were
prepared by dissolving nicotine bitartrate dihydrate powder
in 0.9% sodium chloride and passed through 0.22 mm filters
to target a 1mg/ml concentration. The amount of nicotine
bitartrate dehydrate powder was adjusted by molecular
weight to reflect nicotine-free base. Each batch of nicotine
solution was tested for pyrogenicity, sterility and analyzed
by quantitative assay, which yielded satisfactory results in
all cases. An investigational new drug application was
obtained from the Food and Drug Administration for IV
nicotine.
For adaptation sessions, four 10-ml syringes were

prepared to familiarize subjects with ascending doses of
nicotine injections. All syringes contained 5ml of solution
and appeared identical except for the labels were numbers
as 1, 2, 3, and 4. Syringe 1 contained 5ml of 0.9% NaCl and
the subsequent syringes contained 0.1, 0.4, and 0.7mg
of nicotine with enough 0.9% NaCl added to make the
final volume of 5ml. Each injection was given over a 30-s
period.
For experimental sessions, two syringes were prepared in

randomized, double-blinded fashion. Two 60-ml syringes
were marked as either A or B on identical-looking IV labels
containing 46ml of solution in each syringe. Depending on
the randomization, one of the syringes contained an active
nicotine dose of 0.1mg/5ml, 0.4mg/5ml, or 0.7mg/5ml.
The total amount of nicotine solution in the active syringe
accounted for the line flush and seven possible doses, one
for the sample dose, and the six optional doses. Matching
placebo syringes contained 46ml of 0.9% NaCl. Syringes
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were capped, labeled and dispensed to the study staff by the
research pharmacy.

Outcome Measures

The study included behavioral, biochemical, physiological,
and subjective measures. The behavioral measure was the
number of nicotine choices under the three nicotine doses
(0.1, 0.4, or 0.7mg). The biochemical measure was plasma
nicotine concentrations to verify abstinence from smoking.
For plasma nicotine levels, blood samples were obtained at
the beginning of each session.
The physiological measures were systolic and diastolic

blood pressure and heart rate. These measures were taken at
the beginning and end of each session. Physiological
measures were also taken just before injection and 1, 5,
10, and 15min after each dose delivery. For the sample
doses, additional measures were obtained at 2, 3, and 8min
after dose deliveries.
The three subjective measures were: the Drug Effects

Questionnaire (DEQ), a visual analog scale (VAS) ques-
tionnaire for nicotine withdrawal, the Profile of Mood States
(POMS), and the positive and negative affect schedule
(PANAS). The DEQ, used to assess the acute subjective
effects of nicotine, consists of six items: feeling drug effects,
high, good effects, bad effects, head rush and like the drug.
Participants rated these items on a 100mm scale, from 0
‘not at all’ to 100 ‘extremely.’ The DEQ was given 1, 5, and
10min after each dose delivery. For the two sample doses,
additional DEQ measures were obtained at 3 and 8min after
each dose. The DEQ was adapted from VAS questionnaires
used in previous IV nicotine studies (Soria et al, 1996; Jones
et al, 1999).
The VAS was used to assess nicotine withdrawal and

included 8-items adapted from the nicotine withdrawal
symptom checklist (Hughes and Hatsukami, 1986). The
items were cigarette craving, irritability/anger, anxiety,
difficulty concentrating, restlessness, increased appetite,
depressed mood, and insomnia (Hughes and Hatsukami,
1986, 1997). Participants were asked to rate each symptom
on a scale from 0 (not present) to 100 (severe).
The POMS is a 72-item rating scale used to measure the

effects of medication treatments on mood (McNair et al,
1971). The POMS has six subscales: (1) composed-anxious;
(2) agreeable-hostile; (3) elated-depressed; (4) confident-
unsure; (5) energetic-tired; and (6) clear headed-confused.
The VAS withdrawal scale and POMS were given two times
at the beginning and end of each session. The PANAS is a
20-item scale, which assesses both negative and positive
affective states (Watson et al, 1988). Participants rate
adjectives describing affective states on a scale of 1–5 using
a specified time period (eg now, today and past week). The
PANAS has been shown to be sensitive to the affective
symptoms of tobacco withdrawal (Kenford et al, 2002).

Data Analysis

All analyses were conducted using the Statistical Analysis
System, version 9.13. All main effects and interactions were
considered statistically significant at po0.05. Repeatedly
measured outcomes were evaluated using mixed effects
ANOVA implemented through the MIXED procedure. For

the number of nicotine deliveries, the model included fixed
effects of treatment (0.1, 0.4, and 0.7mg nicotine or saline),
as well as sequence and treatment by sequence interactions
to assess for carryover and order effects. Subject was treated
as a random effect. For the POMS, PANAS, and the VAS
data, the change in scores from baseline were used as the
dependent measure in the model. For blood pressure, heart
rate, and DEQ data, sample doses were analyzed with a
similar model, which also included a fixed main effect for
time of measurement from nicotine or saline injection, as
well as treatment-by-time interactions. For the sample dose
blood pressure, heart rate and DEQ measurements,
significant main effects were followed up by post hoc
comparisons of each treatment relative to placebo for
different time points. To account for multiple testing,
for these comparisons, statistical significance was set at
po0.01.

RESULTS

Nicotine Self-Administration

Nicotine vs Placebo. The relative preference for nicotine
to placebo was equal for the 0.1mg dose (mean difference¼
�0.20, SEM¼ 1.2), while nicotine was significantly more
preferred than placebo at the 0.4mg dose, t(9)¼ 4.67,
p¼ 0.0012 (mean difference¼ 3.80, SEM¼ 0.81), and the
0.7mg dose, t(9)¼ 3.75, p¼ 0.0046 (mean difference¼ 3.20,
SEM¼ 0.85).

Dose Response

The number of nicotine dose choices increased significantly
with increasing nicotine dose, F(212.1)¼ 4.98, p¼ 0.0264.
The average number of covariate-adjusted (treatment
sequence) nicotine self-administrations were 3.0 (0.48) for
0.1mg, 4.7 (0.48) for 0.4mg, and 4.5 (0.46) for 0.7mg.
Pairwise comparisons showed that both 0.4 and 0.7mg
doses were chosen more often than the 0.1mg dose
(po0.05).

Physiological Effects

For sample dose deliveries (Figure 1), a significant
treatment effect was observed for heart rate (F(3, 339)¼
5.2; po0.01) and systolic blood pressure (F(3, 339)¼ 4.6;
po0.01) measurements. Pairwise comparisons showed
several differences (po0.05) between doses at multiple
time points (see Figure 1, differences are denoted by
symbols). For both heart rate and systolic blood pressure,
the 0.7mg nicotine dose yielded higher levels, as compared
to both the 0.1mg nicotine or placebo doses. Further, the
0.4mg nicotine dose produced greater increases on these
same physiological indices compared to the 0.1mg nicotine
dose. For systolic blood pressure, the 0.4mg nicotine dose
had a higher level relative to placebo.

Subjective Effects

DEQ. For sample dose deliveries (Figure 2), a significant
treatment effect was observed for the rating of feel drug
effects (F(3, 275)¼ 4.8; po0.01), high (F(3, 275)¼ 2.8;
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po0.05), head rush (F(3, 275)¼ 4.6; po0.01), bad effects
(F(3, 275)¼ 2.7; po0.05), good effects (F(3, 275)¼ 4.9;
po0.01), and like drug effects (F(3, 275)¼ 3.9; po0.01).
Pairwise comparisons showed that for all items, the 0.7mg
nicotine dose yielded higher ratings than either the 0.4mg
nicotine, 0.1mg nicotine, or placebo doses. For the rating of
feel bad effects and drug effects 0.4mg nicotine dose
exceeded placebo; for feeling drug effects, good effects

and high, the 0.4mg nicotine dose exceeded the 0.1mg
nicotine.

POMS. Among the POMS subscales, the energetic-tired
subscale showed a significant treatment effect (F(2,
16)¼ 3.6; p¼ 0.05). Pairwise comparisons revealed
that the 0.4mg nicotine dose had a superior level on
the energetic-tired subscale relative to the 0.1mg nicotine
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Figure 1 The average (7SEM) heart rate, systolic and diastolic pressure responses to a sample nicotine dose (0.1, 0.4, and 0.7mg) and saline
administration. Measurements were taken just before and 1, 3, 5, 8, and 10min after dose delivery. Some of the error bars are not shown for clarity.
Significant treatment differences from placebo at each time point (po0.01) are indicated by an asterisks (*) for the 0.7mg and plus (+ ) for the 0.4mg
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administration. Measurements were taken at 1, 3, 5, 8, and 10min after dose delivery. Some of the error bars are not shown for clarity. Significant treatment
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dose, indicating greater tiredness under 0.1mg nicotine
dose.

PANAS. Change in the negative affect subscale of the
PANAS showed a significant treatment effect (F(2, 21)¼ 3.9;
po0.05). Pairwise comparisons of the change scores
showed that the 0.1mg nicotine dose showed greater change
than the 0.7mg nicotine dose condition. Under the 0.1mg
nicotine condition, the average score increased 0.5 points,
while under 0.4 and 0.7mg nicotine conditions, the score
decreased 0.2 and 1.3 points, respectively.

DISCUSSION

The goal of this study was to evaluate IV nicotine self-
administration in doses that are presumed to be within the
range of nicotine intake from cigarette puffs. The 0.4mg
nicotine dose, equivalent to a few puffs of a cigarette, was
chosen over saline nearly 80% of the time (ie mean 4.7 out
of 6 choices). Similarly, the 0.7mg nicotine dose, approxi-
mately equivalent to nicotine delivered by smoking one-half
of a cigarette, was chosen over saline 75% of the time (ie
mean 4.5 out of 6 choices). Both 0.4 and 0.7mg nicotine
doses produced subjective effects including ‘good effects’
and ‘drug liking,’ consistent with the abuse liability of
nicotine. While the 0.7mg dose induced greater ‘drug liking’
and ‘good effects’ than the 0.4mg nicotine dose, smokers
self-administered both doses at a similar rate. This plateau
in dose response for nicotine self-administration is
consistent with preclinical studies (Rose and Corrigall,
1997), as well as human studies (Henningfield and Gold-
berg, 1983; Henningfield et al, 1983; Harvey et al, 2004). In
the Harvey et al study, the number of nicotine administra-
tions was highest under the 0.75mg condition, relative to
1.5 and 2.0mg. This plateau may be due to satiety or
aversive effects associated with higher doses of nicotine
(Harvey et al, 2004).
Our findings extend previous studies, which demon-

strated that smokers chose 0.75, 1.5, and 3mg nicotine
deliveries over placebo under a progressive-ratio work
schedule (Henningfield and Goldberg, 1983; Henningfield
et al, 1983; Harvey et al, 2004). Since these nicotine doses
were higher than the average nicotine intake by cigarette
puffs, it was of interest to examine self-administration of
smaller nicotine doses. In addition, the study samples in
these studies included men some of whom had illicit drug
use histories, including cocaine and amphetamines, and on
average smoked 29 cigarettes/day. This study sample raised
questions of whether self-administration of IV nicotine
would be limited to those who were heavy smokers or illicit
drug use histories. Our study addressed these concerns
by including both male and female smokers who smoked
fewer cigarettes, 17 cigarettes/day, and who had no history
of illicit drug use. Further, we used nicotine doses that
produced nicotine delivery comparable to those with
regular smoking. Our findings demonstrate that IV nicotine
is reinforcing in doses that are relevant to smoking in
overnight abstinent smokers.
The 0.1mg nicotine dose was not self-administered more

than placebo, suggesting that the 0.1mg nicotine was
subthreshold for reinforcement. These findings are con-

sistent with those reported for threshold for nicotine
discrimination. In smokers and nonsmokers, the threshold
for nicotine discrimination administered via nasal spray
was approximately 0.2mg (Perkins et al, 2001). Interest-
ingly, the 0.2mg nicotine is approximately equal to the
amount of nicotine delivered by smoking a puff of a
cigarette (Djordjevic et al, 2000). The 0.1mg dose may be
useful in evaluating manipulations that enhance nicotine’s
reinforcing effects.
As expected, IV nicotine produced dose-dependent

subjective and physiological effects in response to sample
doses. Since the dose deliveries following the sample doses
were optional, our study could not accurately address the
responses to repeated nicotine deliveries. However, the data
with nearly 80% of the nicotine doses delivered suggest a
modest increase in heart rate and blood pressure in
response to repeated nicotine deliveries (data not pre-
sented). These findings support the safety of our self-
administration model. In addition, 0.7mg of nicotine,
compared to 0.4 or 0.1mg of nicotine, produced improve-
ment in negative mood and decreased tiredness. These
findings are consistent with the effects of nicotine from
previous studies.
What are the implications of our findings? As mentioned

before, for other drugs of abuse including cocaine,
amphetamines, benzodiazepines, and alcohol, reliable hu-
man self-administration models have been developed.
These models have utility in evaluating the effects of
both behavioral and pharmacological manipulations on
drug reinforcement. Our findings demonstrate that
the model used in our study could serve to examine
nicotine self-administration. Especially encouraging
was that the study procedures including the IV nicotine
doses were well tolerated by both male and female smokers.
These findings support the feasibility of our model to
examine nicotine self-administration in humans. Our
IV nicotine self-administration model may have utility in
developing and testing new behavioral and pharmaco-
logical treatments for nicotine addiction. In addition,
our model may also be useful in neuroimaging studies,
where IV route is preferred over other routes of nicotine
administration.
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