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Sex differences in the sensitivity to nicotine may influence vulnerability to tobacco dependence. The goal of this study was to investigate the
dose–response function for the reinforcing and subjective effects of intravenous nicotine in male and female smokers. Tobacco-dependent
subjects (12 male and 14 female) participated in four experimental sessions in which they received sample infusions of saline and nicotine
(0.1, 0.2, 0.3, or 0.4 mg doses) in a randomized double-blind crossover design. During each session, subjects first received the sample infusions,
and heart rate (HR), blood pressure, and subjective stimulatory, pleasurable and aversive responses were monitored. Immediately following
the sample infusions, subjects self-administered either nicotine or saline in six double-blind forced-choice trials. A sex by dose interaction was
observed in the nicotine choice paradigm. Nicotine self-administration rate was negatively correlated with nicotine dose in males (males
displayed choice preference for low doses of nicotine over high doses of nicotine), but no significant relationship between dose and choice
preference was evident in females. Relative to placebo, sample doses of nicotine increased heart rate and blood pressure, and induced
stimulatory, pleasurable, and aversive subjective effects. Diastolic blood pressure increased dose dependently in males, but not in females.
These findings, which demonstrate sex differences in nicotine self-administration for doses that are near to the reinforcement threshold,
suggest that male and female smokers may respond differently to the changes in nicotine doses available for self-administration.
Neuropsychopharmacology (2016) 41, 2034–2040; doi:10.1038/npp.2015.373; published online 3 February 2016
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INTRODUCTION

With the legislation that empowered the Food and Drug
Administration to control tobacco products, reducing the
addiction potential and harmful effects of cigarette smoking
became a more achievable goal. Benowitz and Henningfield
(1994) proposed that the gradual reduction of the nicotine
content of cigarettes to an amount below the addictive
threshold could prevent the development of addiction among
young smokers who are experimenting with cigarettes
(Benowitz and Henningfield, 1994). On the basis of the
nicotine intake of a group of smokers known as chippers or
light and intermittent smokers, who show few or no signs of
addiction, Benowitz and Henningfield (1994) estimated that
the threshold for nicotine reinforcement is ~ 0.2 mg of
delivered nicotine. They further predicted that nicotine doses
below this threshold would not be reinforcing or able to
maintain nicotine addiction. The dose–response function for
nicotine reinforcement, however, has yet to be empirically
examined by carefully controlled studies in humans.
Intravenous (IV) self-administration models are the gold

standard for assessing the reinforcing effects of drugs of

abuse, including nicotine. Henningfield and colleagues
pioneered IV nicotine self-administration (NSA) procedures
in humans (Harvey et al, 2004; Henningfield and Goldberg,
1983a; Henningfield et al, 1983b). When nicotine is infused
rapidly (ie, in o60 s) it produces robust ‘drug liking’ and
‘good drug effects’ (indicative of reward) that are similar to
cigarette smoking. The nicotine doses used in these prior
studies exceed the nicotine concentrations typically experi-
enced by a smoker, which is 1–4 mg nicotine per hour
(Benowitz and Jacob, 1990). In a previous study of male and
female smokers, we examined self-administration of IV
nicotine using a choice procedure in which smokers were
able to choose between three IV nicotine doses and saline.
In that study, we used single nicotine doses (0.1, 0.4, and
0.7 mg) that were in the range of intake experienced by
smokers taking one to several puffs of a cigarette (Sofuoglu
et al, 2008). We found that both 0.4 and 0.7 mg doses were
preferred over placebo. However, many questions remain for
NSA in humans, including the generation of a reliable
estimate for the threshold dose for reinforcement, as well as a
dose–response curve for reinforcement. In animal models
(Corrigall et al, 2000; Donny et al, 2000; Fattore et al, 2002;
Le Foll et al, 2007; Rose and Corrigall, 1997), the dose-
dependent changes in nicotine reinforcement are restricted
to low- and high-dose ends of the dose–response curve,
whereas the middle range is relatively insensitive to changes
in nicotine doses (Rose and Corrigall, 1997). It is unknown
whether a similar NSA pattern exists in humans as well.
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The purpose of this study was to characterize the dose–
response curve for IV NSA in male and female smokers,
which has not been examined in previous human studies. To
reach this goal, we used a NSA model that included nicotine
doses of 0.1, 0.2, 0.3, and 0.4 mg, which approximates the
nicotine intake from inhaling one to four puffs of a cigarette.
We hypothesized that this range of nicotine doses would be
near the threshold dose for reinforcement. In addition to
self-administration, we also collected measures of heart rate
(HR), blood pressure, and positive and negative subjective
ratings of drug effects. Given the preclinical and clinical
studies that indicate there are sex differences in nicotine’s
pharmacological effects (Pogun and Yararbas, 2009), inclu-
sion of both male (n= 12) and female (n= 14) smokers
allowed us to examine sex differences in the reinforcing
threshold of IV nicotine.

MATERIALS AND METHODS

Subjects

The subjects were non-treatment seeking, dependent smo-
kers recruited from the New Haven, CT area. Demographic
variables and cigarette smoking history for males and
females are shown in Table 1. Twelve male and 14 female
subjects participated in all four sessions; 6 subjects were
removed from all analyses because they were not compliant
with study procedures or they opted out voluntarily before
study completion. There were no sex differences in
demographics or smoking history (P40.05). All participants
had normal physical, laboratory, and psychiatric examina-
tions, and participants had no current drug abuse or
dependence for any substances other than nicotine, as
established by the structured clinical interview for DSM-IV
(American Psychological Association, 1994). A urine drug
screening before each session was performed to assess for
recent exclusionary drug use (opiates, phencyclidine, cocaine,
amphetamines, and benzodiazepines). Each participant gave

a signed informed consent before the study participation.
All the sessions were conducted in the Biostudies Unit located
at the VA Connecticut Healthcare System (West Haven, CT)
and the participants were paid for participation. This study
was approved by Yale University and the VA Connecticut
Healthcare System Human Subjects Subcommittee.

Laboratory Study Procedures

This outpatient, double-blind, crossover study had four
experimental sessions. All experimental sessions were con-
ducted following overnight smoking abstinence that was
verified by measuring breath carbon monoxide levels (o10
parts per million; BreathCO, Vitalograph, Lenexa, KS). At the
start of each session, an indwelling IV catheter was inserted in
the subject’s antecubital vein for nicotine infusion, blood
drawing, and as a safety precaution. Each experimental
session consisted of one randomly assigned nicotine dose
(0.1, 0.2, 0.3, or 0.4 mg), as well as saline serving as placebo.
At the start of each session, subjects first sampled their
assigned nicotine dose (either 0.1, 0.2, 0.3, or 0.4mg) and
placebo (saline) in random order. The nicotine dose and
saline were randomly labeled as ‘A’ and ‘B’ by the pharmacist
to maintain the study blind. Sample dose ‘B’ was adminis-
tered 15min after sample dose ‘A’. Fifteen minutes after
sample dose ‘B’, subjects were given opportunities to choose
whether they wished to receive either an infusion of ‘A’ or an
infusion of ‘B’. There were six ‘A’ vs ‘B’ choice trials, each
separated by 15min. Immediately following the subject’s
selection, ‘A’ or ‘B’ was administered over 30 s using an
infusion pump activated by research staff. 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 hours and were spaced 2–7 days
apart to minimize any carryover effects from nicotine.

Nicotine and Placebo Preparation

Nicotine stock solution vials were prepared by dissolving
nicotine bitartrate dihydrate powder in 0.9% sodium chloride
and passed through 0.22-micron filters to target a 1 mg/ml
concentration. The amount of nicotine bitartrate dihydrate
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 investiga-
tional new drug application was obtained from the Food and
Drug Administration for IV nicotine. Two 60 ml syringes,
marked as either ‘A’ or ‘B’, were prepared in randomized,
double-blinded fashion with identical-looking IV labels
and equal volumes (46 ml). The syringe that contained the
nicotine dose had enough volume to account for the line
flush and seven experimental infusions, one for the sample
dose and the six optional doses for the choice trials. The
placebo syringe contained 46 ml of 0.9% sodium chloride.
Syringes were capped, labeled as ‘A’ or ‘B’, and dispensed to
the study staff by the research pharmacy.

Outcome Measures

Systolic and diastolic blood pressure (SBP and DBP), and HR
were taken just before each sample dose infusion (0min) and

Table 1 Sample Demographics and Tobacco Smoking Information

Male (n= 12)* Female (n= 14)

Mean SD Mean SD

Age 36.7 6.8 37.6 9.2

Weight 199.2 30.4 194.4 56.8

FTND 5.3 2.3 5.9 1.9

BMI 28.5 3.5 33.1 9.2

Cigarettes smoked per day 21.4 10.5 16.9 10.9

Age of smoking onset 15.8 3.5 15.4 2.0

Estimated pack years 22.9 13.1 18.4 11.4

Ancestry N N

European American 7 5

African American 5 9

Abbreviations: BMI, body mass index; FTND, Fagerstrom test for nicotine
dependence score.
*P40.05 for all male vs female comparisons.
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then 1, 2, 3, 5, 8, and 10min post infusion. The Drug Effects
Questionnaire (DEQ) consisted of nine items that were
grouped into three domains: (1) ‘stimulatory’ effects com-
prising the average of ‘feel stimulated’, ‘feel effects’, and ‘feel
high’; (2) ‘feel good’ effects comprising the average of ‘like’,
‘feel good’, and ‘want more’; and (3) ‘negative’ effects
comprising the average of ‘feel anxious’, ‘feel down’, and
‘feel bad’. Each response was rated on a 100mm scale, from
0 ‘not at all’ to 100 ‘extremely’, which was then converted to a
rating from 1 to 10. The nine items were grouped into three
domains based on prior work showing high correlations
between DEQ responses (Jensen et al, 2015a, b; Morean et al,
2013). The DEQ was given before each sample dose infusion
(0min) and then 1, 3, 5, 8, and 10min post infusion. The
DEQ was adapted from VAS questionnaires used in previous
IV nicotine studies (Soria et al, 1996).

Data Analysis

Forced-choice preference and dose discrimination were
evaluated using Generalized Estimating Equations (Zeger
et al, 1988), with a negative binomial distribution for the
number of times a participant chose nicotine in a session,
and a log link and exchangeable working correlation
structure across sessions within individuals. We tested the
effects of sex, nicotine dose, and sex by nicotine dose, and
controlled for consecutive session and drug administration
order. One subject (male) failed to complete the sixth forced-
choice trial of the 0.2 mg nicotine condition due to an
infusion pump malfunction and this data point was regarded
as missing. This subject had selected nicotine for five of five
forced-choice trials, and including the data with either a
selection of nicotine or saline for the final forced-choice trial
yielded no material change to the results. Effects that were
o0.05 significance level were interpreted with post hoc tests.
The main and interactive effects of sex were tested in all

models for cardiovascular effects and subjective effects.

Cardiovascular effects were assessed using linear mixed
effects models with SBP, DBP, and HR considered separately
as response variables, sex as a between-subject factor,
nicotine dose, drug (nicotine vs placebo), and time
(all repeated measurements within each treatment on each
test day) as within-subject factors, and all possible interac-
tions. Period and sequence effects were controlled for by
including test day and order of drug administration on each
test day (nicotine first or placebo first) as additional
predictors in the models. Two-way interactions between test
day and order, and between drug and order were considered,
but dropped from the models because they were not
significant. Random effects for subject, test day within
subject, and drug within test day and within subject were
used to account for correlations between repeated measures.
Post hoc tests were performed in order to explain significant
interactions. Significance level of 0.05 was used for the tests
of all interactions and main effects. Because of the skewed
distributions of the subjective effects data, nonparametric
analyses were performed. We used the nonparametric
approach of Brunner et al (2002) for repeated measures
data with stimulatory, pleasurable, and aversive effects
considered separately as response variables. The raw subject
effects data were converted into ranks first and then were
entered into a mixed model with sex as a between-subject
factor, nicotine dose, drug (nicotine vs placebo) and time
(all repeated measures) as within-subject factors, and subject
as the clustering factor. All interactions were tested in the
model, and we controlled for period and sequence effects by
including main effects and interactions of day and infusion
order, and of infusion order and drug. Non-significant
interactions involving day and infusion order were dropped
from the final models. The variance–covariance structure
was unconstrained. Contrasts were used to explain any
significant interactions or main effects. The overall alpha
level for each scale was fixed at 0.05. Post hoc tests were
performed in order to explain significant interactions.

RESULTS

Sex Differences in IV Nicotine Dose Preference and
Discrimination

There was a significant interaction between sex and nicotine
dose (χ3

2= 9.51, P= 0.02) for NSA. At the 0.1 mg dose, but
not at the other doses, males had more NSAs compared with
females (estimated mean M (SE)= 3.97 (0.66) for males vs
estimated M (SE)= 2.42 (0.46) for females; P= 0.04). There
was a significant negative linear relationship between self-
administration choices and nicotine dose among males
(χ1

2= 9.10, P= 0.003) but not among females (χ1
2= 0.99,

P= 0.32). Males chose to self-administer nicotine (over
saline) more often at 0.1 and 0.2 mg doses compared with
the 0.4 mg dose (P= 0.002 and 0.007, respectively). In
contrast, among females there were no between-dose
differences in choice preference for nicotine (over saline)
across nicotine doses (Figure 1). The mean number of self-
administrations for nicotine or saline among female and
among male subjects at each nicotine dose was not
significantly different than three (P40.05), indicating no
choice preference for nicotine or saline. At the first forced-
choice trial, 9 out of 12 males (75%) chose the 0.1 mg nicotine
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Figure 1 Sex differences in intravenous (IV) nicotine self-administration.
Nicotine self-administration frequency was negatively correlated with
nicotine dose among males but not females (dose by sex Po0.05). In
males, 0.1 and 0.2 mg nicotine was self-administered 40.4 mg nicotine
(Po0.05). The nicotine infusion number (maximum 6) for male (n= 12) and
female (n= 14) subjects and mean (± SEM) value at each dose is shown.
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dose over saline, and 10 out of 12 males (83%) chose
the 0.2 mg nicotine dose over saline. The responses at each
forced-choice option for males and females are shown in
Figure 2.

The Positive and Negative Subjective Ratings of Low
Doses of IV Nicotine

All nicotine doses (0.1, 0.2, 0.3, and 0.4 mg) were rated as
more pleasurable than saline (Figures 3 and 4). The between-
dose increases in ratings of pleasurable effects were subtle
and not supported statistically. There were interactions
between nicotine dose and drug (nicotine vs placebo) for
ratings of stimulatory effects (ANOVA Type Statistic
(ATS)2.8= 6.97, P= 0.0002) and aversive effects (ATS2.47=
3.92, P= 0.01). These interactions indicated that the ratings
of stimulatory effects were higher relative to saline at doses of
0.3 and 0.4 mg, but not at doses of 0.1 and 0.2 mg, and that
aversive effects were significantly higher in response to
nicotine relative to saline at 0.3 mg, but not at the other
nicotine doses. Figure 4 shows the average saline-normalized
subjective ratings for stimulatory, pleasurable, and aversive
effects following nicotine treatment for male and female
subjects grouped separately. Supplementary Figure S1 shows
the subjective ratings for stimulatory, pleasurable, and
aversive effects in response to saline and nicotine at all time
points for male and female subjects grouped separately.
There were no significant effects involving sex. In the total
sample, stimulatory and pleasurable effects were 20–98%
greater than saline at all nicotine doses. The average

aversive rating following 0.1 and 0.2 mg nicotine doses were
11.8 and 12.0% less than the aversive ratings following saline
treatment, whereas the average aversive ratings following 0.3
and 0.4 mg nicotine treatment were 43.7 and 23.2% greater
than the aversive ratings following saline treatment.

The Acute Cardiovascular Effects of Low Doses of IV
Nicotine

HR showed an interaction between nicotine dose and drug
(F(3, 95.7)= 9.24, Po0.0001) such that nicotine doses ⩾ 0.2mg
increased HR relative to saline (Po0.0001). SBP responded to
nicotine dose (F(3, 68.8)= 3.25, P= 0.03) and drug (F(1, 95)=
13.95, P= 0.0003). Across nicotine doses the estimated mean
(M (SE)) SBP was higher during nicotine conditions compared
with placebo (116.3 (1.6) vs 114.5 (1.6), P= 0.0003), but the
nicotine dose by drug effect on SBP was not significant
(F(3, 95)= 2.22, P= 0.09). DBP showed interactions between
sex and nicotine dose (F(3, 69)= 3.53, P= 0.02) such that
DBP significantly increased with nicotine doses in males
(F(3, 69.1)= 5.60, P= 0.002) but not in females (P= 0.15). In
males, DBP was significantly higher at 0.3mg (M (SE)= 73
(22.7)) and 0.4mg (M (SE)= 71.8 (2.7)) compared with
0.1mg (M (SE)= 68.9 (2.7)) and 0.2mg (M (SE)= 69.5 (2.7);
Figure 5). Supplementary Figure S2 shows the cardiovascular
response to saline and nicotine at all time points for male and
female subjects grouped separately. There was no discernable
influence of sex on the effect of 0.1, 0.2, 0.3, or 0.4 mg nicotine
vs saline on HR or SBP (sex by drug, P40.05).

female malefemale malefemale male

female malefemale malefemale male

Figure 2 Intravenous nicotine self-administration frequency for each forced-choice trial. The mean (± SEM) frequency for choosing nicotine among male
(n= 12) and female (n= 14) subjects is shown. The numbering indicates the forced-choice trial, 1–6.
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DISCUSSION

The purpose of this study was to characterize the dose–
response function for IV NSA in male and female smokers.
Precise doses of nicotine were administered to smokers by IV
infusion at concentrations that an individual might experi-
ence while puffing on a typical tobacco cigarette (0.1, 0.2, 0.3,
or 0.4 mg). Among males, low doses of IV nicotine were
preferentially chosen over high doses of nicotine. In contrast,
among females no choice preference was observed. The IV
nicotine doses also induced subjective ratings of positive and
negative drug effects that differed from saline. Notably, all
doses tested, including the lowest tested dose (0.1 mg), were
rated as more pleasurable than saline, indicating abuse
potential for all tested doses. The dose-dependent sex
differences in reinforcement behavior and the dose-
dependent changes in positive and negative subjective ratings
of drug effects are relevant to dependence vulnerability. Sex
differences in the effects of nicotine within this dose range
may be particularly relevant for understanding individual
differences in smoking behavior and in the response to
smoking cessation treatments (Battig et al, 1982; Eissenberg

et al, 1999; Etter et al, 2000; Hofer et al, 1991; Perkins and
Scott, 2008; Zeman et al, 2002).
The IV nicotine doses that had the strongest reinforcing

effects among male subjects are approximately equal to the
nicotine quantity delivered by a single cigarette puff. Tobacco
smokers self-administer 1.0–2.4mg of nicotine per cigarette via
12–13 puffs that each contain 0.08–0.2mg of nicotine (Benowitz
and Jacob, 1984; Benowitz et al, 2006; Djordjevic et al, 2000).
Among males, IV nicotine at 0.1 and 0.2mg, the equivalent
nicotine dose of ~ 1 cigarette puff, was self-administered
40.4mg, the equivalent of ~2–4 cigarette puffs. The nicotine
doses that had the strongest reinforcing effects among males
could be a benchmark value for future studies that evaluate the
addictive potential of nicotine-containing products. Characteriz-
ing individual differences (eg, sex or genetic variation) in
sensitivity to the reinforcing effects nicotine in this dose range
may help identify the mechanisms underlying vulnerability to
dependence and improve treatment responses.
Among females, we observed no choice preference between

nicotine doses. As reviewed by Perkins (1995, 1996), some
prior work has suggested that females may be more sensitive
than males to non-nicotine-associated cues and less sensitive
than males to the reinforcing effects of nicotine. For example,

Figure 4 The subjective rating of intravenous nicotine among male and female smokers. Shown is the mean value (± SEM) for 6 post-infusion ratings of
(a) stimulatory, (b) pleasurable, and (c) aversive subjective drug effects for male (n= 12) and female (n= 14) subjects. The subjective ratings for nicotine are
relative to the ratings for saline, using the Drug Effects Questionnaire with a scale of 0–10.

Figure 3 Dose sensitive differences in the subjective ratings of intravenous nicotine. The mean ratings (± SEM) for (a) stimulatory, (b) pleasurable, and
(c) aversive subjective drug effects in response to intravenous infusions of nicotine or saline are shown. Responses are grouped horizontally by escalating
nicotine dose (0.1, 0.2, 0.3, and 0.4 mg).
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in a sample of abstinent smokers attempting to quit, Perkins
et al (1996) found that males were more likely to administer a
nasal spray that contained 0.1mg nicotine per puff than a
placebo spray that contained no nicotine, whereas female
subjects were not. A prior study by Grebenstein et al (2013)
showed that male rats had greater compensatory increases in
nicotine intake following nicotine dose reduction compared
with female rats. Our study of male and female smokers
showed that males increased the intake frequency as the
available nicotine dose was reduced, whereas females did not.
There were no significant differences in mean weight or BMI
between the male and female subjects; however, body weight-
adjusted doses might have been required to account for the
differences in variability within sexes (females had greater
variation in weight). Using body weight, adjusted doses might
be a more sensitive approach to determine threshold effects
and sex differences. Combined, these studies suggest that male
and female smokers may react differently to changes in
nicotine doses available for self-administration.
In our study, the response to nicotine was generally

equivalent between males and females on cardiovascular
measures and on subjective measures. Modest sex differences
were observed for the DBP response, with males being more
sensitive to the effects of nicotine compared with females. The
enhanced subjective ratings of drug effects for females
compared with males (Figure 4) at higher nicotine doses were
somewhat consistent across outcomes, but not significant
(dose by sex P40.05). DeVito et al, (2014) found that
menstrual cycle phase-specific sex hormone levels were
associated with differences in the subject ratings of and
physiological response to 0.5–1.0mg (per 70 kg body weight)
doses of IV nicotine among females. Because sex hormones
such as progesterone, which have potent suppressive effects on
drug reinforcement in humans and animal models, were not
assessed in our study, variation in progesterone levels among
females could have confounded our ability to detect differences
in the reinforcing effect of different nicotine doses among
females. In future studies, it will be important to consider the
potential role of sex hormones or menstrual cycle phase.
The effect of nicotine dose on ratings of aversive effects was

noteworthy given recent work linking the risk of nicotine
dependence to neurobiological pathways that regulate aversive
stimuli (Fowler et al, 2011; Frahm et al, 2011; Jackson et al,
2010; Jensen et al, 2015a; Kuryatov et al, 2011; Morel et al,
2014). The interactive effect of dose and drug on aversive
ratings was driven in part by aversive ratings at 0.3mg that

were significantly greater than aversive ratings at saline
(Figures 3 and 4). The difference between active and saline
was not significant at the other dose conditions. In contrast to
the aversive effects of nicotine, the ratings of pleasurable effects
were greater than saline at all doses with no discernable
between-dose differences. The response profiles for aversive vs
pleasurable drug effects may relate to the differences in dose
preference observed among males. Among males, nicotine
doses o0.3mg had greater reinforcing effects compared with
doses 40.3mg. Given the sample size, there may have been
inadequate statistical power to clearly delineate the boundaries
for the positive and negative subjective effects of nicotine,
and determine their relation to self-administration behavior.
However, it is important to note that prior work indicates that
subjective effects may not be required for self-administration of
some drugs, eg, opioids (Lamb et al, 1991). Further research on
the threshold dose for negative and positive subjective effects of
nicotine and reinforcement as measured by choice preference is
warranted given the potential links to dependence vulnerability
and transition to heavy smoking.
In summary, we have used an IV NSA procedure to

characterize the dose–response curve across a variety of
subjective and objective measures for nicotine at concentra-
tions that an individual might experience while puffing on a
cigarette (0.1–0.4 mg). Nicotine in this dose range induced
dose-dependent changes in choice preference behavior that
differed by sex, as well as subjective drug effects that are
important for evaluating dependence liability. These findings
are consistent with previous studies and suggest that male
and female smokers may have different dose–response
functions for nicotine reinforcement.
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Figure 5 The acute cardiovascular effects of intravenous (IV) nicotine at low doses. The mean (± SEM; a) heart rate, (b) systolic blood pressure, and (c) diastolic
blood pressure in response to IV infusions of nicotine or saline are shown. Responses are grouped horizontally by escalating nicotine dose (0.1, 0.2, 0.3, and 0.4 mg).
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