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Abstract

Rationale—Reducing nicotine content of inhaled tobacco products may prevent nicotine 

addiction, but the threshold for nicotine reinforcement has not been systematically evaluated in 

controlled human laboratory studies.

Objectives—The current study uses a novel double-blind placebo-controlled intravenous (IV) 

nicotine self-administration (NSA) model to determine threshold for subjective effects of nicotine 

and nicotine reinforcement using a forced choice self-administration procedure.

Methods—Young adults (n = 34) had 5 laboratory sessions after overnight nicotine abstinence. 

In each session, participants sampled and rated the subjective effects of an IV dose of nicotine 

(0.0125, 0.025, 0.05, 0.1, or 0.2 mg nicotine/70 kg bodyweight) versus saline (placebo), then were 

given a total of 10 opportunities to self-administer either the IV dose of nicotine or placebo.

Results—Mixed effect models revealed a significant effect of nicotine dose for positive (i.e., 

“stimulatory” and “pleasurable”; p < .0001) effects, but not “aversive” effects during sampling 

period. Post hoc comparisons showed that higher doses (i.e., 0.1 and 0.2 mg) were associated with 

greater stimulatory, pleasurable, and physiological effects than placebo and lower doses. Mixed 

effect models revealed that only the highest dose (i.e., 0.2 mg) was consistently preferred over 

placebo. Sex differences were generally weak (p = .03–.05).

Conclusions—Using our IV nicotine NSA model, the threshold for detecting positive effects of 

nicotine in young adult smokers is about 0.1 mg, but a higher dose of nicotine, 0.2 mg, is required 

to produce a consistent nicotine reinforcement. Regarding the regulatory impact, our findings 

further support the value of nicotine reinforcement threshold as a tobacco regulatory target.
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Introduction

Nicotine is considered to be the main reinforcing ingredient in tobacco, primarily 

responsible for imitation and maintenance of tobacco addiction. Therefore, the nicotine 

content of tobacco products may serve as a logical target in the development of effective 

tobacco-control policies. To reduce the public health burden of tobacco smoking, the Food 

and Drug Administration (FDA) is considering reducing the nicotine content of tobacco 

products to “non-addictive” levels. This approach, initially proposed by Benowitz and 

Henningfield, hypothesizes that the gradual reduction of the nicotine content of cigarettes to 

an amount below the threshold addictive dose could prevent the development of addiction 

among new smokers (Benowitz and Henningfield 1994). Since the initial proposal, several 

clinical trials have supported the feasibility and potential efficacy of this approach in 

reducing nicotine intake and level of addiction. Most notably, across 6 weeks of smoking 

in a natural environment, Donny et al. reported a reduction in cigarette smoking among 

participants who were assigned to 2.4, 1.3, or 0.4 mg nicotine/g of tobacco than those 

who were assigned to 15.8 and 5.2 mg/g (Donny et al. 2015). In another 22-week study, 

immediate reduction of nicotine in cigarettes to 0.4 mg nicotine/gram was more effective 

than gradual reduction (Hatsukami et al. 2018). Long-term effects of such approaches 

beyond the duration of these clinical trials remain to be determined in future studies.

Parallel to clinical trials testing the impact of reducing nicotine in tobacco products, 

laboratory studies seeking to determine the threshold for nicotine reinforcement have been 

conducted (Sofuoglu and LeSage 2012). In a series of studies, Perkins and colleagues 

tested nicotine discrimination in smokers using Spectrum cigarettes with different levels 

of nicotine (Perkins et al. 2017a, b). They found that Spectrum cigarettes that could 

be discriminated by smokers induced “liking” and were preferred over ultra-low-nicotine 

content cigarettes (0.4 mg/g of tobacco). However, the ability to accurately deliver doses 

of nicotine by smoked tobacco products is challenging and the effects of nicotine are 

confounded by the many other chemicals in these products. For example, other conditioned 

reinforcers in smoked tobacco, such as the sight, taste, and smell of cigarettes, are difficult 

to separate from the primary reinforcing effects of nicotine. To address these limitations, 

we have developed a novel intravenous (IV) nicotine self-administration (NSA) model 

for humans (Sofuoglu et al. 2008). IV nicotine closely mimics both the pharmacokinetics 

and behavioral effects of smoked nicotine, including reinforcement. The IV route also 

has the unique advantage over other nicotine delivery systems by producing precise and 

reproducible dosing of nicotine, features that are essential for assessment of threshold 

reinforcing doses of nicotine (Jensen et al. 2016a, b).

In a previous study, we examined IV NSA at low doses of nicotine (0.1, 0.2, 0.3, or 0.4 

mg), delivered over 30 s in dependent smokers (Jensen et al. 2016a, b). These nicotine doses 

correspond to nicotine delivered by about 1 to 3 puffs of a cigarette (Mehmet Sofuoglu et 
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al. 2008). NSA was negatively correlated with nicotine dose in males who displayed choice 

preference for lower doses (0.1 and 0.2 mg doses) of nicotine over the highest tested dose 

(0.4 mg). However, no significant relationship between dose and choice preference was 

evident in females. The 0.1 and 0.2 mg nicotine doses also produced pleasurable subjective 

effects (e.g., like, good drug effects), suggesting that nicotine reinforcement threshold is 

about 0.1 mg (Jensen et al. 2016a, b). Additionally, compared to females, males report 

greater positive effects of IV nicotine (0.5 mg and 1.0 mg) in dependent smokers (DeVito et 

al. 2014). To our knowledge, the dose-effect curve of nicotine in doses less than 0.1 mg has 

not been examined in humans.

The main goal of this project was to estimate threshold reinforcing doses of nicotine in 

non-dependent young adult male and female smokers using an IV NSA procedure. To 

bracket the threshold reinforcing doses of nicotine, saline and five nicotine doses ranging 

from 0.0125 to 0.2 mg/70 kg were included. The highest dose, 0.2 mg/70 kg, corresponds to 

nicotine delivered by about one or two puffs of a cigarette, produces self-reported positive 

effects, and is self-administered by smokers when given by IV route (Djordjevic et al. 2000; 

Jensen et al. 2016a, b). The lowest dose represents the amount of nicotine delivered by a 

single puff of a cigarette with nicotine yield below the addiction threshold, as proposed by 

Benowitz and Henningfield (1994). We hypothesized that the threshold reinforcing doses 

for IV NSA would be between 0.0125 and 0.1 mg/70 kg. We further hypothesized that the 

dose-effect curve for NSA will differ between males and females with relatively flat curve in 

female smokers.

Method

Subjects

The participants were young adult smokers (ages 18 to 30) who were recruited from the 

New Haven, CT area. Participants had to be (1) a smoker for at least a year and report 

a life-time consumption of at least 100 cigarettes; (2) smoke more frequently than once a 

week and ≤ 5 cigarettes per day (cpd); (3) Fagerstrom Test of Nicotine Dependence (FTND) 

score < 3 indicating no or minimal evidence for nicotine dependence; (4) not seeking 

treatment for nicotine dependence at the time of the study. All participants had normal 

physical, laboratory and psychiatric examinations and participants had no current drug abuse 

or dependence for any substances other than nicotine, as established by the structured 

clinical interview (SCID) for DSM-5 (American Psychiatric Association 2013). A urine 

drug screen and breathalyzer were done before each session to assess for recent drug and 

alcohol use, respectively. Participants were excluded if the urine drug screen was positive for 

illicit substances (excluding cannabis). All participants provided informed consent prior to 

study participation. The study was approved by the Yale University and the VA Connecticut 

Healthcare System Institutional Review Boards (IRB). The study sessions were conducted 

in the Biostudies Unit, which is located at the VA Connecticut Healthcare System (West 

Haven, CT), and participants were paid up to $780 for study participation.
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Laboratory study procedures

This outpatient, double-blind, crossover study included 5 experimental sessions. Participants 

were asked not to smoke after 10 PM before sessions and compliance was verified by 

breath carbon monoxide levels (≤ 8 parts-per-million [ppm]; BreathCO, Vitalograph, Inc., 

Lenexa, KS). Nicotine and cotinine levels were obtained before each session to quantify the 

level of nicotine intake. An indwelling intravenous catheter was inserted in the participant’s 

antecubital vein for nicotine infusion, baseline blood draw, and as a safety precaution. 

Cardiac rhythm was monitored during infusion, and 12-lead ECGs were obtained before 

and at the end of the session. The sessions started at approximately 08:00 AM and 

were scheduled 2 to 7 days apart to minimize any carryover effects from nicotine. Each 

experimental session consisted of one randomly assigned nicotine dose (0.0125, 0.025, 0.05, 

0.1, and 0.2 mg/70 kg) as well as sterile saline serving as placebo. At the start of each 

session, subjects first sampled their assigned nicotine dose (either 0.0125, 0.025, 0.05, 0.1, 

and 0.2 mg/70 kg) and placebo (saline) in random order. The nicotine dose and saline were 

randomly labeled as “A” and “B” by a research pharmacist at VA Connecticut to maintain 

the study blind. Sample dose “B” was administered 15 min 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 10 “A” versus 

“B” forced choice trials, each separated by 15 min. Immediately following the subject’s 

selection, “A” or “B” was administered over 30 s using an infusion pump activated by 

research staff.

Nicotine and placebo preparation

An investigational new drug (IND) application was approved by the FDA for IV nicotine. To 

prepare vials of nicotine stock solution, nicotine bitartrate dihydrate powder was dissolved in 

0.9% sodium chloride to a concentration of 1 mg/ml and then passed through 0.22-micron 

filters. 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 concentration, 

pyrogenicity, and sterility, all of which yielded satisfactory results for all batches. For each 

session, two 60-ml syringes, which were marked as either “A” or “B”, were prepared in a 

randomized, double-blinded fashion with identical-looking IV labels and equal volumes (46 

ml). The syringe that contained the nicotine had enough volume to account for the line flush 

and 11 experimental infusions, i.e., 1 for the sample dose and the 10 optional doses for the 

choice trials. The placebo syringe contained 46 ml of 0.9% sodium chloride.

Outcome measures

The main outcomes were reinforcement (i.e., nicotine choice), subjective drug effects, and 

physiological responses (i.e., blood pressure/heart rate). Reinforcement was measured by the 

percentage of nicotine administrations per participant choice (out of 10 trials) during the 

session. Subjective drug effects were measured by the Drug Effects Questionnaire (DEQ), 

which comprised nine items that were grouped into three domains based on prior work 

showing high correlations between DEQ responses (Jensen et al. 2015a, b; Morean et al. 

2013). These included (1) “stimulatory” effects comprising the average of “feel stimulated”, 

“feel drug effects”, and “feel high”; (2) “pleasurable” effects comprising the average of 
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“like”, “feel good ”, and “want more”; and (3) “aversive ” effects comprising the average 

of “feel anxious”, “feel down”, and “feel bad”. Each response was rated on a 100 mm 

scale, from 0 “not at all” to 100 “extremely.” The DEQ was given before each sample dose 

infusion (0 min) and then 1, 3, and 5 min post-infusion. Systolic and diastolic blood pressure 

and heart rate were obtained just before (0 min) and at 1, 2, 3, and 5 min after each infusion.

Data analysis

For nicotine reinforcement, percent of times the active dose was chosen during forced choice 

(out of 10 possibilities) within test day was analyzed using mixed effects models with sex, 

dose, the interaction of sex and dose, and day as fixed predictors and structured variance-

covariance matrix for the repeated measures within individual across days. The best-fitting 

structure was selected based on BIC. Least square mean comparisons were performed to 

explain significant effects in the model. The least square mean for each dose condition 

was also compared with a confidence interval to the expected percent corresponding to no 

preference (i.e., 50%).

For the subjective and physiological outcomes, peak subjective drug effects (i.e., stimulatory, 

pleasurable, and aversive) and peak systolic/diastolic blood pressure and heart rate after 

each infusion (i.e., A and B, each choice trial) were extracted as study outcomes. Since 

the subjective drug effect outcomes were skewed, log transformations were used to bring 

the variables more in line with the normal distribution. These outcomes were analyzed 

using separate mixed effects models with sex, dose during priming period (nicotine dose or 

placebo), the interaction between sex and dose, dose order (A or B), and day (1 through 5) 

as predictors, a random subject effect and structured variance-covariance matrix within day. 

The best-fitting structure for each outcome was selected based on the Schwartz-Bayesian 

criterion (BIC). Least square means and standard errors were calculated to describe the 

patterns of means for each outcome and pairwise comparisons among the different doses and 

placebo were used to evaluate dose effects. Serum nicotine and cotinine were analyzed and 

used in accordance with an established laboratory protocol developed in prior studies from 

our lab (Sofuoglu et al. 2012).

Results

Participant characteristics

A total of 34 participants completed at least one laboratory test session. The majority of 

participants completed all 5 experimental sessions (n = 30); the remaining participants 

completed 4 (n = 1), 3 (n = 1), and 2 (n = 2) experimental sessions. Demographic 

variables and cigarette smoking history of the 34 study participants are shown in Table 

1. All participants met the < 8 ppm CO requirement before each session, which was later 

confirmed by low average serum nicotine levels, averaging 1.6 ng/mL (SD = 2.4), indicating 

compliance with overnight smoking abstinence. All but one participant reported an exclusive 

preference for menthol cigarettes. The analysis included all available data on 23 male and 

11 female participants who completed all or some of the sessions. There were no sex 

differences in demographics or smoking history (all p’s > 0.1).
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Primary outcomes

Subjective drug effects—Nicotine produced an expected increase in stimulatory effects 

at 1 min post-infusion in a dose-dependent manner (Fig. 1a). There was a statistically 

significant effect of nicotine dose on stimulatory effects [F(5,231) = 13.46, p < .0001]. The 

highest dose of nicotine (0.2 mg) produced greater peak stimulatory effects than placebo 

and the lower doses of nicotine (0.0125, 0.025, and 0.05 mg), but was not different than 

0.1 mg (Fig. 2a). The 0.1-mg dose of nicotine was significantly different than placebo 

and the 0.0125 and 0.025 mg doses. There was also a trend-level interaction between 

sex and nicotine dose [F(5,231) = 2.20, p = 0.05]. Females, compared to males, reported 

greater peak stimulatory effects for the highest dose of nicotine (0.2 mg) compared to 

lower nicotine doses (0.0125, 0.025, and 0.05 mg) (Fig. 2a). Ratings of pleasurable effects 

also demonstrated a dose-dependent increase 1 min post-infusion (Fig. 1b). There was 

a statistically significant effect of nicotine dose on peak pleasurable effects [F(5,231) = 

8.94, p < .0001]. The highest dose of nicotine (0.2 mg) produced significantly higher peak 

ratings than placebo and all other doses (0.0125, 0.025, 0.05, and 0.1 mg). The 0.1-mg 

dose produced significantly higher pleasurable effects than placebo and the 0.0125- and 

0.025-mg doses (Fig. 2b). There was also a significant interaction between sex and nicotine 

dose [F(5,230) = 2.42, p = 0.04]. Similar to stimulatory effects, females, compared to males, 

reported greater pleasurable effects at the 0.2-mg dose compared to the 0.0125-, 0.025-, 

0.05-, and 0.1-mg doses (Fig. 2b). For the aversive effects, there were no significant main 

effects of nicotine dose (Fig. 1c), sex, or sex by nicotine dose interactions (Fig. 2c).

Physiological effects

There was a significant main effect of sex on systolic blood pressure [F(1,31.6) = 5.31, 

p = 0.03]. Males had higher systolic blood pressure than females. No other effects were 

statistically significant for systolic blood pressure. There was a significant effect of nicotine 

dose on diastolic blood pressure [F(5,213) = 3.00, p = 0.01]. Specifically, diastolic blood 

pressure was significantly higher at the 0.2-mg nicotine dose than at placebo and the 

0.05-mg dose. Finally, there was a significant main effect of dose on heart rate [F(5,208) = 

7.39, p < 0.0001]. As expected, heart rate was significantly higher at the 0.1- and 0.2-mg 

nicotine doses compared to placebo and the 0.0125, 0.025, 0.05 mg nicotine. There were no 

significant sex differences in diastolic blood pressure or heart rate.

Nicotine reinforcement

We observed a significant main effect of nicotine dose on the choice behavior [F(4,116) 

= 2.66, p = 0.04] (Fig. 3). Of the five nicotine doses, only the highest dose (0.2 mg) 

was consistently preferred to placebo with the percent chosen over placebo equal to 65% 

(95% CI: 55%, 75%). The three middle doses (0.1, 0.05, and 0.025 mg) were chosen over 

placebo on average more than half of the time (55, 58, and 51%, respectively) but the 

differences were not statistically significantly different from no preference for nicotine vs. 

placebo (i.e., 50%). The pairwise comparisons of the nicotine doses showed that percentage 

of times participants chose 0.2 mg was significantly greater than 0.0125 mg, and similarly, 

participants chose 0.05 mg significantly greater than 0.0125 mg. The main effect of sex as 

well as the interaction of sex and dose were not significant.
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Discussion

This study examined the threshold nicotine dose for its reinforcing, subjective, and 

physiological effects in non-dependent smokers. Precise doses of nicotine were delivered 

using an IV NSA procedure with saline as a control. The selected doses were estimated 

to be below and above the reinforcing dose(s) of nicotine. The highest doses (0.1 and 0.2 

mg) were approximately the amount of nicotine that would be delivered by smoking a 

puff of a cigarette. We found that the threshold doses of nicotine for the subjective and 

heart rate responses to nicotine were 0.1 mg/70 kg. On the other hand, the threshold for 

nicotine reinforcement, assessed with greater number of nicotine choices over saline, was 

0.2 mg/70 kg. Women reported greater stimulatory and pleasurable subjective responses 

than men to 0.2 mg/70 kg of nicotine. Nicotine reinforcement threshold, on the other hand, 

did not differ between male and female smokers. To our knowledge, this is the first study 

that demonstrates nicotine reinforcement threshold by using precise IV nicotine dosing in 

non-dependent smokers (Table 2).

Reducing the nicotine content of cigarettes is one strategy to reduce the addictive potential 

of cigarette smoking (Benowitz and Henningfield 2013). It is essential to first identify an 

average minimum threshold necessary to detect the positive subjective effects of nicotine. 

Specifically, it is important that detecting the threshold for reinforcement is based on the 

amount of nicotine per unit dose, or a puff from a cigarette (Sofuoglu and LeSage 2012). 

We found that the dose to detect the subjective effects of nicotine was lower than the dose 

associated with nicotine reinforcement. Of note, this difference could be due to greater 

sensitivity of continuous outcome (0 to 100) that was used to assess the subjective drug 

effects (0 to 100 scale) than the categorical outcome used for reinforcement (nicotine vs. 

placebo) (Cohen 1992). Overall, these findings support the idea that positive subjective 

drug effects are needed for reinforcement. For nicotine doses that were subthreshold for 

subjective effects, choice for nicotine vs. placebo did not differ indicating no evidence 

of reinforcement. These doses were below 0.1 mg, which is a level of nicotine that 

is considered equivalent to a puff from a cigarette. These findings are consistent with 

the nicotine discrimination studies conducted by Perkins and colleagues using spectrum 

cigarettes (Perkins et al. 2017a, b). They found that the median discrimination threshold was 

11 mg nicotine/gram tobacco and cigarettes with nicotine content below this threshold did 

not produce “liking” and was not chosen over ultra-low-nicotine content cigarettes (0.4 mg/g 

of tobacco). Together, these findings support overall consistency between the threshold dose 

for the subjective drug effects and reinforcement.

Sex differences in the subjective responses to nicotine showed that among young adult non-

dependent smokers, females demonstrated a marginally significant greater sensitivity than 

males for stimulation and pleasurable effects at the 0.2-mg dose. In our previous study with 

adult dependent smokers, we observed greater stimulatory effects from 0.3 to 0.4 mg/70 kg 

nicotine with no significant effects of sex (Jensen et al. 2016a, b). In contrast, there were 

sex differences in the threshold dose for nicotine reinforcement such that males exhibited 

a preference for lower doses that was not present in females. These findings are consistent 

with previous discrimination threshold studies in which no sex differences were observed at 

0.4 mg (Perkins 2019; Perkins et al. 2017a, b). Therefore, it is possible that non-dependent 
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females may be more sensitive to the positive effects of nicotine at lower doses (e.g., 0.1 

to 0.2 mg). Additionally, it is possible that subjective effects may be necessary but not 

sufficient to drive reinforcement in some smokers. For example, non-nicotine stimuli may 

be more important for the reinforcing effects of smoking in women than in men (Perkins 

2008). Additional research with comparable numbers of males and females are necessary to 

determine the relationship between positive effects of nicotine at lower doses and nicotine 

reinforcement.

In addition to possible sex differences, it is important to note that the majority of 

our participants were African-Americans and, as expected, menthol cigarette smokers. 

Both African-American race and menthol smoking have been shown to impact nicotine 

metabolism and withdrawal severity (Alexander et al. 2016; Benowitz et al. 2004; Valentine 

et al. 2018). In addition, our participants were non-dependent smokers with narrow age 

range of 18 to 30. As shown in a previous study, age of the smokers may impact the 

reinforcement from low nicotine cigarettes (Cassidy et al. 2019). Whether our findings can 

also be generalized to other racial and age groups warrants future studies.

The FDA is interested in reducing the nicotine content of tobacco cigarettes to minimize the 

addictive potential. Reducing nicotine content may have the greatest impact in preventing 

the development of nicotine addiction in adolescents and children and the progression to 

addiction in non-dependent (i.e., low level) smokers (Benowitz and Henningfield 2013). 

Large-scale clinical trials as well as carefully conducted human laboratory studies focusing 

on the individual differences in reinforcement threshold for nicotine are necessary to 

determine whether reducing nicotine is a feasible and acceptable treatment. Cumulating data 

from large clinical trials support the feasibility and potential efficacy of reducing tobacco-

related harm with reduced nicotine content cigarettes. A recent two-arm, double-blind 

randomized clinical trial evaluated reduced nicotine content versus usual nicotine content 

cigarettes in treatment seeking, daily adult smokers. Individuals randomized to the reduced 

nicotine content group tapered nicotine content every 3 weeks to a 0.2 mg per cigarette 

(Krebs et al. 2020). At post-treatment, the reduced nicotine content group demonstrated 

significantly lower cotinine levels and lower CO levels compared to the usual nicotine 

group. Additionally at 3-month follow-up, 27% of those in the reduced nicotine group quit 

smoking compared to none in the usual smoking group (Krebs et al. 2020). Our findings 

suggest that a clear threshold exist for nicotine’s subjective and reinforcing effects. Below 

0.1 mg, nicotine neither induces pleasurable drug effects nor greater self-administration 

compared to saline. The 0.1-mg dose also represents the threshold dose for the blood 

pressure and heart rate increasing effects of nicotine. Together, these findings support the 

value of nicotine reinforcement threshold as a tobacco regulatory target.
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Fig. 1. 
Nicotine dose response for stimulatory effects during sampling period. Subjective responses 

assessed with the Drug Effects Questionnaire (DEQ). Responses to stimulatory effect (panel 

a) of nicotine demonstrate an expected rise 1 min post-infusion at higher doses (0.1 and 

0.2 mg). Dose curve was similar for pleasurable effects (panel b). Time course of aversive 

effects did not vary by dose (panel c)
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Fig. 2. 
Differences in peak subjective drug effects and sex differences. Peak subjective drug effects 

during higher doses (i.e., 0.1 and 0.2 mg) were significantly greater than lower doses for 

stimulatory (panel a) and pleasurable effects (panel b). Letter “a” above doses (combined 

reports from male and female) signifies significant difference with 0.2 mg (minimum 

significance p < .05). Letter “b” above doses (combined reports from male and female) 

signifies significant difference with 0.1 mg (minimum significance p < .05). Females (vs. 

males) endorsed significantly higher stimulatory and pleasurable effects at 0.2 mg compared 

to lower doses. There were no significant comparisons for aversive effects (panel c)
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Fig. 3. 
Nicotine forced choice self-administration separated by sex. In the forced choice procedure, 

choice of nicotine over placebo self-administration was greater than chance at the 0.2-mg 

dose. Dotted line represents chance (i.e., 50%). There were no sex differences with respect 

to nicotine self-administration
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Table 1

Descriptive statistics

M (SD) n (%)

Demographics

 Age (years) 26.74 (3.1)

 Sex

 Male 23 (67.6)

 Female 11 (32.4)

 Race/ethnicity

 African American 26 (76.5)

 Caucasian 4 (11.8)

 Other 4 (11.8)

 Hispanic ethnicity 4 (11.8)

Smoking severity and tobacco product use

 FTND 1.62 (1.3)

 Average cigarettes per day 4.47 (1.1)

 Years of smoking 8.74 (4.4)

 Serum cotinine level (ng/mL)
a 137.4 (104.0)

FTND Fagerstrom Test of Nicotine Dependence

a
Cotinine extracted from blood serum samples taken immediately before each experimental session
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Table 2

Threshold nicotine dose for the primary outcomes

Outcome Threshold dose

Subjective drug effects

 Stimulatory 0.1 mg

 Pleasurable 0.1 mg

Aversive None identified

Physiological effects

 Heart rate 0.1 mg

 Diastolic blood pressure 0.2 mg

Systolic blood pressure None identified

Nicotine reinforcement

 Forced choice NSA 0.2 mg

NSA nicotine self-administration

Note: For subjective drug effects and physiological effects, threshold refers to significantly different from placebo and lower doses. For 
reinforcement, threshold refers to significantly different from no preference (i.e., 50%)
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