
Behavior Research Methods, Instruments, & Computers
1986, 18 (5), 420-426

An aerosol spray alternative to cigarette
smoking in the study of the behavioral
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For studies of the behavioral and physiological effects of nicotine in smokers, delivery ofnico
tine via cigarette smoking is highly variable and difficult to control. A more precise method of
delivery is needed in order to accurately manipulate the amount of nicotine being presented and,
thus, to determine its quantitative effects. The objective of the study reported here was to test
an aerosol nasal-spray method of delivering measured doses of nicotine. Eleven healthy males
were presented 0 mg (placebo), 0.5 mg, 1.0 mg, and 2.0 mg of nicotine over 5 min during four
separate sessions, and changes were observed in plasma nicotine concentration and cardiovascu
lar activity. Dose-response relationships were observed between nicotine presented via this method
and plasma nicotine, heart rate, systolic blood pressure, and, to a lesser extent, diastolic blood
pressure. These results suggest that this aerosol spray method of presenting nicotine provides
the measured doses necessary for quantification of nicotine's effects.

Nicotine is believed to be the primary component of
tobacco that is responsible for many of the widespread
acute effects of smoking, including changes in cardiovas
cular activity (Koch et al., 1980; Rosenberg, Benowitz,
Jacob, & Wilson, 1980; Spohr et al., 1979; Suter, Buzzi,
& Battig, 1983), attention and task performance (Wesnes
& Warburton, 1983), affect (Epstein, Dickson, McKen
zie, & Russell, 1984; Pomerleau, Turk, & Fertig, 1984),
and a variety of sympathetic and metabolic parameters
(Aceto & Martin, 1982; Cryer, Haymond, Santiago, &
Shah, 1976; Spohret al., 1979). Craving and withdrawal
effects following smoking cessation are also thought to
be largely due to the absence of nicotine (Hughes et al.,
1984; Jaffe & Kanzler, 1979), and smokers will not con
tinually smoke nontobacco cigarettes (Mangan & Gold
ing, 1984). Thus, the effects of nicotine appear to be crit
ical in the maintenance of smoking behavior.

Despite this knowledge of nicotine's qualitative effects,
determination of nicotine's specific quantitative effects is
difficult due to numerous methodological problems inher
ent in nicotine research involving tobacco smoking. First,
smoking does not allow for the isolation of the effects due
to nicotine since tobacco contains over 4,000 compounds
in addition to nicotine (Dube & Green, 1982). More im
portantly, precisely measured doses of nicotine, which are
essential to determine its quantitative effects, are difficult
to provide via cigarettes. Use of cigarettes with a single
specified nicotine content may lead to changes in smok-
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ing topography and, therefore, nicotine intake, depend
ing on whether the nicotine content in the brand preferred
by subjects is more or less than that contained in the ex
perimental cigarettes (Epstein, Ossip, Coleman, Hughes,
& Wiist, 1981; Gust & Pickens, 1982; Heming, Jones,
Bachman, & Mines, 1981; Suter, Buzzi, & Battig, 1983;
Wesnes & Warburton, 1983). The coaching ofpufffre
quency, a procedure employed in many studies, allows
for variations in other aspects of topography, such as puff
volume and depth of inhalation, which have been shown
to vary depending on characteristics of the ongoing ex
perimental situation (Comer & Creighton, 1978; Mangan
& Golding, 1978; Rose, Ananda, & Jarvik, 1983; Suter,
Buzzi, Woodson, & Battig, 1983). Methods of measur
ing amount of smoke intake during cigarette smoking
(e.g., Gust, Pickens, & Pechacek, 1983; Jenkins & Gayle,
1984) and for providing specific amounts of cigarette
smoke (Rose, Tashkin, Ertle, Zinser, & Lafer, 1985)have
been devised, but these methods do not provide for
specific assessment of nicotine intake.

Available alternative methods of delivering nicotine are
not satisfactory for use in research on the quantitative be
havioral and physiological effects of nicotine. Any form of
tobacco prevents the isolation of the effects due to nicotine,
and most nontobacco methods (e.g., nicotine gum chew
ing, intravenous nicotine administration) do not allow for
the rapid uptake of nicotinevia inhalation, which is the man
ner characteristic of cigarette smoking and which is con
sidered crucial to obtaining the reinforcing effects of nico
tine (Russell & Feyerabend, 1978). We felt that an aerosol
spray method could potentially solve these methodologi
cal problems, since a fixed concentration of nicotine may
be prepared in solution and then inhaled nasally via aero
sol spray. Nasal inhalation of nicotine, such as that which
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occurs with snuff, hasbeenfound to produce plasma nico
tinelevelsnearlyas highandalmostas quickly as inhala
tionduringcigarettesmoking (Russell, Jarvis, Devitt, &
Feyerabend, 1981). In addition, an aerosol method poten
tially allows for double-blind presentation of nicotine,
whereas the typical procedure of "sham-smoking," used
as a control for smoking, cannot.

The objective of the present study was to test an aero
sol nasal-spray method of delivering measured doses of
nicotine. Dose-response effects of nicotine on plasma
nicotine, heart rate, andsystolic anddiastolic blood pres
sure were used as indices of the effectiveness of the
differential dosing procedure. Based on the results of
previous research that employed other means to deliver
nicotine (e.g., Benowitz, Jacob, Jones, & Rosenberg,
1982; Henningfield, Miyasato, & Jasinski, 1985; Spohr
et al., 1979), we hypothesized that plasma nicotine con
centration would be linearly related to nicotine dose,
whereas cardiovascular increases would be dose
dependent but nonlinear.

METHOD

Subjects
Subjects were 11 healthy males, aged 18-22 years

(mean = 19.3years), who had smoked20-40 cigarettes
per day (mean = 25.9±6.3 cigarettes) for at least
6 months (mean = 23.7±15.9 months). Subjects denied
taking regular medication anddenied anysignificant health
problems. Subjects werepaid$40 for theirparticipation.

Study Design
A completely repeated within-subjects design wasused

to control for random variations in subject characteris
tics, suchas bodyweight and smoking history, that may
influence the effects of nicotine. Four nicotine doses were
presented during fourseparate sessions ondifferent morn
ings. All sessions wereconducted between 9:00 a.m. and
12:00 noon. Subjects were instructed to abstain from
tobacco, caffeine, and food from midnight the previous
night untileachof theirmorning sessions to eliminate the
effects of each substance on observed cardiovascular
changes andonabsorption of nicotine (Feyerabend & Rus
sell, 1978).

Nicotine Solution
The four nicotine doseswere0 mg (placebo), 0.5 mg,

1.0 mg, and 2.0 mg. The order of presentation of the
doses was counterbalanced across subjects. Each dose
consisted of 1.8 ml of 0.9% sodium chloride solution,
together withthe0,0.5, 1.0, or 2.0 mgofL-nicotine and
10 mgof aniseoil, which wasusedto maskthe tasteand
smell of nicotine. These ingredients weremixed bysonifi
cation andpassed through a 0.22-jtm Milex G-Sfilter into
a sterile nasal-spray aerosol pump bottle delivering a
measured amount (0.18 rnl, confirmed by repeat assess
ment in our lab) of solution with each spray. The solu-

tion was sterile and nonpyrogenic, and it was buffered
to a pH of 6.1.

Procedure
At the beginning of eachsession, silver/silver chloride

electrodes were placedon the right shoulder, the left rib
cage, andthe left shoulder (for ground) for measurement
of heartrate. A manually inflated bloodpressure cuffwas
placed on the upper nonpreferred arm. In addition, for
3 randomly chosen subjects, an indwelling butterfly can
nula perfused with heparin was inserted into the cubital
vein of theforearm to provide intermittent blood samples.

Subjects sat in a comfortable armchair(at a 45° angle)
within a sound-proofed, climate-controlled experiment
room. Thecardiovascular monitoring equipment wascon
nected to a Grass polygraph in an adjoining laboratory
by electrical connections in a wall interface. A one-way
window between the experiment roomand laboratory al
lowed for monitoring of the sessions fromthe laboratory.
Subjects wereinstructed to remain quietfor at least5 min
to become habituated to the surroundings and monitor
ingequipment. Next, they restedfor an additional 5 min
while listening to soft music (baseline period).

The nicotine solution was presented in a double-blind
fashion via the nasal-spray pump. Administration of the
solutions occurred over five presentations separated by
1 min of quiet rest. Each of the presentations contained
one fifth of the total dose and consisted of one spray to
eachnostrilin quick succession (approximately 5-10 sec
apart). Oneminute afterthe fifth (last) presentation (5 min
after the first), subjects againlistened to softmusic while
resting quietly for a period of 25 min.

Heartrate (HR), systolic bloodpressure (SBP), anddi
astolic blood pressure (DBP) were obtained during the
last minute of baseline, immediately after the lastpresen
tation (post-O), and 5, 10, 15, 20, and 25 min after the
last presentation (postdrug period). Approximately 5 ml
of blood was obtained from 3 subjects after each blood
pressure measurement.

Finally,after presentation of the first placebo or nico
tine dose, the presence or absence of symptoms related
to nicotine intake was notedby a trained observerusing
a simple behavioral ratingscale. Symptoms on this scale
included sneezing, tearing, coughing, and sniffling, and
interrater agreements ranged from 94% (sniffling) to
100% (sneezing). These ratings were obtained to deter
mine whether thedoses could be distinguished on thebasis
of observable behavioral responses. Because the number
of symptoms diminished after the first presentation of
solution, analyses were based on those symptoms that
occurred following the first presentation (i.e., peak
number of symptoms).

Cardiovascular and Plasma
Nicotine Measures

HR was determined by counting R-waves from one
channel of the polygraph displaying the EKGtrace. The
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blood pressure cuff was attached to a standard Grass
sphygmomanometer EKG-pulse preamplifier, and cuff
pressure was displayed on a second channel of the poly
graph while a third, adjacent channel displayed Korot
koff sounds detected by a microphone in the cuff. SBP
was determined to be the pressure of the cuff at the first
Korotkoff sound, and DBP was determined to be the cuff
pressure at the last Korotkoff sound.

Each blood sample was collectedinto a 7-mlVacutainer®
(EDTA) tube, which was kept approximately 5°C until
the end of the experimental session (less than 40 min).
Then, each sample was mixed and centrifuged at 5°C.

The plasma was separated and placed into polypropylene
vials and stored at -60°C. The analytical determination
of plasma nicotine level first involved separating the nico
tine from the plasma by a column extraction method us
ing a 3-ml silica gel and a 3-ml octyl (Cs) column "piggy
backed" with a column adapter. The eluates were con
centrated to dryness with a Savant concentrator under
vacuum (Savant, Farmingdale, NY). Added to the nico
tine residue was 50 J.l.1 oftoluene:ethanol (1:1), and 1 J.l.1
was injected in a nitrogen-selective equipped gas chro
matograph (Varian, Walnut Creek, CA) with a 20-M car
bowax ultrabond column (Ultra Scientific, New Hope,
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Figure 1. Plasma nicotine of 3 subjects during baseline and postdrug periods foUowing 0 mg
(placebo), 0.5 mg, 1.6 mg, and 2.0 mg of nicotine.
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Table 1
Summary of Analyses of Covariance for Heart Rate, Systolic

Blood Pressure, and Diastolic Blood Pressure

F ratios*

Effect df HR SBP DBP

Nicotine Dose 3,29 23.24 6.23 10.17
Period 6,60 36.30 11.30 10.78
Dosex Period 18,180 7.83 2.29 2.77

*AII ps < .005.

MA).The assay wassensitive andaccurate to plasma con
centrations ofless than0.5 ng/mI. Eachdetermination was
made blind to the particular dose presented during each
session and was performed on a minimum of three ex
tractedassays, with the meanof those assays used as the
determination (SD = 4.2 %). The assay inter- and intra
day reliabilities were 3.6% and 4.1 %, respectively. This
assay was modified from that of Hengen and Hengen
(1978).

Statistical Analyses
Analyses of variance (ANOVAs) were used to deter

mineany differences in baseline cardiovascular measures

across sessions and conditions. The cardiovascular mea
surescollected subsequent to thebaseline periodweresub
jected to a completely repeated within-subjects overall
analysis of covariance (ANCOVA), usingbaseline values
as the covariate, withdose (four levels) and period(seven
levels), as the factors. Pairwise comparisons were per
formed using Fisher's protected least significant differ
ence (LSD) procedure (level of p < .01) to determine
the differences in cardiovascular changes between pairs
of consecutive doses (i.e., 0 vs. 0.5 mg, 0.5 vs. 1.0 mg,
and 1.0 vs. 2.0 mg) at each period. In addition, an
ANOVA was performed on the number of symptoms
present following the first presentation of nicotine or
placebo. Pairwisecomparisons were then performed be
tween pairs of consecutive doses.

RESULTS

ANOVAs of baseline values for each measure across
Sessions 1-4 and across the four nicotine doseconditions
confirmed that there wereno significant differences in in
itial baseline levels prior to particular sessions or con
ditions.
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Figure 2. Mean (±SEM) heart rate during baseline and postdrug periods foUowing 0 mg (placebo), O.S mg, 1.0 mg,
and 2.0 mg of nicotine.
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As presented in Figure 1, plasma nicotine levels for the
3 subjects from whom blood samples were obtained
showed a very clear linear, dose-dependent relationship
with nicotine. The peak value for each dose was very simi
lar across subjects.

The means and standard errors for HRs, SBPs, and
DBPs during baseline and the six postdrug periods are
displayed in Figures 2-4. The summary of results of the
overall ANCOVAs for each measure is displayed in Ta
ble 1. The main effects of nicotine dose, measurement
period, and the interaction of dose x period were con
sistently significant across cardiovascular measures.

Pairwise comparisons for the data shown in Figure 2
(p < .01) determined that the O.5-mgdose produced sig
nificantly greater HR compared with the placebo (0 mg)
at 0, 5, and 10 min postdrug. None of the HR differences
between 0.5 mg and 1.0 mg was significant. The 2.0-mg
dose produced greater HR than did the 1.0 mg at 0 and
5 min postdrug. The 0.5-mg dose produced greater SBP
than did the placebo at the first minute of the postdrug
period, as shown in Figure 3, but higher doses of nico
tine produced no additional effects of SBP increase be
yond that due to 0.5 mg. As demonstrated in Figure 4,

135

the 0.5-mg dose produced greater DBP than did the
placebo at 0, 10, and 20 min postdrug, but none of the
differences between 0.5 mg and 1.0 mg was significant.
The 2.0-mg dose produced greater DBP than did 1.0 mg
at 0, 5, and 25 min postdrug.

Finally, ANOVA of behavioral ratings showed a sig
nificant effect of nicotine dose [F(3,40) = 7.21, p <
.001]. The results were similar to the cardiovascular
results: pairwise comparisons showed that 0.5 mg
produced marginally more symptoms than did the placebo
and that 2.0 mg produced marginally more symptoms than
did 1.0 mg. The difference between symptoms caused by
1.0 mg and 0.5 mg was not significant. A greater num
ber of symptoms was observed in 5 of the 11 subjects fol
lowing 0.5 mg compared with the placebo, in 5 of the
11 following 1.0 mg compared with 0.5 mg, and in 4 of
the 11 following 2.0 mg compared with 1.0 mg.

DISCUSSION

The results demonstrate that this aerosol method allows
for precise presentation of nicotine doses in a manner simi
lar to that in which nicotine is inhaled during cigarette
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Figure 3. Mean (±SEM) systolic blood pressure during baseline and postdrug periods following 0 mg (placebo). 0.5 mg,
1.0 mg, and 2.0 mg of nicotine.
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Figure 4. Mean (±SEM) diastolic blood pressure during baseline and postdrug periods following 0 mg (placebo), 0.5 mg,
1.0 mg, and 2.0 mg of nicotine.

smoking. Dose-dependent increases from resting baseline
to the first minute postdrug (peak) were found for plasma
nicotine (0, +6.7, +11.1, and +20.3 ng/ml for 0,0.5,
1.0, and 2.0 mg nicotine, respectively), heart rate (-0.6,
+ 10.2, + 15.0, and +21.5 RPM), systolic blood pressure
(-0.1, +5.2, +10.2, and +13.7 mm Hg), and, to a lesser
extent, diastolic blood pressure (-0.4, +7.4, +4.3, and
+ 11.4 mm Hg). The peak plasma nicotine levels for these
doses were very similar to those obtained by other re
searchers employing cigarettes with comparable nicotine
content (McNabb, Ebert, & McCusker, 1982; Russell
et al., 1983). Furthermore, these peak levels occurred im
mediately after the last presentation of nicotine (approxi
mately 5-6 min after the first presentation), as numerous
other researchers have found by delivering nicotine via
cigarettes (Feyerabend & Russell, 1978; McNabb et al.,
1982). However, important advantages of this aerosol
spray method are the nearly linear relationship between
dose and plasma nicotine increase and the consistency of
the plasma levels at each dose across subjects. Research
with cigarettes has demonstrated widely varying peak
plasma nicotine levels between subjects smoking identi
cal cigarettes (Armitage et al., 1975; Heming, Jones,

Bachman, & Mines, 1983), as well as similar peak plasma
levels within subjects after smoking high- versus low
nicotine cigarettes (Feyerabend, Ings, & Russell, 1985).
For example, Heming et aI. (1983) found that only 25%
of the variability in plasma nicotine levels was due to the
cigarette's nicotine yield, whereas a majority of the vari
ability was due to identified individual differences in
smoking behavior. Similarly, Feyerabend et al. (1985)
found that, despite providing subjects with cigarettes
differing four-fold in nicotine content (2.4 mg vs.
0.6 mg), peak plasma nicotine differed by very little (ap
proximately 32 ng/ml vs. 25 ng/ml), In the present study,
by contrast, peak levels for Subjects 1,2, and 3 were 24.7,
24.0, and 22.0 ng/ml, respectively, following the 2.0-mg
dose, and 9.5, 10.0, and 9.7 ng/rnl following the 0.5-mg
dose.

Cardiovascular increases following 0.5 mg of nicotine
were significantly greater than those following the
placebo, but few of the increases due to 1.0 mg were sig
nificantly greater than those due to 0.5 mg. This obser
vation generally confirms that the relationship between
nicotine and cardiovascular activity is nonlinear. For ex
ample, the O.5-mg dose increased HR an average of
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10.2 beats per minute (BPM) from baseline to the first
minute of the postdrug period. However, twice that
amount of nicotine (1.0 mg) resulted in an HR increase
only 4.8 BPM greater, and a dose four times that amount
(2.0 mg) produced an HR increase only 11.3 BPM greater
than that due to 0.5 mg.

One drawback of this procedure is the inability to com
pletely mask the effects of nicotine with the oil of anise.
Slightly greater symptoms were observed in higher doses
compared with the next lower dose, although this was true
for less than half of the individual subjects. Additional
work is needed to devise stronger and/or different mask
ing agents that might better hide the observable as well
as subjective effects of nicotine solution.

Some smoking researchers are interested in studying
the effects of various manipulations on smoking behavior,
as well as the more general effects of smoking, and, thus,
would have greater need for devices measuring smoking
topography. However, other researchers are more in
terested in examining the important, specific behavioral
and physiological effects of nicotine noted earlier in the
introduction. The aerosol spray methodology described
here may enable these latter researchers to isolate and as
sess the quantitative effects of nicotine more accurately
than has previously been possible using cigarette smoking.
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