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(3) 637–643, 2000.—The ganglionic
blocker mecamylamine blocks the positive reinforcing effects of IV nicotine, but has been shown to increase cigarette smok-
ing behavior under some conditions. The effects of mecamylamine on subjective and physiologic responses to IV nicotine
were evaluated in seven healthy male volunteer cigarette smokers who provided informed consent and resided on a clinical
pharmacology research unit. On four separate days, each subject was given a different oral dose of mecamylamine (placebo,
5, 10, or 20 mg). One hour later subjects received the first of four doses of IV nicotine (placebo, 0.75, 1.5, and 3.0 mg); the re-
maining injections were given at 1-h intervals. Both the positive effects following 0.75 mg and negative effects following 3.0 mg
of nicotine were significantly reversed by mecamylamine. Thus, the mecamylamine-induced increase in smoking may be due
both to competitive blockade of nicotinic receptors and nicotine’s reversal of aversive effects. © 2000 Elsevier Science Inc.

 

Nicotine Mecamylamine Craving Tobacco Human subjects

 

THE nondepolarizing ganglionic receptor blocker mecamyl-
amine has been shown to block a number of physiological, behav-
ioral, and subjective effects of nicotine in humans and animals
(5,6,14–16,23). For example, mecamylamine reverses nicotine-
induced increases in heart rate and blood pressure (7,17), as well
as nicotine-induced decreases in skin temperature (7). In terms
of subjective effects, mecamylamine reverses nicotine-induced
increases in reports of drug liking and estimates of dose strength,
and decreases the positively reinforcing aspects of nicotine as
well, including smoking satisfaction and liking (17).

Other studies have demonstrated that mecamylamine can
influence smoking behavior. As expected of a receptor antag-
onist, oral doses of mecamylamine increased cigarette smok-
ing behavior in a controlled laboratory environment (12,15,24)
and in a treatment setting (18). Although some measures of
puff topography differed in these studies, it was clear that
subjects compensated for the lack of nicotine effects by at-
tempting to extract more nicotine from the cigarettes. Using a

discrimination paradigm, Rose et al. (16) demonstrated that
acute doses of mecamylamine increased the preference for
nicotine and decreased nicotine discrimination.

The above studies involved self-administration of nicotine
via tobacco smoking. As many factors play a role in the
amount of nicotine that is absorbed via this route, it is possi-
ble that mecamylamine may be altering factors other than by
blocking nicotinic receptors (e.g., puff depth, number of puffs,
interpuff interval). A recent study by Rose et al. (19) demon-
strated that a peripheral nicotinic receptor antagonist, tri-
methaphan, may alter smoking satisfaction by affecting air-
way sensations associated with the nicotine in tobacco. In this
regard, IV nicotine challenge studies can provide an insight
into the possible mechanism of actions of potentially new
therapies for smoking (8). Nevertheless, one caveat of such
studies is the fact that the reinforcing effects of a drug that is
self-administered are usually more pronounced than when
the drug is administered by the investigator (2).

 

Requests for reprints should be addressed to Scott E. Lukas, Ph.D., Associate Professor of Psychiatry (Pharmacology), Director, Behavioral
Psychopharmacology Research Laboratory, McLean Hospital/Harvard Medical School, East House III, 115 Mill Street, Belmont, MA 02478.
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Prior studies have focused on the impact of mecamylami-
ine on the positive effects of nicotine that contribute to nico-
tine self-administration. However, the ability of mecamy-
lamine to alter negative effects of IV nicotine has not been
studied, and could have an impact on smoking behavior, par-
ticularly as mecamylamine is currently being used as an ad-
junct in the treatment of tobacco dependence (18,20,21). The
present study was conducted to evaluate the effects of three
doses of mecamylamine on the subjective and physiologic re-
sponses to three doses of IV nicotine with the aim of deter-
mining the full spectrum of mecamylamine’s effects on nico-
tine-induced behavior.

 

METHOD

 

Subjects

 

Subjects were seven (four Caucasians, three African
Americans) healthy male volunteer cigarette smokers (35 

 

6

 

9.67 years of age; body mass index 

 

5

 

 23.2 

 

6

 

 2.9 kg/m

 

2

 

), who
provided informed consent and resided on a clinical pharma-
cology research unit for a 4-week period. After extensive tele-
phone and in-person screening, potential subjects underwent
physical and psychological evaluations. All subjects were free
of Axis I diagnoses, and were medically cleared.

Subjects reported smoking an average of 33 cigarettes
(

 

6

 

19.87) per day, and smoked daily for 19.60 years (

 

6

 

10.92).
Additionally, subjects reported using a variety of illicit drugs
(heroin, alcohol, and marihuana) on a regular basis. Potential
subjects who met criteria for current drug or alcohol depen-
dence were excluded from the study.

 

Experimental Design and Data Analysis

 

The overall goal of the study was to evaluate the effects of
three doses of mecamylamine on three doses of nicotine. Be-
cause of the complexity of the study design, all of the IV nico-
tine doses were administered in 1 day following a single dose
of mecamylamine. This procedure is valid as long as IV nico-
tine has a short duration of action and mecamylamine has a
relatively long duration of action (25). To verify these two as-
sumptions, a pilot study was conducted using two of the sub-
jects who received a 10-mg dose of mecamylamine followed
by four IV injections of 1.5 mg nicotine spaced at 1-h inter-
vals. Return to baseline before each nicotine injection with si-
multaneous blockade of nicotine effects for 4 consecutive
hours would support the validity of the proposed nicotine/
mecamylamine dosing procedure.

The main study involved testing each subject individually
during a 4-h session at each mecamylamine dose (four ses-
sions). Each session was separated by at least 3 days (range 3–
14 days). Both mecamylamiine and nicotine dose orders were
randomly assigned. However, for safety reasons, subjects
never received the highest nicotine dose (3.0 mg) first.

Subjects were compared at baseline to determine whether
or not they differed on physiologic and subjective responses
prior to pretreatment and drug administration. Although the
study is a repeated measures design, several factors precluded
the use of ANOVA in the data analyses. Specifically, due to
the small number of subjects, lack of between-subject factors,
and the fact that subjects differed significantly at baseline on
subjective measures, paired comparisons of change from
baseline scores were used to investigate differences among
within-subject drug doses. All analyses were conducted using
SPSS (22) software programs, and all effects were tested at
the 

 

p

 

 

 

,

 

 0.05 level of significance.

 

Procedure

 

Subjects abstained from caffeine for 12 h prior to each test
session, and were not allowed to eat food or smoke tobacco
cigarettes for 1 h before the test session began. Prior to re-
ceiving the pretreatment (mecamylamine or placebo), sub-
jects completed the short form of the Addiction Research
Center Inventory (11) and vital signs were measured.
Mecamylamine was administered orally, and vital signs and
questionnaire data were collected 45 min later. The first nico-
tine or placebo injection was given at 60 min after the pre-
treatment. The remaining injections followed at 1-h intervals.

During each 4 h session, subjects were seated in a chair
and were asked to keep their eyes closed. Nicotine or placebo
injections were administered by a physician who was blind to
the dose conditions. Subjects manipulated a joystick device
with their free hand to report detection of nicotine effects;
data were recorded on a polygraph. Subjective drug responses
were collected at 10 and 45 min postinjection, and physiologic
data were recorded at 10 and 40 min postinjection. Staff ob-
servations were made for 10 min preceding, during, and 30
min after each injection. All data were collected by research-
trained nurses.

 

Drug Preparation and Administration

 

Mecamylamine hydrochloride tablets, in doses of 5, 10,
and 20 mg, were placed inside gelatin capsules with lactose
filler to maintain the blind. Placebo capsules contained just
the lactose filler. Nicotine hydrogen tartrate was mixed with
bacteriostatic saline to provide unit doses of 0.0 (placebo),
0.75, 1.5, and 3.0 mg (expressed as the nicotine free base). The
volume of the injections was 1.0 ml, and injections were deliv-
ered via an intravenous catheter placed in a forearm vein at a
rate of 1 ml/10 s. A 2-ml saline flush followed to ensure com-
plete administration of the drug. All pretreatments and IV in-
jections were administered under double-blind conditions.

 

Subjective Dependent Variables

 

Subjective responses to IV nicotine and oral mecamyl-
amine were evaluated using standardized questionnaires.
Measures included various scales of the Addiction Research
Center Inventory (ARCI) including the morphine benzedrine
group (MBG) scale, which measures euphoria, the lysergic
acid diethylamide (LSD) scale, a measure of dysphoria, and
the pentobarbital, chlorpromazine, alcohol group (PCAG)
scale, which measures sedation. The Addiction Research
Center Single Dose Questionnaire (SDQ) also was adminis-
tered, and includes items assessing the effects of drugs of
abuse, including drug liking, perceived drug effects, reports of
dose strength, and craving for tobacco and cigarettes. Sub-
jects also were asked to rate the equivalence of the IV drug to
cigarettes. Trained nurses rated the extent to which subjects
appeared to like the drug (i.e., “observed liking”) and re-
corded subjects’ behavior before, during, and after IV nico-
tine administration.

 

Physiologic Dependent Variables

 

Both heart rate and blood pressure were collected manu-
ally at baseline and again at 5 min before and at 10 and 40 min
after each nicotine injection.
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RESULTS

 

Study I. Mecamylamine Time Course

 

Paired comparisons indicated that the oral doses of
mecamylamine blocked all of the effects of IV nicotine for at
least 4 h, confirming its relatively long duration of action (25),
and support the use of a multidose experimental design to
study various doses of nicotine within a single session. Two
representative measures (“drug detection” and “nicotine ef-
fects”) are shown in Fig. 1.

 

Study II. Mecamylamine Alteration of Nicotine Effects

Effects of mecamylamine alone. 

 

Subjective responses: com-
parisons of placebo and active doses of mecamylamine during
the placebo nicotine condition indicated that mecamylamine
did not have any subjective effects of its own. There were no
significant differences between placebo and active doses of
mecamylamine on any measure of subjective mood state
(data not shown).

Physiological responses: paired comparisons indicated that
there were no significant mecamylamine effects on heart rate,
diastolic, or systolic blood pressure. Table 1 provides data on
the effects of mecamylamine alone on heart rate, systolic, and
diastolic blood pressure. As none of the subjects had hyper-
tension, the effects of mecamylamine on resting physiologic
measures were negligible. 

 

Effects of nicotine alone. 

 

Subjective responses: Fig. 2
shows the effects of mecamylamine on nicotine-induced

changes on the MBG and LSD scales of the ARCI. Paired
comparisons indicated that there was a significant biphasic ef-
fect of nicotine on MBG scores with significantly lower
change scores following the 3.0-mg dose than at the 0.75-mg
dose, 

 

t

 

(6) 

 

5

 

 3.46, 

 

p

 

 

 

5

 

 0.013. This finding indicates that acute
administration of 3.0 mg nicotine was not euphorigenic in this
population, and likely induced some dysphoria, as evidenced
by the increase in the LSD Scale (Fig. 2, right panel). Dose-
related responses to nicotine also were observed on drug lik-
ing scores (Fig. 3, left panel), with significantly lower liking
scores after 3.0 mg nicotine than at both placebo nicotine, 

 

t

 

(6) 

 

5

 

2.49, 

 

p

 

 

 

,

 

 0.02, and 0.75 mg nicotine, 

 

t

 

(6) 

 

5

 

 2.24, 

 

p

 

 

 

,

 

 0.07.
Subjective reports of tobacco craving were reduced in a dose-
related manner with significantly lower levels of craving fol-
lowing 3.0 mg nicotine compared to placebo, 

 

t

 

(6) 

 

5

 

 3.24, 

 

p

 

 

 

,

 

0.02, and 0.75 mg nicotine, 

 

t

 

(6) 

 

5

 

 3.87, 

 

p

 

 

 

,

 

 0.01. Finally, Fig. 4
depicts the finding that subjective reports of cigarette craving
were significantly lower following 3.0 mg nicotine compared
to placebo, 

 

t

 

(6) 

 

5

 

 3.17, 

 

p

 

 

 

,

 

 0.02. 
Physiological responses: Paired comparisons indicated

that there were no significant changes in heart rate (Fig. 4,
right panel), systolic, or diastolic blood pressure at 10 min
postadministration of the nicotine doses (data not shown).

 

Effects of mecamylamine/nicotine combinations. 

 

Subjective re-
sponses: paired comparisons were used to determine whether
or not different doses of mecamylamine exerted differential
effects on nicotine-induced subjective responses. Results of
these analyses indicated that mecamylamine attenuated the
dose-related increases in both the MBG scale (euphoria) (Fig.

FIG. 1. Demonstration of mecamylamine’s long duration of effects. Left panel: 10 mg mecamylamine completely blocked the “drug detection.”
Right panel: 10 mg mecamylamine completely blocked “nicotine effects” after 4 consecutive IV doses of nicotine. Data are mean 6 SEM of two
subjects who participated in this preliminary study.
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2, left panel) and drug liking (Fig. 3, left panel), and tempered
the dose-related decrease in cigarette craving (Fig. 4, left
panel). Mecamylamine did not appear to have any significant
effects on the observed response to nicotine effects (Fig. 3,
right panel).

With respect to changes in MBG scores, 5 mg of mecamyl-
amine attenuated the reported euphoria, which was evident at
both the 0.75 mg, 

 

t

 

(6) 

 

5

 

 2.50, 

 

p

 

 

 

,

 

 0.05 and the 1.5 mg, 

 

t

 

(6) 

 

5

 

2.50, 

 

p

 

 

 

,

 

 0.05, nicotine doses, and also blocked the 3.0-mg
dose-induced reduction in MBG scores, 

 

t

 

(6) 

 

5

 

 

 

2

 

2.49, 

 

p

 

 

 

,

 

TABLE 1

 

PHYSIOLOGIC MEASURES BEFORE AND AFTER
MECAMYLAMINE PRETREATMENT

Mecamylamine Dose

Mecamylamine Pretreatment

 

p

 

Premean (SD) Postmean (SD)

 

Heart Rate
Placebo 73.67 (9.50) 84.00 (10.04) 0.016*
5 mg 81.33 (4.84) 85.00 (6.90) 0.280
10 mg 83.33 (3.27) 84.33 (5.13) 0.733
20 mg 75.67 (7.63) 82.67 (9.00) 0.189

Systolic blood pressure
Placebo 118.33 (8.34) 114.33 (8.14) 0.400
5 mg 124.00 (4.90) 117.33 (13.00) 0.233
10 mg 124.33 (11.48) 101.00 (40.18) 0.225
20 mg 121.67 (9.75) 119.67 (7.53) 0.624

Diastolic blood pressure
Placebo 79.33 (3.17) 72.00 (7.90) 0.123
5 mg 81.00 (7.87) 80.00 (7.38) 0.723
10 mg 80.67 (9.18) 75.00 (10.33) 0.330
20 mg 78.00 (8.67) 76.33 (9.33) 0.633

*Significant difference

FIG. 2. Mecamylamine effects on IV nicotine-induced changes on MBG (morphine benzedrine group; Left panel) and LSD (lysergic acid
diethylamide; right panel) Scales of the ARCI. Data are mean 6 SEM of seven subjects. *Denotes significant differences from placebo
mecamylamine.
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0.05 (Fig. 2, left panel). Neither 10 nor 20 mg mecamylamine
significantly altered the change scores on the MBG Scale of
the ARCI at any nicotine dose.

All doses of mecamylamine attenuated the “drug liking”
reported after the 0.75 mg dose of nicotine, although only the
10-mg mecamylamine dose produced a statistically significant
decrease on this measure, 

 

t

 

(6) 

 

5

 

 2.71, 

 

p

 

 

 

,

 

 0.04 (Fig. 3, left
panel). Similarly, the 20-mg dose of mecamylamine signifi-
cantly reversed the nicotine-induced reduction in liking
scores observed after the 3.0 mg nicotine, 

 

t

 

(6) 

 

5

 

 

 

2

 

2.29, 

 

p

 

 

 

,

 

0.06. These results indicate that mecamylamine not only re-
duced “liking” of the lower doses of nicotine, but also made
the negative effects of the 3.0-mg nicotine dose more tole-
rable.

Although 5- and 10-mg doses of mecamylamine reversed
the significant 3.0-mg nicotine-induced decrease in tobacco
craving, only the 20-mg dose of mecamylamine significantly
increased tobacco craving, 

 

t

 

(6) 

 

5

 

 

 

2

 

2.83, 

 

p

 

 

 

,

 

 0.03. Con-
versely, the 3.0-mg nicotine-induced reduction in cigarette
craving was significantly reversed by all three mecamylamine
doses (5, 10, and 20 mg) following the 3.0 nicotine dose, 

 

t

 

(6)

 

 5
2

 

3.06, 

 

p

 

 

 

,

 

 0.03; 

 

t

 

(6) 

 

5

 

 

 

2

 

2.52, 

 

p

 

 

 

,

 

 0.05; 

 

t

 

(6) 

 

5

 

 

 

2

 

2.29, 

 

p

 

 

 

,

 

0.06, respectively (Fig 4, left panel).
Physiological responses: paired comparisons were used to

determine whether or not different doses of mecamylamine
exerted differential effects on nicotine-induced physiological
effects. Results of these comparisons indicated that the 10 mg
mecamylamine pretreatment significantly decreased the heart
rate effects of 3.0 mg nicotine, 

 

t

 

(5) 

 

5

 

 3.73, 

 

p

 

 

 

,

 

 0.02 (Fig. 4,
right panel). This dose of mecamylamiine also attenuated the
heart rate increases observed after the 0.75-mg nicotine dose,

 

t

 

(6) 

 

5

 

 

 

2

 

3.50, 

 

p

 

 

 

,

 

 0.02. Finally, 20 mg mecamylamine signifi-
cantly decreased systolic blood pressure compared to placebo

mecamylamine, 

 

t

 

(6) 

 

5

 

 

 

2

 

3.84, 

 

p

 

 

 

,

 

 0.02, 5.0 mg mecamyl-
amine, 

 

t

 

(5) 

 

5

 

 

 

2

 

2.61, 

 

p

 

 

 

,

 

 0.05, and 10.0 mg mecamylamine,

 

t

 

(5) 

 

5

 

 

 

2

 

2.41, 

 

p

 

 

 

,

 

 0.06, following 3.0 mg nicotine (data not
shown).

 

DISCUSSION

 

The present study was designed to document the profile of
subjective and physiologic effects of IV nicotine in human
volunteers, and to investigate the effects of the ganglionic re-
ceptor blocker, mecamylamine, on nicotine-induced subjec-
tive and physiologic effects.

The dose-related changes in positive mood state subse-
quent to IV nicotine administration are consistent with the
study by Henningfield and Goldberg (9), which demonstrated
that nicotine is self-administered by human tobacco smokers,
presumably as a result of its positive mood effects. In the
present study, only the lowest nicotine dose (0.75 mg) re-
sulted in significant increases in euphoria, as indicated by in-
creased MBG scores, and the highest dose (3.0 mg) sup-
pressed MBG scale scores below baseline levels. This finding
supports a prior report that high doses of nicotine are avoided
due to their noxious effects (9), and suggests that nicotine has
a biphasic effect on mood state not unlike many other psycho-
active drugs (4).

Although physiologic effects of IV nicotine are well docu-
mented (6), robust changes in heart rate were not observed
after any dose in the present study. This discrepancy may be
because physiologic measures were obtained at least 10 min
postinjection, and IV nicotine metabolism is rather fast in hu-
mans (10); as such, the effects of nicotine are very short-lived
(5). There are two additional reasons for the less robust effect
of nicotine in the present study. First, the subjects in this

FIG. 3. Mecamylamine effects on IV nicotine-induced changes in “drug liking” (left panel) and “observed response” of nicotine effects. Data
are mean 6 SEM of seven subjects. *Denotes significant differences from placebo mecamylamine.
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study had extensive drug use histories in addition to their to-
bacco smoking. Thus, their tolerance to nicotine, as well as
other drugs, may have blunted their responses to IV nicotine.
Second, the fact that the nicotine was administered by a phy-
sician and was not self-administered by the subject, may also
have contributed to the attenuated responses, as suggested by
the preclinical data (2).

By itself, the blockade of nicotine-induced euphoria (not
unlike naltrexone blockade of heroin’s effects) by mecamyl-
amine may have an immediate implication for the develop-
ment of a novel strategy to treat nicotine dependence. How-
ever, acute treatment with mecamylamine results in a
transient increase in self-administration (12,15,24) that has
been attributed to an attempt to overcome the blockade of
nicotine’s positive effects. The increased smoking was re-
flected in an elevation of plasma nicotine levels in smokers
who had been treated with mecamylamine (15). The plasma
nicotine levels were so high that subjects should have experi-
enced nausea—yet they did not, presumably because the
mecamylamine also blocked the negative effects of nicotine,
as was demonstrated in the present study.

Although not measured in the present study, plasma nico-
tine levels were most likely similar to those in prior studies us-
ing comparable doses and procedures (3,8). As plasma nico-
tine levels after IV nicotine are similar to the levels achieved
after smoking usual cigarettes [i.e., 24–26 ng/ml; (1,13)], the
results of the present study are likely generalizable to smok-
ing studies.

For individuals who have successfully completed treat-
ment and are highly motivated to remain abstinent, mecamyl-

amine may be used as an adjunct to relapse prevention espe-
cially when combined with a nicotine transdermal patch
(20,21). As mecamylamine attenuated nicotine-induced mea-
sures of euphoria, it would likely block the reinforcing effects
of nicotine and decrease the incidence of relapse should the
treated individual experience a “slip,” and smoke a cigarette
while on mecamylamine. However, the complex action of
mecamylamine is evident in a recent study in which prequit
date mecamylamine treatment prolonged the duration of con-
tinuous abstinence of a combined mecamylamine/nicotine
patch treatment (18).

Finally, although positively reinforcing effects are gener-
ally a primary variable of focus in abuse liability studies be-
cause this characteristic is predictive of abuse potential, be-
havior can be controlled by both positively and negatively
reinforcing effects. In fact, within the smoking of a single ciga-
rette, the decision to initiate smoking behavior might be con-
trolled by the negatively reinforcing effects of nicotine for the
nicotine-deprived cigarette smoker, whereas the cigarette
might be extinguished before the cigarette has been depleted
of its nicotine reservoir either because the smoker has be-
come sated or perhaps is beginning to experience adverse ef-
fects of cumulated nicotine. Mecamylamine administration
could thus acutely increase cigarette smoking by reducing the
positive or negative effects of nicotine or both. Results of the
present study not only have an impact on the search for new
and more effective treatments of tobacco dependence, but
provide another perspective on the manner by which current
pharmacological treatments are working and may be better
implemented.

FIG. 4. Mecamylamine effects on IV nicotine-induced changes in “cigarette craving” (left panel) and heart rate (right panel). Data are mean 6
SEM of seven subjects except for heart rate (right panel), where data are mean 6 SEM of six subjects. *Denotes significant differences from pla-
cebo mecamylamine.
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