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Nicotine presented to the nasal cavity at low concentrations evokes ‘odorous’ sensations, and at higher concentrations ‘burning’ and

‘stinging’ sensations. A study in smokers and nonsmokers provided evidence of a relationship between the experience with the

pharmacological action of S-(�)-nicotine and the perceived pleasantness/unpleasantness following nasal stimulation with S-(�)-nicotine.

Mecamylamine, a nicotinic acetylcholine-receptor-(nAch-R) antagonist, was able to block painful responses following chemical stimulation

of the human tongue and to block responses from the rat’s ethmoidal nerve. The aim of our study in humans was to investigate the

effects of mecamylamine on the olfactory and the trigeminal chemoreception of nicotine enantiomers. In order to achieve this aim, we

determinedFbefore and after mecamylamineF(1) detection thresholds, trigeminal thresholds, and intensity estimates (stimulus

intensity) and (2) recorded the negative mucosal potential (NMP) following nasal stimulation with nicotine in a placebo-controlled

double blind study (n¼ 15). CO2 was used as a trigeminal and H2S as an olfactory control stimulus. Mecamylamine significantly increased

trigeminal thresholds of S-(�)-nicotine and reduced intensity estimates and NMPs following stimulation with nicotine enantiomers,

whereas mecamylamine did not influence NMPs and trigeminal intensity estimates following stimulation with CO2. In contrast,

mecamylamine did neither influence detection thresholds nor olfactory intensity estimates following stimulation with olfactory nicotine

concentrations. These results demonstrate that the trigeminal nasal chemoreception of nicotine enantiomers, in contrast to CO2, is

mediated by nAch-Receptors and give evidence that the olfactory chemoreception of nicotine is independent from peripheral nAch-

Receptors.

Neuropsychopharmacology (2006) 31, 450–461. doi:10.1038/sj.npp.1300842; published online 3 August 2005

Keywords: nicotine; chemoreception; mecamylamine; olfaction; smell; pain

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

INTRODUCTION

Nicotine not only represents the main addictive component
of smoking but it also greatly contributes to the sensory
properties of tobacco (Laviolette and van der Kooy, 2004;
Walker et al, 1996; Hummel et al, 1992a, b; Thuerauf et al,
1999, 2000). The substance presented to the nasal cavity at
low concentrations evokes ‘odorous’ sensations and at
higher concentrations ‘burning’ and ‘stinging’ sensations,
possibly mediated by nicotinic acetylcholine receptors
(nAchR) (Walker et al, 1996; Thuerauf et al, 1999). In
contrast to the majority of other chemical compounds,
nicotine activates the olfactory and the trigeminal system at

relatively low concentrations (Hummel et al, 1992a, b).
During the last decade stereospecific differences between
nicotine enantiomers have been reported for the nasal
trigeminal sensory system (Thuerauf et al, 1999, 2000;
Walker et al, 1996). S-(�)-nicotineFthe natural isomer of
tobaccoFpossesses lower trigeminal thresholds and higher
stimulus strength for the ‘burning’ and the ‘stinging’
sensation compared to R-(þ )-nicotine. Smokers experience
the sensory properties of S-(�)-nicotine during smoking
but bothFsmokers and nonsmokersFare naı̈ve to the
sensory properties of R-(þ )-nicotine. Two studies in
smokers and nonsmokers provided evidence of a relation-
ship between the experience with the pharmacological
action of S-(�)-nicotine and the hedonic rating (pleasant-
ness/unpleasantness) (Hummel et al, 1992a; Thuerauf et al,
2000). Smokers perceived the S-(�)-isomer as being more
pleasant (or less unpleasant) than nonsmokers. The
difference in hedonic estimates has been explained by
smokers’ experience with the actions of S-(�)-nicotine
pointing strongly to a conditioning mechanism between the
sensory stimulus and the pleasant pharmacological actions
of S-(�)-nicotine. In one of the two studies in smokers and
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nonsmokers, nitrogen was used as carrier gas for nicotine
enantiomers and precise concentration measurements by
means of a UV-detection method were conducted (Thuerauf
et al, 2000). This study clearly revealed (1) that the different
hedonic estimates of smokers and nonsmokers reflect
hedonic differences in nicotine stereoisomers and not
differences due to compounds formed by degradation and
(2) that the differences in hedonic estimates appear
exclusively when nicotine stimulus concentrations that
activate the trigeminal system were used. It is well known
that these stimulus concentrations are achieved during the
process of cigarette smoking (Davies and Vaught, 1990;
Thuerauf et al, 2000).

Recently, we demonstrated in humans the existence of
specific stereoselective receptors for the nasal trigeminal
system by the stereoselective dose-dependent activation
with highly purified R(þ )- and S(�)-nicotine (Thuerauf
et al, 1999). In this study, trigeminal activation was
measured by recording negative mucosal potentials (NMPs)
from the human nasal mucosa. Whereas responses from
single trigeminal primary afferents in the nasal mucosa
cannot be recorded in humans, a summated pain-related
electrical responseFthe NMPFcan (Kobal, 1985). Non-
painful chemical stimuli were not able to elicit NMPs. In
animal experiments we demonstrated the sensitivity of
NMPs to capsaicin pretreatment and the independence of
NMPs from autonomic reflexes (Thuerauf et al, 1991, 1993).
Furthermore, it was shown that NMPs are restricted to the
site of stimulation, that is, to the area of activated
nociceptors (Thuerauf et al, 1993). Summarizing these
investigations so far, the NMP can be characterized as a
specific peripherally nociceptive correlate suitable for
quantifying trigeminal activation.

Recently, the technique of NMP recording has been
improved by positioning the recording electrode under
endoscopic control (Hummel et al, 1996). This technique
allows a defined recording position in the nasal cavity and
minimizes variance during the recording of the NMP.

Further investigation of the trigeminal chemoreception of
nicotine in humans and rats revealed the existence of
specific stereoselective sensory receptors in all probability
belonging to the nAchR family (Renner et al, 1998;
Thuerauf et al, 1999). Mecamylamine, an acetylcholine-
receptor-antagonist, was able to block painful sensations
following chemical stimulation of the human tongue and to
block responses from the rat’s ethmoidal nerve (Alimo-
hammadi and Silver, 2000; Dessirier et al, 1998). Based on
these results, it can be hypothesized that mecamylamine
blocks nasal trigeminal chemoreception of nicotine in
humans by acting as a neuronal nAch-R antagonist at
trigeminal sensory receptors. To our knowledge, the
detection of nicotine enantiomers in the ultra low
concentration range, that is, near the detection threshold,
is mediated by the olfactory system. The role of nAch-
Receptors for the pure olfactory perception of nicotine in
the low and ultra low concentration range remains unclear.
The local application of mecamylamine might be a suitable
tool for testing for the involvement of nAch-Receptors in
trigeminal and olfactory chemoreception of nicotine in
humans. Thus, we investigated the effects of mecamylamine
on the nasal chemoreception of nicotine at olfactory and
trigeminal stimulus concentrations in a placebo-controlled

double blind study in nonsmokers. The study was designed
in order to test the hypothesis (1) that mecamylamine
reduces NMPs and trigeminal intensity estimates and
increases trigeminal thresholds and (2) that mecamylamine
does not influence olfactory intensity estimates and
detection thresholds of nicotine. CO2 was used as a
trigeminal and H2S as an olfactory control stimulus,
supposed to possess transduction mechanisms different
from nicotine and insensitive to mecamylamine application.

PARTICIPANTS AND METHODS

Study Participants

We evaluated inclusion and exclusion criteria for all
subjects by assessing their clinical history, carrying out
clinical routine laboratory tests and pregnancy tests, and by
conducting a standard physical examination. In order to
exclude subjects with relevant smell disturbances from the
study, all participants participated in two standard exam-
inations, a subjective olfactory test (‘Sniffin Sticks’, Hummel
et al, 1997) and an acoustical rhinometric test (helps to
exclude mechanical obstacles in the nasal cavity, for
example, polyposis or septum deviation, Hilberg et al,
1989). Inclusion criteria: non-smokers, age: 18–45 years,
body mass index o30 kg/m2; exclusion criteria (confirmed
by our local ethical committee): relevant smell deficits,
mental illnesses (DSM-IV classification), relevant physical
diseases, pregnancy and lactancy, intake of other medica-
tions except contraceptives, obesity Grade II and higher
(body mass index: 430 kg/m2), age 445 years, o18 years,
‘regular’ consumption of cigarettes, participation to other
drug studies within the last 30 days, contraindications
against mecamylamine (Inversines). Subjects fulfilling any
exclusion criteria were excluded from the study and
subjects fulfilling none of the exclusion but all of the
inclusion criteria were included in the study. Written
informed consent was signed if all inclusion and no
exclusion criteria were fulfilled. In all, seven male and eight
female non-smokers (mean age: 31.676.48 years, mini-
mum: 24 years, maximum: 43 years, n¼ 15) were included
in and participated in the study. All subjects were informed
about the aim of the study and gave their written informed
consent prior to their inclusion in the study. Subjects were
free to interrupt the testing sessions at any time. The study
was performed in accordance with the Declaration of
Helsinki of 1975 and was approved by the Ethics Committee
of the University of Erlangen-Nürnberg. No side effects of
the medication were noticed after nasal application of
placebo/mecamylamine during the study.

Study Design

The placebo-controlled double blind study consisted of two
experiments. Each experiment consisted of two identical
testing sessions representing the mecamylamine- and the
placebo-condition (two-fold crossover within each experi-
ment: testing session-1 and testing session-2). We rando-
mized the beginning with experiment-1 or experiment-2
and randomized the beginning with the mecamylamine- or
the placebo-condition within both experiments. All testing
sessions of both experiments were performed on separate
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days with a time interval of 1 week between each session.
Prior to the experiments, subjects participated in a short
training session in order to become acquainted with the
testing environment and the experimental procedures
including the testing questionnaires. During the first
experiment (experiment-1), we determined the individual
detection and trigeminal thresholds and registered intensity
estimates (stimulus intensity) and verbal descriptors
(stimulus quality) following stimulation with S-(�)- and
R-(þ )-nicotine at individual olfactory and trigeminal
stimulus concentrations and following stimulation with
control stimuli (CO2, H2S). The individual olfactory and
trigeminal stimulus concentrations of nicotine were defined
in order to elicit an ‘odorous’ (individual olfactory stimulus
concentration) and a ‘burning’ sensation (individual
trigeminal stimulus concentration/low trigeminal stimulus
condition). The testing was performed before and after local
application of mecamylamine or saline (testing session-1 or
testing sessions-2). During the second experiment (experi-
ment-2), we recorded NMPs and registered intensity
estimates following trigeminal stimulation with a set
stimulus concentration of nicotine enantiomers and follow-
ing control stimulation with CO2. A high trigeminal
stimulus concentration of nicotine was used in order to
elicit an ‘odorous’, a ‘burning’, and a ‘stinging’ sensation
(set trigeminal stimulus concentration/high trigeminal
stimulus condition). The testing was performed before
and after local application of mecamylamine or saline
(testing session-1 or testing session-2). During both
experiments, subjects and experimenter were blind to
medication, that is, mecamylamine or saline.

Experiment-1. At the beginning of experiment-1, we
determined detection and trigeminal thresholds in a
threshold testing session. This procedure also helped to
define the individual olfactory and trigeminal suprathres-
hold stimulus concentrations used in experiment-1. Three
olfactory and three trigeminal S-(�)- and R-(þ )-nicotine
stimuli and control stimuli (CO2: 70% v/v CO2, n¼ 3 and
H2S: 7 ppm, n¼ 3) were applied before and after local
application of mecamylamine or saline in a randomized
order (stimulus concentrations: individual olfactory and
trigeminal stimulus concentration, stimulus duration:
250 ms, interstimulus interval: 120 s). Mecamylamine
(0.225 mg, volume: 0.3 ml) or saline (volume: 0.3 ml) was
applied locally to the nasal cavity by means of a nasal spray.
Following each stimulation with the test substances, we
registered olfactory (‘odorous’ sensation) and trigeminal
intensity estimates (‘burning’ sensation) via computer
monitor and assessed verbal descriptors by means of
Dravnieks’s (odor quality Dravnieks et al, 1984) and
McGill’s (pain quality Stein and Mendl, 1988) question-
naires. At the end of experiment-1, we determined detection
and trigeminal thresholds in a second threshold testing
session in order to assess the effect of mecamylamine vs
placebo.

Experiment-2. Five S-(�)-, five R-(þ )-nicotine stimuli, and
five CO2-control stimuli (stimulus concentration: 180 ng/ml
S-(�)-/R-(þ )-nicotine, 70% v/v CO2, stimulus duration:
250 ms, interstimulus interval: 90 s) were applied before and
after local application of mecamylamine or saline. All NMPs

were recorded under endoscopic control. Mecamylamine
(0.225 mg, volume: 0.3 ml) or saline (volume: 0.3 ml) was
applied locally to the nasal cavity by means of a nasal spray.
In addition, we registered the olfactory (‘odorous’ sensa-
tion) and the trigeminal intensity estimates (‘burning’ and
‘stinging’ sensation) of all perceived stimuli via computer
monitor. NMP amplitudes and latencies were determined
after offline averaging and submitted to statistical analysis.

Chemical Stimulation

An olfactometer was used to allow the precise presentation
of chemical stimuli (R(þ )- and S(�)-nicotine, CO2, H2S)
without simultaneous activation of mechano- or thermo-
receptors in the nasal mucosa of the subjects (constant flow
rate: 140 ml/s, humidity: 80%, temperature: 371C, stimulus
duration, 250 ms, Kobal, 1985). Stimulus nicotine concen-
trations were determined by online GC-UV detection and
offline sampling (concentrations o2 ng/ml) and subsequent
GC analysis (Thuerauf et al, 1999). Prior to the measure-
ments, subjects were comfortably installed in a measuring
chamber with electronically controlled air circulation. The
olfactometer was free of additional chemicals/odorants.
Subjects were instructed not to use perfume or to eat foods
that emit a strong odor (eg, garlic) prior to the testing
session. The nitrogen gas stream containing R-(þ )- or
S-(�)-nicotine continuously generated inside the olfact-
ometer was eliminated during the interstimulus interval by
an external sucking device connected to the olfactometer.
This procedure prevented contamination of the measuring
chamber by outside odors.

Test substances. Optically and chemically pure R-(þ )-and
S-(�)-nicotine were produced with the same method by
Dr C Mark, Chemisches Laboratorium Worms, Germany.
Distilled R-(þ )-nicotine was produced from S-(�)-nicotine
(Aldrich, chemical purity 98%) by racemization and
subsequent separation of the R-(þ )-isomer by crystal-
lization with R,R-tartaric acid and di-p-toloyl-S, S-tartaric
acid. Distilled S-(�)-nicotine was produced from S-(�)-
nicotine (Aldrich, chemical purity 98%) by racemization
and subsequent separation of the S-(�)-isomer by crystal-
lization with S,S-tartaric acid and di-p-toloyl-R,R-tartaric
acid. The distilled R-(þ )- and S-(�)-nicotine base (color-
less liquid) were stored in glass tubes in a nitrogen
atmosphere (�60C1) until the experiments were started.
For the experiments, only the undiluted pure nicotine base
of R-(þ )- and S-(�)-nicotine was used. The optical purity
of both enantiomers was greater than 99%. For details of the
determination of stimulus concentrations, see Thuerauf
et al (1995, 1999). For detailed description of the stimulat-
ing procedures and substances used in the experiments, see
Thuerauf et al (1999, 2000).

Threshold Determination

At the beginning and end of the testing sessions of
experiment-1, we determined the detection and the
trigeminal thresholds within a testing range of 0–180 ng/
ml R-(þ )-/S-(�)-nicotine employing the method intro-
duced by Wysocki and Beauchamp (1984) (see also Eccles
et al, 1989; Zattore and Jones-Gotman, 1990; Hummel et al,
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1992a). Each threshold determination started with the
threshold determination of detection, followed by the
threshold determinations of the ‘burning’ and ‘stinging’
sensations (trigeminal sensations). For orientation, an
ascending sequence of R-(þ )-/S-(�)-nicotine stimuli was
carried out with increases of 3 ng/ml R-(þ )-/S-(�)-nicotine
until a stimulus was detected and with increases of 18 ng/ml
R-(þ )-/S-(�)-nicotine until a ‘burning’ and a subsequent
‘stinging’ sensation were perceived. For threshold determi-
nation, ascending stimulus series were executed with a
starting point clearly below the individual thresholds of
each subject. For each concentration step within the series,
two blanks and one stimulus (triple forced choice) were
applied in random order. The concentration steps within
the series were 0.4 ng/ml R-(þ )-/S-(�)-nicotine for mea-
suring the detection thresholds and 2 ng/ml R-(þ )-/S-(�)-
nicotine for measuring the thresholds of the ‘burning’ and
‘stinging’ sensations. A series ended, when a clear sensation
could be reported by the subject in three successive
stimulus vs blank trials. The lowest value of the three was
designated as an estimate of the subject’s threshold. For the
determination of the detection threshold, a sensation
different from blank was requested. Additionally, the
subjects’ verbal descriptions of the perceived stimuli at
the threshold value were documented. For the determina-
tion of the trigeminal thresholds, a clear sensation was
defined as a clear ‘burning’ or ‘stinging’ sensation depend-
ing on the threshold to be determined using this
procedures. The stimulus duration was 250 ms in all testing
sessions. The interstimulus interval was 1 min 30 s.

Individual Olfactory and Trigeminal Nicotine Stimulus
Concentrations

During experiment-1, we applied nicotine stimuli with
individual olfactory and trigeminal stimulus concentrations.
We defined the individual olfactory and the trigeminal
stimulus concentration based on the thresholds determined
at the beginning of the testing sessions of experiment-1. In
order to define the olfactory stimulus, the difference
between the individual detection and the trigeminal thresh-
olds (‘burning’ sensation) of S-(�)-nicotine was calculated,
and 40% of this difference was added to the individual
detection threshold value. The trigeminal stimulus was
defined as the 30% value above the individual trigeminal
threshold (‘burning’ sensation) of S-(�)-nicotine. We
limited the stimulus concentration range to 0–180 ng/ml
in order to exclude the adsorption of amounts of nicotine
during the testing sessions which can lead to symptoms of
nicotine poisoning. It is well known that nicotine can be
adsorbed from the nasal and the buccal mucosa and from
the skin. We defined the threshold concentration as being
‘4180 ng/ml’ if ‘burning’or ‘stinging’ sensations could not
be elicited.

Verbal Descriptors

For the subjective description of the stimuli applied in
experiment-1, two questionnaires were used: one for odor
(Dravnieks’s questionnaires) and one for pain (McGill’s
pain questionnaires). Subjects used the Dravnieks’s ques-
tionnaires (olfactory concentrations) and the McGill’s pain

questionnaires (trigeminal concentrations) to describe the
nicotine stimulus before and after local application of
mecamylamine or saline.

Intensity Estimates of Individual Olfactory and
Trigeminal Nicotine Stimuli

In experiment-1, subjects estimated at individual olfactory
concentrations the intensity of the ‘odorous’ sensation and
at individual trigeminal concentrations the intensity of the
‘burning’ and of the ‘odorous’ sensation before and after
local application of mecamylamine or saline. The subjects
estimated the perceived intensity of each stimulus by means
of a visual analog scale displayed on video monitor. In
addition, the intensity estimates of the olfactory (H2S,
‘odorous’ sensation) and the trigeminal control stimuli
(CO2, ‘stinging’ and ‘burning’ sensation) were registered.
For statistical evaluation, the individual subjects’ ratings
were averaged separately for each stimulus category.

Intensity Estimates of Nicotine Stimuli with a Set
Stimulus Concentration

In experiment-2, we registered the intensity estimates of the
‘odorous’, the ‘burning’, and the ‘stinging’ sensation
following stimulation with a set stimulus concentration of
180 ng/ml R-(þ )- or S-(�)-nicotine and we registered the
intensity estimates of the ‘burning’ and of the ‘stinging’
sensation following control stimulation with CO2. For
statistical evaluation, the individual subjects’ ratings were
averaged separately for each stimulus category.

NMP Recordings

In experiment-2, the NMP was recorded from the right side
of the nasal septum by means of a tubular electrode filled
with 1% Ringer-agar containing a silver-chlorided silver
wire (impedance 1–5 k at 1 kHz in 0.9% NaCl). A silver-
chlorided silver EEG electrode was attached to the bridge of
the nose and served as reference. The recording electrode
was placed under endoscopic control at the septal wall along
the line between bony and cartilaginous parts of the nose
(distance from the tip of the electrode to the left nostril: 2.5–
5 cm). Recording site was selected to three major criteria (1)
accessibility, (2) low signal to noise ratio of the NMP, and
(3) no or low stimulus induced positive artefact preceding
the pain-related negativity of the NMP (Hummel et al, 1996)
(for the recording positions of the NMPs used in our
experiments, see Figure 1). During positioning the testing of
up to three electrode placements within the described
recording region was allowed in order to optimize the
recording criteria. After final placement and before the
beginning of the testing series, the electrode was fixed by
adjustable clips mounted on a frame similar to lensless
glasses. The NMP signals were recorded by means of DC
amplifiers (Toennies, GER; band pass DC-30 Hz). After
analog-to-digital conversion (sampling rate 62.5 Hz; CED
1401, UK), records of 32 768 ms were obtained. Eye blinks
were monitored by means of an EEG electrode located
above the left eye and referenced to linked earlobes. Records
that might have been affected by movements or eye blinks
were excluded from further analysis. For the analysis of the
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data of experiment-2, the remaining records were averaged
separately for the three different stimulus categories (S-(�)-
nicotine, R-(þ )-nicotine, and CO2). Subsequently, both the
latency to the onset (latency-1) and the latency to the
maximum amplitude (latency-2) of the NMP were measured
in relation to stimulus onset. In addition, the maximum
amplitude was measured.

Statistical Analysis

Experiment-1. A MANOVA was calculated for repeated
measurements on one factor, defined by two treatments
(mecamylamine, saline). The MANOVAs were calculated
separately for the individual olfactory and the individual
trigeminal stimulus concentration. At olfactory stimulus
concentrations, the dependent variables were the olfactory
intensity estimates of R-(þ )-, S-(�)-nicotine and H2S. At
trigeminal stimulus concentrations, the dependent variables
were trigeminal and olfactory intensity estimates of R-(þ )-
nicotine and S-(�)-nicotine and the trigeminal intensity
estimates of CO2. We calculated explorative t-tests in order
to localize significant differences assessed by MANOVA
analysis (see asterisk Figure 2).

The nonparametric (Wilcoxon test) test was applied in
order to estimate the effects of medication (mecamylamine,
saline) on frequency of olfactory and trigeminal descriptors.

Thresholds. If the subject’s thresholds could not be
determined in this concentration range, we set the thresh-
olds at 4180 ng/ml. Using this procedure, we received for
such cases only estimates (4180 ng/ml) of the thresholds.
The subsequent statistical analysis was based on ranking
positions and we used the parameter free Wilcoxon Signed
Rank Test for the analysis of differences between the

thresholds for the nicotine stereoisomers in order to
determine whether the median of the differences between
thresholds for R-(þ )- and S-(�)-nicotine was different

Figure 1 Schematic drawing of the recording positions of the NMPs
(negative mucosal potentials) within the nasal cavity used during
experiment-2. Black solid circles: Recording positions before and after
0.225mg mecamylamine. White circles: Recording positions before and
after saline.

Figure 2 Means and standard errors of means of olfactory (odorous
sensation) and trigeminal (burning sensation) intensity estimates after
stimulation with individual olfactory (a, b) and individual trigeminal (c, d)
nicotine concentrations. Mean value of individual olfactory stimulus
concentration: 13.777.1 ng/ml R-(þ )/S-(�)-nicotine (n¼ 30). Mean value
of individual trigeminal stimulus concentration: 34.5716.5 ng/ml R-(þ )/S-
(�)-nicotine (n¼ 30). Black columns: Intensity estimates before and after
0.225mg mecamylamine (n¼ 15). White columns: Intensity estimates
before and after saline (n¼ 15). Asterisks indicate statistically significant
differences. VARU: visual analog rating unit.
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from zero. This was evaluated separately for detection and
for the ‘burning’ and the ‘stinging’ sensation.

Experiment-2

A MANOVA was calculated for repeated measurements on
one factor, defined by two treatments (mecamylamine,
saline). The MANOVAs were calculated separately for the
chemical stimuli R-(þ )-nicotine, S-(�)-nicotine, and CO2.
The dependent variables were the amplitude, latency-1 and
latency-2 of the NMP, and the olfactory and trigeminal
intensity estimates of R-(þ )- and S-(�)-nicotine and the
trigeminal intensity estimates of CO2. We calculated
explorative t-tests in order to localize significant differences
assessed by MANOVA analysis (see asterisk Figures 3–5).

All statistical test were two sided. The significance level a
was set at 0.05. A statistical tendency was considered at
po0.1.

RESULTS

Experiment-1/Thresholds

Detection thresholds. Mecamylamine did not significantly
influence the detection thresholds of R-(þ )- and S-(�)-
nicotine (Wilcoxon test, NS, for means and standard
deviations, see Table 1). At the detection thresholds of
R-(þ )- and S-(�)-nicotine, 13 out of 15 subjects perceived
an ‘odorous’ sensation. Two subjects noticed the difference
to blanks but were not able to describe the perceived stimuli
in a more detailed way.

Trigeminal thresholds. S-(�)-nicotine: The thresholds for
the ‘burning’ and for the ‘stinging’ sensation were
significantly higher following application of mecamylamine
(Wilcoxon test, ‘burning’: p¼ 0.001, ‘stinging’: po0.01, for
means, standard deviations, and number of subjects with

thresholds out of the stimulus concentration range, see
Table 1).

R-(þ )-nicotine. The increase in the trigeminal thresholds
(‘burning’ and ‘stinging’ sensation) following application of
mecamylamine did not reach statistical significance in the
concentration range tested (0–180 ng/ml R-(þ )-nicotine).
However, for R-(þ )-nicotine, ‘burning’ and ‘stinging’
sensations were rarely achieved in the applied concentra-
tions range (for means, standard deviations, and number of
subjects with thresholds out of the stimulus concentration
range, see Table 1).

Experiment-1/Individual Olfactory and Trigeminal
Stimulus Concentrations

The mean and standard deviation values of the individual
olfactory and trigeminal stimulus concentrations used in
experiment-1 were 13.777.1 and 34.5716.5 ng/ml (n¼ 30).
The calculation of the individual olfactory and trigeminal
stimulus concentrations was based on thresholds for S-(�)-
nicotine determined before application of mecamylamine/
saline during testing session-1 (n¼ 15) and testing session-
2 (n¼ 15) of experiment-1 (see also ‘methods’ above).
Statistical control analysis revealed no differences between
the thresholds determined in testing session-1 and -2
(t-test, NS).

Experiment-1/Verbal Descriptors

The statistical analysis revealed no consistent and signifi-
cant effects of mecamylamine (compared to placebo) on
verbal descriptors. The most frequent trigeminal descrip-
tors for S-(�)-nicotine were ‘stinging’, ‘burning’, and
‘sharp’ (McGill, before/after mecamylamine: ‘stinging’: 6/2,
‘burning’: 12/10, ‘sharp’: 7/3).

Table 1 Thresholds: Means, Standard Deviations, and Number of Subjects with Thresholds out of the Stimulus Concentration Range of
0–180 ng/ml

Before mecamylamine After mecamylamine Before saline After saline

‘Detection’

S-(�)-nicotine (ng/ml) 4.775.6 7.1711.6 5.476.1 6.078.4

R-(+)-nicotine (ng/ml) 5.577.3 9.0716.6 5.477.5 6.179.7

‘Burning’

S-(�)-nicotine (ng/ml) 25.179.0 n¼ 4: 4180 28.1715.7 29.5715.5

n¼ 11: 64.5743.7

R-(+)-nicotine (ng/ml) n¼ 11: 4180 n¼ 13: 4180 45.4749.9 n¼ 10: 4180

n¼ 4: 114.3768.4 n¼ 2: 12.376.7 n¼ 5: 52.6756.3

‘Stinging’

S-(�)-nicotine (ng/ml) n¼ 5: 4180 n¼ 10: 4180 n¼ 5: 4180 n¼ 5: 4180

n¼ 10: 37.9720.9 n¼ 5: 36.2719.2 n¼ 10: 50.6730.9 n¼ 10: 37.4713.8

R-(+)-nicotine (ng/ml) n¼ 12: 4180 n¼ 13: 4180 n¼ 11: 4180 n¼ 11: 4180

n¼ 3: 83.0743.0 n¼ 2: 101.50734.7 n¼ 4: 95.50750.1 n¼ 4: 84.0770.5
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Experiment-1/Intensity Estimates of Individual
Olfactory and Trigeminal Nicotine Stimuli

Olfactory intensity estimates at individual olfactory
concentrations. Mecamylamine did not significantly influ-
ence the olfactory intensity estimates of R-(þ )- and S-(�)-
nicotine (MANOVA, NS, for means and SEMs (standard
error of means), see Figure 2).

Trigeminal Intensity estimates at individual trigeminal
concentrations following stimulation with S-(�)-nicotine.
Mecamylamine significantly reduced the intensity estimates
of the ‘burning’ sensation (MANOVA, F¼ 4.86, p¼ 0.016,
for means and SEMs, see Figure 2).

Trigeminal intensity estimates at individual trigeminal
concentrations following stimulation with R-(þ )-nico-
tine. The effect of mecamylamine on the intensity estimates
of the ‘burning’ sensation did not reach statistical
significance (MANOVA, NS, for means and SEMs, see
Figure 2). For R-(þ )-nicotine, ‘burning’ was rarely
achieved in the concentrations range tested.

Trigeminal intensity estimates following control stimula-
tion with CO2 (70% v/v CO2). Mecamylamine did not
significantly reduce the intensity estimates of the ‘burning’
and of the ‘stinging’ sensation (MANOVA, NS, for means
and standard deviations, see Table 2).

Olfactory intensity estimates at individual trigeminal
concentrations following stimulation with S-(�)- and
R-(þ )-nicotine. Mecamylamine did not significantly
reduce the intensity estimates of the ‘odorous’ sensation
(MANOVA, NS, for means and standard deviations, see
Table 3).

Olfactory intensity estimates following control stimula-
tion with H2S (7 ppm). Mecamylamine did not significantly
reduce the intensity estimates of the ‘odorous’ sensation
(MANOVA, NS, for means and standard deviations, see
Table 2).

Experiment-2/NMPs

NMP amplitudes following stimulation with R-(þ )- and
S-(�)-nicotine and CO2. Mecamylamine significantly
reduced NMP amplitudes of R-(þ )- and S-(�)-nicotine
(R-(þ )-nicotine: MANOVA, F¼ 21.90, po0.001, S-(�)-
nicotine: MANOVA, F¼ 15.80, po0.001, for means and
SEMs, see Figure 3). Mecamylamine did not significantly
reduce NMP amplitudes of the control stimulus CO2 (70%
v/v CO2, MANOVA, NS, for means and SEMs, see Figure 3).
Figure 4 gives a representative single example of an NMP
recording following stimulation with S-(�)-nicotine and
CO2 illustrating the different effect of mecamylamine on
both stimuli.

NMP latency-1 following stimulation with R-(þ )-, S-(�)-
nicotine and CO2. Mecamylamine did not significantly
increase the latency-1 for R-(þ )-nicotine. A statistical
tendency of the increase could be observed (MANOVA,
F¼ 2.65, p¼ 0.089). The increase in latency-1 for S-(�)-
nicotine did not reach statistical significance. A statistical
tendency of the increase could be observed (MANOVA,
F¼ 3.05, p¼ 0.064). Mecamylamine did not significantly
influence the latency-1 of the control stimulus CO2 (70% v/v
CO2, MANOVA, NS). For means and standard deviations of
NMP-latencies-1 of R-(þ )-, S-(�)-nicotine and CO2, see
Table 4.

NMP latency-2 following stimulation with R-(þ )-, S-(�)-
nicotine and CO2. Mecamylamine did not significantly
influence the latency-2 of R-(þ )- and S-(�)-nicotine
(MANOVA, NS). Mecamylamine did not significantly
influence the latency-2 of the control stimulus CO2 (70%
v/v CO2, MANOVA, NS). For means and standard devia-
tions of NMP-latencies-1 of R-(þ )-, S-(�)-nicotine and
CO2, see Table 4.

Experiment-2/Intensity Estimates of Nicotine Stimuli
with a Set Stimulus Concentration

Trigeminal intensity estimates at high (180ng/ml R-(þ )-/
S-(�)-nicotine) trigeminal stimulus concentration. Mecamyl-

Table 2 Means and Standard Deviations of the Intensity Estimates of Olfactory (H2S) and Trigeminal (CO2) Control Stimuli

Stimulus Before mecamylamine After mecamylamine Before saline After saline

H2S (VARU) ‘Odor’ 62.9726.1 59.1733.4 69.7726.1 64.2732.4

CO2 (VARU) ‘Burning’ 54.3738.3 44.6739.7 60.4735.4 51.2738.5

CO2 (VARU) ‘Stinging’ 78.3726.1 80.4726.4 75.0727.9 76.6728.9

VARU: visual analog rating unit.

Table 3 Means and Standard Deviations of Olfactory Intensity Estimates Following Stimulation with Individual Trigeminal Nicotine
Concentrations

Stimulus Before mecamylamine After mecamylamine Before saline After saline

S-(�)-nicotine (VARU) 44.4731.1 28.5730.3 34.8722.0 39.8728.9

R-(+)-nicotine (VARU) 32.7718.7 33.2725.7 39.3727.9 44.9722.8

VARU: visual analog rating unit.
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amine significantly reduced the intensity estimates of the
‘burning’ and of the ‘stinging’ sensation following stimulation
with S-(�)- and R-(þ )-nicotine (S-(�)-nicotine: MANOVA

‘burning’, F¼ 36.92, po0.001, MANOVA ‘stinging’, F¼ 22.98,
po0.001, R-(þ )-nicotine: MANOVA ‘burning’, F¼ 9.98,
p¼ 0.001, MANOVA ‘stinging’, F¼ 6.31, p¼ 0.006, for means
and SEMs, see Figures 5 and 6). Mecamylamine did not
significantly influence the intensity estimates of the ‘burning’

Table 4 Means and Standard Deviations of NMP Latencies Following Stimulation with 180 ng/ml R-(+)- and S-(�)-Nicotine and 70% v/v
CO2

Before mecamylamine After mecamylamine Before saline After saline

Latency-1 (ms)

S-(�)-nicotine 504795 6337197 4907119 4997101

R-(�)-nicotine 518767 7397440 491785 5137145

CO2 505787 473751 4697131 4857137

Latency-2 (ms)

S-(�)-nicotine 471471621 361772833 467872321 482072311

R-(+)-nicotine 364572073 329171916 345271930 334672767

CO2 422071243 418071729 409071442 400571461

Figure 3 Means and standard errors of means of NMP amplitudes
recorded after stimulation with (a) 180 ng/ml S-(�)-nicotine, (b) 180 ng/ml
R-(þ )-nicotine, (c) 70% v/v CO2. Black columns: NMP amplitudes before
and after 0.225mg mecamylamine (n¼ 15). White columns: NMP
amplitudes before and after saline (n¼ 15). Asterisks indicate statistically
significant differences. NMP: negative mucosal potential.

Figure 4 NMP recordings of a single subject following stimulation with
(a) 180 ng/ml S-(�)-nicotine and (b) 70% v/v CO2 before and after
0.225mg mecamylamine. Averaged responses (n¼ 5 for both stimulus
categories), stimulus duration: 250ms, interstimulus interval: 90 s.
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and ‘stinging’ sensation following stimulation with CO2 (70%
v/v CO2, MANOVA ‘burning’, NS, MANOVA ‘stinging’, NS, for
means and SEMs, see Figures 5 and 6).

Olfactory intensity estimates at high (180 ng/ml R-(þ )-/
S-(�)-nicotine) trigeminal stimulus concentration. Meca-
mylamine did not significantly influence the olfactory

intensity estimates of R-(þ )- and S-(�)-nicotine (MANO-
VA, NS, for means and standard deviations, see Table 5).

DISCUSSION

At high trigeminal stimulus concentrations, mecamylamine
significantly reduced the trigeminal intensity ratings

Figure 5 Means and standard errors of means of the intensity estimates
for the burning sensation after stimulation with (a) 180 ng/ml S-(�)-
nicotine, (b) 180 ng/ml R-(þ )-nicotine, (c) 70% v/v CO2. Black columns:
Intensity estimates before and after 0.225mg mecamylamine (n¼ 15).
White columns: Intensity estimates before and after saline (n¼ 15).
Asterisks indicate statistically significant differences. VARU: visual analog
rating unit.

Figure 6 Means and standard errors of means of the intensity estimates
for the stinging sensation after stimulation with (a) 180 ng/ml S-(�)-nicotine
(b) 180 ng/ml R-(þ )-nicotine (c) 70% v/v CO2. Black columns: Intensity
estimates before and after 0.225mg mecamylamine (n¼ 15). White
columns: Intensity estimates before and after saline (n¼ 15). Asterisks
indicate statistically significant differences. VARU: visual analog rating unit.

Table 5 Means and Standard Deviations of the Olfactory Intensity Estimates Following Stimulation with a Set Trigeminal Nicotine
Concentration (180 ng/ml)

Stimulus Before mecamylamine After mecamylamine Before saline After saline

S-(�)-nicotine (VARU) 32.3718.1 30.2719.7 39.6721.0 38.9718.5

R-(+)-nicotine (VARU) 35.9719.7 29.2722.0 42.4722.4 40.0721.2

VARU: visual analog rating unit.
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(‘burning’ and ‘stinging’) and the NMPs registered following
stimulation with R-(þ )- and S-(�)-nicotine. At lower
trigeminal stimulus concentrations as used for assessing
the ‘burning’ sensations in experiment-1, mecamylamine
significantly reduced the trigeminal intensity estimates of
S-(�)-nicotine. The reduction observed for R-(þ )-nicotine
did not reach statistical significance, which can easily be
explained by the weaker stimulus strength of R-(þ )-
nicotine and the resulting lower signal to noise ratio of
R-(þ )-nicotine’s trigeminal intensity estimates. Mecamy-
lamine significantly increased the trigeminal thresholds of
S-(�)-nicotine for the ‘burning’ and for the ‘stinging’
sensation. The increase observed for R-(þ )-nicotine did
not reach statistical significance, but ‘burning’ and ‘sting-
ing’ sensations were rarely achieved before medication
because of R-(þ )-nicotine’s weak trigeminal stimulus
strength and because of ethical limitations with respect to
stimulus concentrations. Microneurographic studies in
humans demonstrated that activation of a single C-fiber
could evoke a ‘burning’ sensation and activation of a single
Ad-fiber could evoke a ‘stinging’ sensation (for review, see
Handwerker and Kobal, 1993). In view of these micro-
neurographic results, our psychophysical data indicate
stereoselective activation of both subgroups of nociceptive
fibers following stimulation with nicotine. The fact that at
high nicotine concentrations mecamylamine significantly
reduced all trigeminal intensity estimates of R-(þ )- and
S-(�)-nicotine indicates that mecamylamine-sensitive nico-
tinic receptors are present on C- and Ad-fibers. The higher
threshold for the ‘stinging’ than for the ‘burning’ sensation
observed in this and in earlier studies point to different
stereoselective receptors on C- and Ad-fibers. We found no
significant effects of mecamylamine on stimulus quality,
that is, on verbal descriptors following stimulation with
nicotine. One explanation might be the fact that mecamy-
lamine acting as a broad-spectrum noncompetitive antago-
nist of nAch-Receptors (Papke et al, 2001; Woodruff-Pak,
2003) reduces but does not extinguish trigeminal sensa-
tions. Thus, it leads to a decrease in trigeminal intensity
estimates but not to a clear change in stimulus quality.
Mecamylamine significantly reduced NMPs elicited by
chemical stimulation with S-(�)- and R-(þ )-nicotine but
did not influence NMPs elicited by chemical stimulation
with CO2. The strongest effect of mecamylamine was found
for the NMP’s amplitudes, which significantly decreased
following application of the drug. The reduction of NMPs
coincided with a significant reduction of the trigeminal
intensity estimates registered during NMP recordings. A
statistical tendency of an increase in latency-1 could be
observed for R-(þ )- and S-(�)-nicotine. Generally, our
findings for the effects of mecamylamine on NMP
parameters and intensity estimates are in accordance with
earlier results form our laboratory demonstrating that
amplitudes are more sensitive parameters for small changes
in stimulus strength than the NMP’s onset (latency-1)
(Thuerauf et al, 2002). Both, the reduction of NMPs and the
reduction of trigeminal intensity estimates following
application of mecamylamine confirm our hypothesis
that the trigeminal nasal chemoreception of nicotine
enantiomers is mediated by specific stereoselective
nasal receptors belonging to the nAchR family (Renner
et al, 1998; Thuerauf et al, 1999). Our results are in line

with the observations that mecamylamine is able to
block painful sensations following chemical stimulation
of the human tongue and to block responses from the
rat’s ethmoidal nerve (Alimohammadi and Silver, 2000;
Dessirier et al, 1998). Mecamylamine did not significantly
influence the intensity ratings and NMPs following
stimulation with CO2 and the intensity estimates following
stimulation with H2S. These results confirm that nAch-
Receptors are not involved in the transduction mechanism
of H2S and CO2 and recommend both stimuli as sensory
control stimuli insensitive to nAchR antagonists in sensory
models.

Earlier studies in humans and rats characterized the NMP
as a specific and sensitive peripherally nociceptive correlate
of trigeminal activation. Our successful blocking experi-
ments with mecamylamine extend these findings in the way
that NMP recordings are also suitable for quantifying
specific pharmacological alterations of trigeminal chemo-
reception in humans. NMP recordings combined with the
application of specific antagonists represent a specific and
objective tool for testing for specific receptor subsets and/or
specific transduction mechanisms in trigeminal chemo-
sensory models. These possibilities could help to gain new
insights into the trigeminal chemoreception of irritants and
odorants with a trigeminal sensory component.

Earlier studies from our laboratory provided evidence for
a conditioning mechanism between the trigeminal sensory
stimulus and the pleasant pharmacological actions of S-(�)-
nicotine (Thuerauf et al, 2000; Hummel et al, 1992a).
Conditioning processes are considered to represent a key
mechanism in maintaining drug dependency (Grusser et al,
2000). Clinicians frequently report the importance of
sensory key stimuli causing relapse in addictive patients,
for example, the smell of beer when perceived by former
alcoholics. Thus, experimental tools like sensory antagoni-
zation with mecamylamine aiming at influencing condition-
ing processes in smokers are of paramount clinical
importance. A study assessing the influence of mecamyla-
mine on the hedonic estimates of S-(�)-nicotine in smokers
and non-smokers is still lacking.

Nicotine replacement is considered to be a standard
therapy during smoking cessation (American Psychiatric
Association, 1996). One improvement in nicotine replace-
ment aims at substituting not only systemic nicotine but
also all sensory input produced by S-(�)-nicotine, which is
the natural nicotine enantiomer in tobacco (Westman et al,
1995, 1996; Kornitzer et al, 1995). Chewing gums, nasal
sprays, and inhalers containing S-(�)-nicotine have proved
to be effective (Cepeda Benito, 1993; Silagy et al, 1994;
Sutherland et al, 1992; Tonnesen et al, 1993). Our results
indicate that the activation of sensory trigeminal nAch-
Receptors is specifically required to replace nicotine’s
sensory input during smoking cessation. Our sensory
experimental model presented here could also help to test
for suitable compounds for the sensory replacement of
nicotine with psychophysical and electrophysiological
(NMPs) means.

Mecamylamine did not significantly influence the olfac-
tory intensity estimates of nicotine following stimulation
with olfactory and trigeminal stimulus concentrations
characterizing the olfactory system as being insensitive
to mecamylamine. At the threshold concentrations of
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detection, 13 out of 15 subjects reported an ‘odorous’
sensation and only two subjects were not able to
characterize a perceived sensation different from blanks in
a more detailed manner. This observation indicates that the
perception of nicotine enantiomers at threshold concentra-
tions of detection is mediated by the olfactory system.
However, a recent study in rats and mice discovered a new
type of chemosensory cellsFthe solitary chemoreceptor
cellFin the nasal mucosa expressing T2R ‘bitter-taste’
receptors and a-gustducin, a G-protein involved in chemo-
sensory transduction (Finger et al, 2003). These a-
gustducin-positive cells showed the characteristics of
receptor cells, that is, microvilli at apical processes
extending into the nasal lumen. Dual-label immunocyto-
chemistry and electron microscopic analysis showed con-
tacts between solitary chemoreceptor cells and nerve fibers
of the trigeminal nerve. Further functional experiments
demonstrated that bitter substances applied to the nasal
epithelium activate the trigeminal nerve and evoke changes
in the respiratory rate (Finger et al, 2003). Based on these
results a role of solitary chemoreceptor cells in protective
reflexes such as sneezing, coughing, and apnea has
been proposed. The ongoing chemoreceptive investigation
into the different functions and into different subsets
of solitary chemoreceptor cells has not been completed
yet. At the moment, a role of solitary chemoreceptor cells
in the perception of nicotine even at threshold concentra-
tions of detection cannot be ruled out. However, the
detection of nicotine by solitary chemoreceptor cells
connected to the trigeminal nerve would be likely to be
perceived as an ‘irritating’ sensation and not as an ‘odorous’
sensation because the trigeminal and olfactory nerve
connect to distinct sensory systems within the brain.
In our study, mecamylamine did not significantly influence
the detection thresholds of S-(�)-and R-(þ )-nicotine.
These findings clearly demonstrate that the chemoreception
of nicotine at or near the threshold concentration
of detection is independent from nAch-Receptors sensitive
to mecamylamine. Furthermore, based on (1) the super-
sensitivity of the olfactory system (Menini et al, 1995),
on (2) the reported ‘odorous’ sensations at threshold
concentrations of detection, and on (3) the broad nAch-R
antagonism of mecamylamine (Papke et al, 2001)
(Woodruff-Pak, 2003), it can be assumed that the chemo-
reception of nicotine at low and ultralow concentrations is
exclusively mediated by binding to receptors of the
olfactory receptor family and not by binding to peripheral
nAch-Receptors.
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