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A B S T R A C T

Mecamylamine is a non-competitive nicotinic acetylcholine receptor (nAChR) antagonist that has been prescribed for hypertension and as an off-label smoking
cessation aid. Here, we examined pharmacological mechanisms underlying the interoceptive effects (i.e., discriminative stimulus effects) of mecamylamine (5.6 mg/
kg s.c.) and compared the effects of nAChR antagonists in this discrimination assay to their capacity to block a nicotine discriminative stimulus (1.78 mg/kg s.c.) in
rhesus monkeys. Central (pempidine) and peripherally restricted nAChR antagonists (pentolinium and chlorisondamine) dose-dependently substituted for the me-
camylamine discriminative stimulus in the following rank order potency (pentolinium > pempidine > chlorisondamine > mecamylamine). In contrast, at equi-
effective doses based on substitution for mecamylamine, only mecamylamine antagonized the discriminative stimulus effects of nicotine, i.e., pentolinium, chlor-
isondamine, and pempidine did not. NMDA receptor antagonists produced dose-dependent substitution for mecamylamine with the following rank order potency
(MK-801 > phencyclidine > ketamine). In contrast, behaviorally active doses of smoking cessation aids including nAChR agonists (nicotine, varenicline, and
cytisine), the smoking cessation aid and antidepressant bupropion, and the benzodiazepine midazolam did not substitute for the discriminative stimulus effects of
mecamylamine. These data suggest that peripheral nAChRs and NMDA receptors may contribute to the interoceptive stimulus effects produced by mecamylamine.
Based on the current results, the therapeutic use of mecamylamine (i.e., for smoking or to alleviate green tobacco sickness) should be weighed against the potential
for mecamylamine to produce interoceptive effects that overlap with another class of abused drugs (i.e., NMDA receptor agonists).

1. Introduction

Mecamylamine (3-methylaminoisocamphane hydrochloride or
Inversine®) is a secondary amine that targets nicotinic acetylcholine
receptors (nAChRs) in the CNS and the periphery. In the periphery it
inhibits transmission of impulses across autonomic ganglia (Stone et al.,
1956). Mecamylamine is currently available by prescription and has
been used as an antihypertensive pharmacotherapy, although its use is
limited by ganglionic side effects (Shytle et al., 2002). Despite long-
standing use for hypertension, off-label use as a smoking cessation aid,
and its potential to elicit CNS-mediated effects, the behavioral effects of
mecamylamine have not been fully characterized. Mecamylamine was
established as a discriminative stimulus in rats previously (Garcha and
Stolerman, 1993), yet numerous pharmacological differences between
rat and human nAChRs (Papke et al., 2001; Papke and Porter Papke,
2002) warrant cross-species comparisons. The effects of mecamylamine
alone and in combination with nicotine have been examined previously
in non-human primates (Preston et al., 1985; Katner et al., 2004). Here,
drug discrimination methods were used to characterize the pharma-
cology of mecamylamine in non-human primates.

Mecamylamine is a prototypical nicotine antagonist (Garcha and
Stolerman, 1993; Mariathasan and Stolerman, 1993; Webster et al.,
1999). Mecamylamine acts at nAChRs, but not at the nicotine binding

site. Mecamylamine blocks the effects of nicotine but does not displace
nicotine binding (Collins et al., 1986; Banerjee et al., 1990), thereby
producing non-competitive antagonism that is often insurmountable
(Stolerman et al., 1983). The proposed binding site is located within the
nAChR ion channel pore. Mecamylamine attenuates many behavioral
effects of nicotine, including its positive reinforcing, aversive, and
discriminative stimulus effects, as well as the effects of nicotine on
schedule-controlled behavior and locomotor activity (Clarke and
Kumar, 1983; Cunningham and McMahon, 2011; Fudala et al., 1985;
Jutkiewicz et al., 2011; Reavill and Stolerman, 1990; Stolerman et al.,
1999). Mecamylamine attenuates the discriminative stimulus effects of
nicotine in mice, rats, and non-human primates across a range of
training doses (Cunningham et al., 2012; Jutkiewicz et al., 2011;
Stolerman et al., 1999).

Mecamylamine can serve as a discriminative stimulus; however, the
dose of mecamylamine required to train a discrimination is much larger
than the smallest doses of mecamylamine that reliably antagonize the
behavioral effects of nicotine (Garcha and Stolerman, 1993). For ex-
ample, in rats, the dose of mecamylamine (3.5 mg/kg) trained as a
discriminative stimulus was 30 times larger than the dose of mecamy-
lamine that antagonized the discriminative stimulus effects of nicotine
(Stolerman et al., 1983; Garcha and Stolerman, 1993). In rats dis-
criminating mecamylamine, various other ganglionic-blocking drugs
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shared effects with nicotine. Nicotine itself and muscarinic antagonists,
however, failed to substitute for mecamylamine, and nicotine failed to
antagonize the discriminative stimulus effects of mecamylamine
(Garcha and Stolerman, 1993).

Ganglionic-blocking drugs inhibit the stimulating actions of acet-
ylcholine at autonomic ganglia; these chemically diverse agents are
divided into two groups. One group consists of quaternary compounds
such as hexamethonium, chlorisondamine, and pentolinium, that have
restricted access to the CNS due to charge that inhibits blood-brain-
barrier penetration. The second group consists of amines, e.g., meca-
mylamine and pempidine, do cross the blood-brain-barrier (Sethi and
Gulati, 1973). Hexamethonium (Bradley et al., 1966), pentolinium
(Caulfield and Higgins, 1983), and chlorisondamine (Kumar et al.,
1987) can antagonize some of the effects of nicotine. However, their
limited penetration into the CNS requires intracerebroventricular ad-
ministration to facilitate their ability to block the effects of nicotine
mediated by brain nAChRs (Kumar et al., 1987). These two groups of
antagonists can be used to differentiate the involvement of peripheral
versus central nAChRs in the behavioral effects of nicotine and other
nAChR agonists.

Beyond its use to control hypertension, mecamylamine has long
been considered a viable candidate as a smoking cessation aid due to its
effectiveness at blocking nicotine, the active alkaloid in tobacco that
drives tobacco use. However, mecamylamine may have limited se-
lectivity for nAChRs, i.e., off-target effects. Mecamylamine was re-
ported to antagonize N-methyl-D-aspartate (NMDA) receptor mediated
norepinephrine release (O'Dell and Christensen, 1988). PCP and MK-
801 both have affinity for nAChRs, although at different binding sites
than nicotine or acetylcholine, and can antagonize some effects medi-
ated by peripheral and central nAChRs (Eldefrawi et al., 1980; Ramoa
et al., 1990). However, in rats trained to discriminate mecamylamine
(3.5 mg/kg), PCP produced predominantly saline-lever responding.
MK-801, on the other hand, produced a partial effect, i.e., 34% meca-
mylamine-lever responding (Garcha and Stolerman, 1993).

One goal of the current study was to characterize the discriminative
stimulus effects of mecamylamine in non-human primates by testing
nAChR antagonists (dihydro-β-erythroidine, pempidine, chlor-
isondamine, pentolinium, and hexamethonium), a muscarinic acet-
ylcholine receptor antagonist (atropine), NMDA antagonists (MK-801,
PCP, and ketamine), smoking cessations aids (nicotine, varenicline,
cytisine, and bupropion), and a benzodiazepine (midazolam). The
NMDA antagonists were added to evaluate not only glutamate in-
volvement in the effects of mecamylamine, but also potential NMDA
antagonist abuse-related effects; the abuse-related effects were of in-
terest insofar as mecamylamine remains a viable strategy for treating
untoward effects of nicotine such as excessive use (i.e., cigarette
smoking or vaping) and poisoning (i.e., green tobacco sickness;
McMahon, 2019). A second goal was to identify the extent to which
peripheral nAChRs might contribute to the discriminative stimulus ef-
fects of mecamylamine and nicotine. While discriminative stimulus
effects are centrally mediated, actions of drugs outside the brain and
detected by the peripheral nervous system could be relayed to the brain
and contribute to discriminative stimulus effects. Four rhesus monkeys
were trained to discriminate mecamylamine (5.6 mg/kg) from saline in
a two-choice discrimination procedure. Five rhesus monkeys dis-
criminated nicotine (1.78 mg/kg) from saline as previously described
(Cunningham et al., 2012).

2. Materials and methods

2.1. Subjects

Nine adult rhesus monkeys (Macaca mulatta) were used. Five (three
males and two females) that discriminated nicotine (1.78 mg/kg free
base s.c.) from saline had been previously trained as described
(Cunningham et al., 2012). Four (two males and two females) that

discriminated mecamylamine (5.6 mg/kg s.c.) from saline had been
previously trained as described (Cunningham et al., 2014). Monkeys
were housed individually in stainless steel cages on a 14-h light/10-h
dark schedule (lights on at 0600 h). They were maintained at 95% free-
feeding weight (range 6–10.5 kg) with a diet consisting of primate chow
(Harlan Teklad, High Protein Monkey Diet; Madison, WI), fresh fruit,
and peanuts; water was continuously available in the home cage.
Monkeys were maintained, and experiments were conducted in ac-
cordance with, the Institutional Animal Care and Use Committee, The
University of Texas Health Science Center at San Antonio and the Na-
tional Institutes of Health's Guide for the Care and Use of Laboratory Ani-
mals (Institute for Laboratory Animal Research, 2011).

2.2. Apparatus

Monkeys were seated individually in a chair (Model R001, Primate
Products; Miami, FL) in front of a stainless-steel panel, two levers, and
two lights (i.e., one above each lever) within ventilated chambers in the
presence of continuous white noise. Feet were maintained in contact
with brass electrodes to which a brief electric stimulus (3mA, 250ms)
could be delivered from an a/c generator (Coulbourn Instruments;
Whitehall, PA). An interface (MedAssociates) connected the chambers
to a computer, which controlled and recorded lever responses with
Med-PC software.

2.3. Discrimination training

Responding was maintained under an FR5 schedule of stimulus-
shock termination. Illumination of the lights signaled that an electric
stimulus was scheduled for delivery in 10 s; however, five consecutive
responses on a lever extinguished the lights, prevented delivery of the
electric stimulus, and postponed the schedule for 30 s. The schedule of
stimulus-shock termination ended after 10 min.

Four rhesus monkeys were trained to discriminate mecamylamine
(5.6 mg/kg) from saline. Experimental sessions began with a 30-min
timeout followed by a 10-min schedule of stimulus-shock termination.
The lever designated correct during training was assigned based on
whether the monkey received saline or the training dose of mecamy-
lamine (5.6 mg/kg) prior to the session. Mecamylamine lever assign-
ments were balanced across the group for left and right levers and re-
mained the same per monkey for the duration of the study. Five
consecutive responses on the correct lever postponed the shock sche-
dule; incorrect responses reset the response requirement. The first test
was conducted when for five consecutive or six out of seven training
sessions, at least 80% of the total responses occurred on the correct
lever and fewer than five responses occurred on the incorrect lever prior
to completion of the first fixed ratio on the correct lever.

Five rhesus monkeys were previously trained to discriminate nico-
tine (1.78 mg/kg) from saline (Cunningham et al., 2012). The nicotine
versus saline training parameters were identical to those for monkeys
discriminating mecamylamine, except the timeout was 10 min in
duration; the period of stimulus-shock termination was 10 min. The
lever designated correct during training was assigned based on whether
the monkey received saline or the training dose of nicotine (1.78 mg/
kg).

2.4. Discrimination testing

Test sessions were identical to training sessions except that five
consecutive responses on either lever postponed the schedule of sti-
mulus-shock termination and animals received saline or dose(s) of test
compound. Further tests were conducted when performance for con-
secutive training sessions, including both saline and drug training ses-
sions, satisfied the test criteria.

To characterize the discriminative stimulus effects mecamylamine
(5.6 mg/kg), a dose of mecamylamine, pentolinium, chlorisondamine,
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pempidine, hexamethonium, dihydro-beta-erythroidine, atropine, ke-
tamine, phencyclidine, MK-801, nicotine, varenicline, cytisine, bupro-
pion, or midazolam were administered at the beginning of the session.
The effects of mecamylamine, pentolinium, chlorisondamine, pempi-
dine, and hexamethonium were further examined alone and in combi-
nation with nicotine in the nicotine discrimination assay. For these tests
in monkeys discriminating nicotine, a dose of antagonist that pro-
duced> 75% mecamylamine-lever responding was administered 10
min before a 10-min response period, or 20 min before nicotine, which
was administered at the beginning of the 10-min timeout.

2.5. Drugs

Drugs were administered s.c. in the midscapular region of the back
in volumes of< 3 ml. The doses (mg/kg) of current test drugs were
expressed as the weight of the base and salt, except for nicotine and
pentolinium, which were expressed as the weight of the base. Nicotine
hydrogen tartrate salt, atropine, hexamethonium bromide, 1,2,2,6,6-
pentamethylpiperidine (pempidine), pentolinium tartrate, chlor-
isondamine diiodide, phencyclidine hydrochloride, (+)-MK-801 hy-
drogen maleate (Sigma-Aldrich; St. Louis, MO), mecamylamine hy-
drochloride (Waterstone Technology; Carmel, IN), bupropion
hydrochloride, varenicline dihydrochloride (Research Triangle
Institute, Research Triangle Park, NC), cytisine (Atomole Scientific,
Hubei, China), and dihydro-beta-erythroidine hydrobromide (Tocris
Bioscience; Bristol, United Kingdom) were dissolved in physiological
saline. Ketamine (Butler Animal Health Supply, Dublin, OH) and mid-
azolam (5 mg/ml in physiologic saline; Bedford Laboratories; Bedford,
OH) were obtained in solution. The pH of all solutions was adjusted to
7.

2.6. Data analyses

Discrimination data were expressed as the mean of individual values
from all four monkeys discriminating mecamylamine and five monkeys
discriminating nicotine. Discrimination data were calculated as a per-
centage of responses on the drug lever out of total responses on the
saline and drug levers, separately for the respective discriminations
(mecamylamine or nicotine).

The potency to produce drug-lever responding was calculated by
simultaneously fitting straight lines to individual dose-effect data by
means of GraphPad Prism version 5.0 for Windows (San Diego, CA)
with linear regression. Straight lines were fitted to the linear portion of
dose-effect curves, defined by doses producing 20–80% drug-lever re-
sponding, including the largest dose that produced<20% drug-lever
responding and the smallest dose that produced>80% drug-lever re-
sponding. Other doses were excluded from the analyses. Doses corre-
sponding to the 50% level of the effect (ED50) and 95% confidence
limits were calculated by parallel line analyses of data from individual
subjects (Tallarida, 2000). When an ED50 value could not be inter-
polated (i.e., maximum effect was not> 50%), an F-ratio test was used
to compare the slope and intercept of functions with GraphPad.

Rate of responding on both levers (i.e., drug and saline) was cal-
culated as responses per second, excluding responses during time-outs.
Rate of responding during a test was expressed as the percentage of the
control response rate for individual animals. The control was defined as
the average response rate for all cycles during the five previous vehicle
training sessions, excluding sessions during which the test criteria were
not satisfied. A straight line was fitted to response rate data and the
slope was obtained. A significant effect on response rate was evidenced
by a slope that was significantly different from 0.

3. Results

3.1. The discriminative stimulus effects of mecamylamine in rhesus monkeys

The criteria for conducting the first test in rhesus monkeys trained
to discriminate mecamylamine (5.6 mg/kg) from saline had been sa-
tisfied as described previously (Cunningham et al., 2014). Here, me-
camylamine dose-dependently increased the percentage of responses on
the mecamylamine lever up to 98% at the training dose (5.6 mg/kg s.c.;
Fig. 1, top, open circles), whereas saline produced no responses on the
mecamylamine lever (Fig. 1, top). The ED50 value (95% confidence
limits) of mecamylamine to produce discriminative stimulus effects was
2.60 (0.87–7.76) mg/kg. Mecamylamine (up to 5.6 mg/kg) did not
significantly modify response rate (Fig. 1, bottom, open circles).

3.2. The discriminative stimulus effects of peripherally restricted nAChR
antagonists in rhesus monkeys discriminating mecamylamine

Antagonists of nAChRs that are thought not to penetrate the CNS
were also examined for the ability to produce mecamylamine-like
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Fig. 1. Discriminative stimulus effects of mecamylamine, pentolinium, chlor-
isondamine, and pempidine in rhesus monkeys discriminating mecamylamine
(5.6 mg/kg). Abscissae: Saline or dose in mg/kg body weight administered s.c.
Ordinates: mean (± S.E.M.) percentage of responding on the mecamylamine
lever (top) and mean (± S.E.M.) rate of responding expressed as a percentage
of control (bottom).
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discriminative stimulus effects. Pentolinium and chlorisondamine dose-
dependently increased mecamylamine-lever responding; the maximum
effects were 92% and 87%, respectively (Fig. 1, top, triangles and
squares, respectively). The ED50 values (95% confidence limits) were
0.37 (0.21–0.67) for pentolinium, and 1.07 (0.62–1.84) for chlor-
isondamine. The ED50 values for pentolinium and chlorisondamine
were compared to mecamylamine by calculation of potency ratios.
Pentolinium was significantly more potent than mecamylamine, with a
potency ratio (95% confidence limits) of 7.0 (2.6–19.1), whereas
chlorisondamine was equipotent with mecamylamine based on con-
fidence limits (0.9–6.4mg/kg) of the ED50 value (2.4 mg/kg) including
1.

3.3. The discriminative stimulus effects of pentolinium, pempidine,
chlorisondamine, hexamethonium, and mecamylamine alone and in
combination with nicotine in rhesus monkeys discriminating nicotine

Pentolinium (0.56 mg/kg), pempidine (1 mg/kg), chlorisondamine
(1.78 mg/kg), and mecamylamine (5.6 mg/kg) produced a maximum of
15.6% nicotine-lever responding (Fig. 2, open circles above saline).
Hexamethonium (17.8 mg/kg), produced on average 35% nicotine-
lever responding. When the ganglionic-blocking drugs were combined
with nicotine, there was no significant shift in the nicotine dose-re-
sponse curve except for mecamylamine; the potency ratio values (95%
confidence limits) were 1.9 (0.5–6.5) for pentolinium, 1.3 (0.6–2.9) for
pempidine, 1.5 (0.7–3.6) for chlorisondamine, 1.6 (0.7–3.7) for hex-
amethonium. For mecamylamine in combination with nicotine, the
slope and intercept were significantly different from those calculated
for nicotine alone (p > 0.05). Relative to the saline control, response
rate was not significantly altered by the antagonists alone, nicotine
alone, or by their combination at the doses studied (data not shown).

3.4. The discriminative stimulus effects N-methyl-D-aspartate (NMDA)
receptor antagonists in rhesus monkeys discriminating mecamylamine

MK-801, PCP, and ketamine dose-dependently increased responding

on the mecamylamine lever (Fig. 3, top); the maximum effects were
87%, 97%, and 84%, respectively. The slopes obtained from dose-re-
sponse functions of mecamylamine, MK-801, PCP and ketamine were
not significantly different from one another. The ED50 values (95%
confidence limits) determined from the common slope were 0.019
(0.008–0.046) for MK-801, 0.031 (0.022–0.044) for PCP, and 1.97
(1.19–3.26) for ketamine. Based on potency ratio values (95% con-
fidence limits), MK-801 and PCP were 136.2 (37.9–489.6) and 86.6
(35.7–210) fold more potent than mecamylamine, respectively. In
contrast, the potencies for ketamine and mecamylamine were not sig-
nificantly different according to potency ratios (95% confidence limits),
i.e., 1.3 (0.5–3.6).

3.5. The discriminative stimulus effects of the muscarinic acetylcholine
receptor antagonist atropine in rhesus monkeys discriminating
mecamylamine

Atropine (0.1–1.78 mg/kg) produced no greater than a mean of 5%
mecamylamine-lever responding; there was no effect on response rate.
Atropine (1 and 1.78 mg/kg) produced increased vocalizations
throughout the discrimination session.

3.6. Tests with the smoking cessation aids nicotine, varenicline, bupropion,
and cytisine and the benzodiazepine midazolam

Nicotine (1.78–3.2 mg/kg), varenicline (1–3.2 mg/kg), bupropion
(5.6 and 10 mg/kg), and cytisine (17.8–56mg/kg) produced a max-
imum of 7% mecamylamine-lever responding (Fig. 4, top). Although
none of these doses significantly decreased response rate to< 50%
control (Fig. 4, bottom), and the slopes of their dose-response functions
were not significantly different from 0, these are behaviorally active
doses as evidenced by their ability to produce discriminative stimulus
effects, or to substitute for or antagonize the discriminative stimulus
effects of nicotine in rhesus monkeys (Cunningham et al., 2012). Mid-
azolam produced a maximum of 47% mecamylamine-lever responding
(Fig. 4, top); however, this was accompanied by marked a decrease in

Fig. 2. Discriminative stimulus effects of nicotine alone and in combination with pentolinium (0.56 mg/kg), pempidine (1 mg/kg), chlorisondamine (1.78 mg/kg),
hexamethonium (17.8 mg/kg), and mecamylamine (5.6 mg/kg). Abscissae: Dose of nicotine free base in mg/kg body weight administered s.c. Ordinates: mean
(± S.E.M.) percentage of responding on the nicotine lever (top) and mean (± S.E.M.) rate of responding expressed as a percentage of control (bottom). Points above
Saline are the effects of the dose of the nAChR antagonist alone in combination with saline. Points above nicotine dose are the effects of nicotine alone (closed circles)
or the effects of the same nicotine dose in the presence of the nAChR antagonist (open symbols).

C.S. Cunningham et al. Pharmacology, Biochemistry and Behavior 179 (2019) 27–33

30



response rate, i.e., to 15% of control (Fig. 4, bottom).

3.7. The discriminative stimulus effects of other CNS penetrating nAChR
antagonists in rhesus monkeys discriminating mecamylamine

Pempidine dose-dependently increased mecamylamine-lever re-
sponding; the maximum effect was 100% (Fig. 1, top, inverted trian-
gles). The ED50 value (95% confidence limits) of pempidine to produce
mecamylamine-like discriminative stimulus effects was 0.52
(0.37–0.73). Dihydro-β-erythroidine, up to a dose (3.2 mg/kg) that is
toxic in rhesus monkeys (tremor and ataxia), produced 0% mecamy-
lamine-lever responding and did not significantly modify response rate
(Fig. 4).

4. Discussion

In rhesus monkeys discriminating the non-competitive nAChR an-
tagonist mecamylamine (5.6 mg/kg), another CNS penetrating gang-
lionic-blocking drug (i.e., pempidine) produced mecamylamine-like
effects. The peripherally restricted nAChR antagonists pentolinium and
chlorisondamine substituted for the mecamylamine discriminative sti-
mulus (current results), as did hexamethonium as reported previously
(Cunningham et al., 2014). Nicotine did not produce mecamylamine-

like effects as reported previously (Cunningham et al., 2014), and was
unable to attenuate the discriminative stimulus effects of mecamyla-
mine (5.6 mg/kg). Other smoking cessation aids (varenicline, cytisine,
and bupropion) and a benzodiazepine (midazolam) did not substitute
for the discriminative stimulus effects of mecamylamine at doses that
were reported to be behaviorally active in rhesus monkeys
(Cunningham et al., 2012), indicating that the mecamylamine dis-
criminative stimulus was pharmacologically selective. None of the
ganglionic-blocking drugs (i.e. pentolinium, pempidine, chlor-
isondamine, and hexamethonium) antagonized the discriminative sti-
mulus effects of nicotine at a training dose of 1.78mg/kg in rhesus
monkeys. The NMDA receptor antagonists (ketamine, PCP, and MK-
801) reliably substituted for the discriminative stimulus effects of me-
camylamine at doses that did not alter rate of responding. These data
suggest that the discriminative stimulus effects of mecamylamine in
primates are mediated by both nAChR and NMDA receptors, and that
the discrimination is mediated at least in part by peripheral nAChRs. It
should be noted that the doses of mecamylamine and nicotine used for
training were relatively high; one consequence of this might be loss of
pharmacological selectivity at nAChRs.

Drug discrimination is centrally mediated; typically, that mediation
is thought to reflect actions on receptors in the brain. Data supporting
an essential role for the CNS in drug discrimination has been obtained
with various training drugs including nicotine (Perkins et al., 1999;
Stolerman et al., 1984), apomorphine (Woolverton et al., 1987), and
morphine (France et al., 1987). Consistent with these findings, drugs
like mecamylamine and pempidine that readily penetrate the blood-
brain barrier shared discriminative stimulus effects with
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Fig. 3. Discriminative stimulus effects of MK-801, PCP, and ketamine in rhesus
monkeys discriminating mecamylamine (5.6 mg/kg). Abscissae: Dose in mg/kg
body weight administered s.c. Ordinates: mean (± S.E.M.) percentage of re-
sponding on the mecamylamine lever (top) and mean (± S.E.M.) rate of re-
sponding expressed as a percentage of control (bottom).
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Fig. 4. Effects of smoking cessation aids (nicotine, varenicline, bupropion, and
cytisine), DHβE, and a benzodiazepine (midazolam) in rhesus monkeys dis-
criminating mecamylamine (5.6 mg/kg). Abscissae: Dose in mg/kg body weight
administered s.c. Ordinates: mean (± S.E.M.) percentage of responding on the
mecamylamine lever (top) and mean (± S.E.M.) rate of responding expressed
as a percentage of control (bottom).
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mecamylamine. However, drugs that do not readily penetrate the
blood-brain barrier (i.e., pentolinium, chlorisondamine, and hexam-
ethonium) also substituted for a mecamylamine discriminative sti-
mulus, suggesting that drug actions at peripheral nAChR can be dis-
criminated. There are species differences in the maximum effects
produced by hexamethonium and chlorisondamine, which fully gen-
eralized to a mecamylamine discriminative stimulus in rhesus monkeys,
but only produced partial effects in rats (Garcha and Stolerman, 1993).
Chlorisondamine in the previous study was not tested up to doses that
eliminated responding, leaving open the possibility for greater meca-
mylamine-lever responding at larger doses. The difference in effects
produced by hexamethonium across the two experiments could be due
the training dose of mecamylamine, or to species differences such as
nAChR subtype expression and function (Papke and Porter Papke,
2002) and pharmacokinetics.

There are two possible interpretations of a presumed peripherally
restricted antagonist producing mecamylamine-like effects in rhesus
monkeys. First, it is possible that the peripherally restricted nAChR
antagonists are being administered in large enough doses that enough
reaches the CNS to stimulate nAChRs and exert mecamylamine-like
discriminative stimulus effects. This interpretation is unlikely because
peripherally restricted nAChR antagonists like hexamethonium have
consistently failed to antagonize the centrally mediated effects of ni-
cotine when administered systemically (current study; Hazell et al.,
1978; Stolerman et al., 1984; Besheer et al., 2004). However, when
administered directly into brain ventricles, thereby circumventing the
blood-brain barrier, hexamethonium was reported to antagonize the
effects of nicotine (Kumar et al., 1987). The second interpretation is
that the discriminative stimulus effects of a relatively large dose of
mecamylamine are mediated, at least partially, by actions of the
ganglionic-blocking drugs outside the brain.

The ganglionic-blocking drugs that produced mecamylamine-like
discriminative stimulus effects in rhesus monkeys, pentolinium, pem-
pidine, chlorisondamine, and hexamethonium, were examined for the
ability to antagonize a nicotine discriminative stimulus (1.78 mg/kg).
The doses tested were the smallest doses of antagonist that pro-
duced> 75% mecamylamine-lever responding. In previous studies
mecamylamine (1 mg/kg) significantly antagonized the discriminative
stimulus effects of nicotine in rhesus monkeys and shifted the nicotine
dose-response curve 3.2 (1.3–8.0)-fold (Cunningham et al., 2012).
Here, 5.6 mg/kg of mecamylamine significantly antagonized the dis-
criminative stimulus effects of nicotine as well, in a manner that ap-
peared insurmountable. While there was a trend for there to be a
rightward shift of the nicotine dose-response function in the presence of
some of the other antagonists, none of them significantly antagonized
nicotine.

The discriminative stimulus effects of nicotine are thought to be
mediated by nAChRs in the CNS (Stolerman et al., 1984). This hy-
pothesis was to some extent confirmed in rhesus monkeys inasmuch as
pentolinium, chlorisondamine, and hexamethonium, at doses that
produced mecamylamine-like discriminative stimulus effects, failed to
antagonize the discriminative stimulus effects of nicotine. It was
somewhat surprising that pempidine, a tertiary amine that readily pe-
netrates the CNS, did not significantly antagonize nicotine. In other
studies, pempidine has been shown to antagonize several effects of
nicotine in rats including depression of spontaneous activity, dis-
criminative stimulus effects, and antinociceptive effects (Martin et al.,
1990; Romano et al., 1981). The muscarinic antagonist atropine did not
produce mecamylamine-like effects, indicating that muscarinic re-
ceptors are not involved in the mecamylamine discriminative stimulus.

In the present study three different NMDA antagonists, ketamine,
PCP, and MK-801, produced high levels of mecamylamine-lever re-
sponding at doses that did not decrease the rate of responding in rhesus
monkeys. The substitution of NMDA antagonists for a mecamylamine
cue is at odds with data reported in rats (Garcha and Stolerman, 1993).
However, the current data are consistent with in vitro data showing

that mecamylamine has NMDA receptor antagonist activity. Mecamy-
lamine can antagonize NMDA stimulated 3H-norepinephrine release
(Snell and Johnson, 1989). Mecamylamine has also been shown to
antagonize NMDA induced currents in catfish retina (O'Dell and
Christensen, 1988). Lastly, the NMDA receptor antagonist MK-801 in-
teracts with nAChRs as a low-affinity noncompetitive antagonist
(Pessôa et al., 2005). Furthermore, the rank order potency of the NMDA
receptor antagonists to produce the discriminative stimulus effects of
mecamylamine falls in line with the rank order potency of these drugs
to produce NMDA-receptor mediated effects (Koek et al., 1990). These
data suggest that NMDA receptors mediate the discriminative stimulus
effects of mecamylamine in rhesus monkeys. Although the mecamyla-
mine-like effects of MK-801, PCP, and ketamine could be mediated by
neuronal NMDA receptors, peripherally restricted nAChR antagonists
produced a similar effect. These data might suggest that the dis-
criminative stimulus effects of peripheral nAChRs antagonists are
qualitatively similar to those produced by NMDA receptor antagonists.
Alternatively, the ganglionic-blocking drugs could have non-selective
actions at peripheral NMDA receptors.

It is currently unclear whether the discriminative stimulus effects of
mecamylamine (5.6 mg/kg) in rhesus monkeys are mediated by per-
ipheral NMDA receptors or peripheral nAChRs. If peripheral nAChRs
are mediating the discriminative stimulus effects of mecamylamine,
then antagonism of endogenous acetylcholine tone is likely mediating
the effect. This hypothesis can be tested by artificially manipulating
endogenous acetylcholine tone, perhaps with acetylcholinesterase in-
hibitors. Alternatively, to test the hypothesis that peripheral NMDA
receptors mediate the discriminative stimulus effects of mecamylamine
(5.6 mg/kg) in rhesus monkeys, the ganglionic-blocking drugs used in
the current study can be examined for the ability to produce NMDA-
receptor antagonist-like effects in animals trained to discriminate an
NMDA-antagonist (like PCP or MK-801). Regardless of whether the
effects originate peripherally, centrally, or some combination of both,
these findings suggest caution is warranted over the continued ther-
apeutic use of mecamylamine inasmuch as overlapping discriminative
stimulus effects with NMDA receptor antagonists indicate that meca-
mylamine has NMDA receptor antagonist-like abuse liability.
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