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Abstract
Evaluation of the discriminative stimulus effects of drugs is a useful procedure for identification
of receptor mediation of in vivo drug effects. This assay can be enhanced when the stimulus
effects of different doses of agonist are evaluated. In the present study, rats were trained to
discriminate small or large doses of nicotine from saline, and interactions of these effects with

antagonist mecamylamine blocked both the discriminative stimulus and response rate-reducing
effects of nicotine, but was less effective against the large dose of nicotine. The α4β2*selective,

competitive

antagonist

dihydro-beta-erythrodine

(DHβE)

antagonized

the

discriminative stimulus effects of both doses, but was less effective against the larger training
dose of nicotine.

Schild analyses of DHβE suggested that different nicotinic receptor

populations may be mediating the stimulus effects of large and small doses of nicotine. This was
supported by observations that the discriminative stimulus effects of the partial agonist cytisine
were more like those of the large dose than of the small dose of nicotine, and that cytisine
antagonized the effects of only the small nicotine dose. Varenicline produced nicotine-like
effects in both training dose groups, but reduced the discriminative stimulus effects of
intermediate doses of nicotine in the group trained to the small dose of nicotine. Overall, these
results suggest that small doses of nicotine produce their stimulus effects via α4β2* nicotine
receptors, whereas larger doses of nicotine recruit additional nicotine receptor subtypes, as
revealed by drug discrimination assays in rats.

3

Downloaded from jpet.aspetjournals.org at ASPET Journals on January 9, 2023

nicotinic receptor antagonists and partial agonists were determined. The insurmountable nicotine

JPET Fast Forward. Published on July 5, 2011 as DOI: 10.1124/jpet.111.182170
This article has not been copyedited and formatted. The final version may differ from this version.
JPET #182170

Introduction
Drug discrimination assays are useful for identifying compounds that have interoceptive stimulus
effects in common. In these assays, animals (typically rats, pigeons, or nonhuman primates) are
trained over several sessions to make one response to receive food if they have been given a
particular centrally active drug, and to make another response if they have been given saline.
Once a particular drug has been established as a discriminative stimulus, animals make the drug-

properties like those of the training drug; otherwise, they make the saline-appropriate response
(Colpaert and Rosecrans, 1978).
Not only are drug discrimination assays useful for categorizing drugs with common stimulus
effects, they are also among the best systems for obtaining quantitative in vivo information for
pharmacological analysis. Selection of the drug-appropriate response is dependent on the dose
of the training drug delivered, and monotonic dose-response curves can be described. Drugs
with stimulus properties in common with a specific test drug, but with lesser efficacy, produce an
amount of drug-appropriate responding that reflects their relative efficacies. Dose-response
curves established with the training drug or a drug with similar discriminative stimulus effects
are shifted appropriately to the right following administration of surmountable antagonists of the
training drug (e.g., Colpaert, 1978; Holtzman, 1985).
This last generalized finding has allowed several investigators to use drug discrimination
procedures to determine apparent pA2 values in vivo (Rowlett et al., 1999; McMahon, 2006).
The pA2 is a descriptive statistic that, when certain assumptions are met, reflects the affinity of
an antagonist for its receptor (for review see, Kenakin, 1982).
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determination of whether two or more agonists are acting at the same receptor: if a single
antagonist yields the same pA2 value when interacting with two agonists, the agonists are likely
producing the measured effects through actions on the same receptor (e.g., Walker et al., 1994),
whereas different pA2 values indicate action through different receptors (Comer et al., 1993;
Picker et al., 1993).
It has been found that establishing a discriminative stimulus effect of two doses of a single

which the drug acts. In the opioid system, for example, receptor-selective partial agonists are
more likely to produce drug-appropriate responding to a small dose of a full agonist than to a
large dose of a full agonist (Shannon and Holtzman, 1979; Koek and Woods, 1989; Picker et al.,
1992; Picker et al., 1994; Grabus et al., 1999).
Nicotinic acetylcholine receptors (nAChR) are ionotropic channels comprising five subunits. As
such, they exist in several subtypes that are somewhat distinct with respect to their location and
function. Although considerable effort remains to establish a clear relation between the various
receptor subtypes and their functions, there is evidence that the reinforcing effects of nicotine,
which are thought to be important in abuse of nicotine-containing products (Ator and Griffiths,
2003) are mediated through the α4β2* subtype of the nAChR (Corrigall et al., 1994; Watkins et
al., 1999; Mansbach et al., 2000; Liu et al., 2007; Le Foll et al., 2009). Drug discrimination
assays have been used in attempts to isolate the receptor that is most relevant to nicotine’s drug’s
interoceptive effects, and several lines of evidence indicate that these are also mediated through
the α4β2 subtype of the nAChR (reviewed by Smith and Stolerman, 2009).

Nevertheless,

genetic studies in particular have implicated other nicotinic receptor subtypes, such as the α3,
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α5, α6, and β4 subunits, in the abuse liability of nicotine (e.g., Improgo et al., 2010; Russo et al.,
2010; Sherva et al., 2010).
The current study had three aims: 1) to evaluate nicotinic partial agonist effects under
different nicotine training conditions, 2) to characterize antagonism of small and large dose
nicotine discriminative stimulus effects, and 3) to perform, for the first time, a quantitative
evaluation of the discriminative stimulus effects of nicotine and the receptor subtypes that

al., 1989), a nicotine receptor ion channel blocker that is uncompetitive in its actions, and
dihydro-beta-erythroidine (DHβE) (Williams and Robinson, 1984; Sabey et al., 1999; Shoaib et
al., 2000), a competitive, α4β2-selective nicotine antagonist.

The partial agonists were

varenicline (Coe et al., 2005) and cytisine (Barlow and McLeod, 1969; Romano et al., 1981;
Sloan et al., 1988). Interaction studies were carried out in rats trained to discriminate between
saline and a large or a small dose of nicotine. These findings were aimed at a more thorough
understanding of the receptor basis for nicotine’s interoceptive stimulus effects, and at providing
a procedural framework for the development of nicotine antagonists that are selective at this
receptor and might be suitable for treatment of tobacco abuse.

Methods
Subjects. Male Sprague-Dawley rats were obtained from Harlan, Inc (Indianapolis, IN) and
singly housed in polycarbonate cages with water continuously available. All rats weighed
approximately 280-290g at the start of the experiment. A food-restricted diet of Purina rodent
food was used to maintain body weight at approximately 350-375 g. Housing and experimental
6

Downloaded from jpet.aspetjournals.org at ASPET Journals on January 9, 2023

mediate these effects. The antagonists used were mecamylamine (Stone et al., 1956; Martin et

JPET Fast Forward. Published on July 5, 2011 as DOI: 10.1124/jpet.111.182170
This article has not been copyedited and formatted. The final version may differ from this version.
JPET #182170

rooms were maintained on a 12 h light/dark cycle with lights on at 7:00 AM with an average
temperature of 21oC. A group of six rats was used in each of the two nicotine-training dose
groups. Following extensive training and testing, the group of rats trained to discriminate the
small dose nicotine was replaced with a second group of 6 rats.
Apparatus.

Drug discrimination procedures were carried out in six standard operant

conditioning chambers with an area of 30.5 cm X 24.1 cm X 21.0 cm and stainless steel grid

attenuating boxes. Each chamber was equipped with two nose-poke devices with apertures
containing yellow LED lights on either side of a dipper capable of delivering 50 μl of fluid into a
third opening (H14-05R; Coulbourn Instruments, Whitehall, PA).
Discrimination Training. Prior to starting discrimination training, all subjects were trained to
respond on a fixed ratio 10 (FR10) schedule of reinforcement with responding in either aperture
resulting in 10-sec access to 50 μl vanilla-flavored Ensure (Abbott Laboratories, Abbott Park
IL). After evaluating side or aperture biases, the saline- or nicotine- associated nose poke
apertures were assigned to each rat in the following format to minimize biases: 1) approximately
50% of rats had the drug-associated aperture assigned on the left and 50% of the rats had the
drug-associated aperture assigned on the right; and 2) the drug-associated aperture was assigned
to the non-preferred side in 50% of subjects.
For discrimination training, rats were injected with saline or nicotine and immediately placed in
the operant chamber for a 5-min blackout followed by a 20-min period during which response
contingencies were in effect (SD period). Rats were trained to discriminate either 0.32 mg/kg
nicotine (small nicotine dose) from saline, or 1.78 mg/kg nicotine (large nicotine dose) from

7
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saline. Discrimination training continued until the following criteria were met: 1) responding on
first FR of the session was completed on the injection-appropriate aperture, and 2) >85% of total
session responses were made on the injection-appropriate aperture. Nicotine discrimination was
obtained in 20-50 sessions depending on the rat.
Discrimination Testing and Maintenance. After the drug discrimination was established, the
duration of the SD period was decreased to 5 min over a period of approximately 5 days. At this

blackout period and a 5 min SD period. Rats were injected with either saline or the appropriate
dose of nicotine, immediately placed into the chamber, with the blackout in effect. At the end of
the blackout, both nose-poke aperture lights were illuminated and responding (FR10) on the
injection-appropriate aperture was reinforced with 10-sec access to 50 μl Ensure.

Each

reinforcer delivery was followed by a 10-sec timeout. FR completion in the incorrect aperture
led directly to the 10-sec timeout without reinforcer presentation. At the end of the 5 min SD
period, the rat was removed from the operant chamber, given another injection, and returned to
the chamber for the next 5 min blackout and the following 5 min response period. Multiplecomponent training sessions consisted of two to four consecutive administrations of saline
(saline-saline, saline-saline-saline, or saline-saline-saline-saline) or zero to three components of
consecutive administrations of saline followed by nicotine administration (nicotine only, salinenicotine, saline-saline-nicotine, or saline-saline-saline-nicotine).
Test sessions were conducted only after three training days during which all criteria listed above
were met. Test sessions consisted of four components, and completed FRs on either nose-poke
aperture were reinforced with 10-sec access to Ensure. Drug was administered prior to the start
of each component as previously described, with doses increasing across injections in a
8
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cumulative fashion. For evaluation of antagonist effects, a dose of the selected antagonist was
administered in the home cage 15 min prior to the start the session. Increasing doses of nicotine
were then given in the four components of the test session. Rats received no more than two test
sessions per week; at least once per month, cumulative dose effect curves with nicotine were
determined to monitor for changes in drug sensitivity. Full or complete generalization to a
discriminative cue was defined as >85% of responding on the drug-associated aperture and
completing at least one FR.

substitution curves and nicotine dose effect curves following cytisine and varenicline
pretreatments were calculated from a combination of two groups of 6 rats trained to discriminate
the small dose of nicotine (10-12 rats total). Discrimination data were expressed as a percentage
of responses occurring on the nicotine-associated aperture out of the total number of responses
on both the drug- and saline-associated apertures. Rates of responding were calculated by
dividing the total number of responses by the total duration of SD presentations within each
component.

Data were averaged across 5-6 rats in every dose condition unless otherwise

described in the results section. Response rates were included in group averages only if at least
one FR was completed.
To determine changes in agonist potency in the presence of the antagonist DHβE (% drug
responding only), individual dose response curves and ED50 values were analyzed using
GraphPad Prism 4.03 Software (San Diego, CA, USA). To calculate ED50 values for each rat,
the 50% level of maximum effect was determined from the straight line analysis of % drug
responding, including only one dose that produced <10% and one dose that produced >90%
drug-appropriate responding. For the small dose preparation, pA2 values were calculated for
9
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DHβE. Schild plots were determined by expressing the average logarithm of the dose ratio-1 as
a function of the negative logarithm of the molar dose (moles/kg) of DHβE (Arunlakshana and
Schild, 1959). Dose ratios (ratio of the ED50 dose of an agonist in the presence of antagonist
(A’) to the ED50 dose in the absence of the antagonist (A)) were calculated for individual rats.
Using GraphPad Prism 4.03 Software, a straight line model of nonlinear regression was fit to the
equation: log(dose ratio-1) = -log(DHbE) * slope + X-intercept at y=0. Apparent pA2 values

the slope of the regression line differed significantly from a straight line, a run test following
linear regression was performed (Graph Pad Prism Software). For the large nicotine dose
condition, only two doses of DHβE were evaluated. This permitted measurement of pKB values,
which is an apparent affinity estimate for a single dose of antagonist, thus yielding one pKB
value per dose of DHβE. This was obtained for each of the two doses of DHβE using the
equation: pKB = -log[(DHβE molar dose)/dose ratio-1].
Drugs. (-)-Nicotine hydrogen tartrate salt, (±)-epibatidine dihydrochloride hydrate, dihydrobeta-erythroidine hydrobromide (DHβE), and mecamylamine were obtained from Sigma-Aldrich
(St. Louis, MO). Cytisine hydrobromide was obtained from Xingcheng Chempharm Co., Ltd
(Taizhou, Zhejiang, China) and then purified.

Varenicline tartrate was obtained from the

National Institutes of Drug Abuse Drug Supply Program. All drug doses were calculated based
on the salt form of the drugs.
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Results
Agonist effects. Figure 1 displays the effects of a range of doses of nicotine, epibatidine, and the
partial agonists, cytisine and varenicline, in rats trained to discriminate between saline and 0.32
mg/kg nicotine (a, b) or 1.78 mg/kg nicotine (c, d). Saline injections during training sessions
administered in any component generated very little or no responding in the drug-associated
aperture in any of the groups, and rats made on average 3.5-4 responses per second in the
In the rats trained to discriminate a small

dose of nicotine from saline (Fig 1, left panels), doses of nicotine 0.32 mg/kg and above
occasioned selection of the nicotine-appropriate aperture; response rates decreased to less than
0.2 responses per second on average following administration of a cumulative dose of 3.2 mg/kg
nicotine. Epibatidine occasioned nicotine-appropriate responding at a dose of 0.001 mg/kg in
this group of rats; a larger dose decreased response rates. Also, in the small dose nicotine trained
group, varenicline at a dose of 1 mg/kg produced nicotine-appropriate responding. There was a
50% decrease in response rate following administration of 1.78 mg/kg varenicline, and
responding was nearly eliminated following administration of 3.2 mg/kg varenicline. Cytisine
produced approximately 30% generalization to the small dose nicotine discriminative cue, but
the cytisine effects were variable across subjects trained to discriminate the small dose of
nicotine. Across the 10 rats in the two different small dose nicotine trained groups, four rats did
not show nicotine-appropriate responding at any cytisine dose tested, even at rate-suppressing
doses, while two rats showed complete nicotine-appropriate responding following cytisine
administration, and four rats showed partial nicotine-appropriate responding (from 20 to 73%).
Doses of cytisine that produced a nicotine-like discriminative cue did not consistently decrease
responding, but the largest dose of cytisine (10 mg/kg) decreased rates by 78% (Fig 1b).

11
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Figure 1 (right panels) shows nicotine-appropriate responding in the rats trained to
discriminate the large dose (1.78 mg/kg) of nicotine from saline.

Nicotine produced full

nicotine-appropriate responding at a cumulative dose of 1.78 mg/kg. Nicotine decreased rates of
responding by 80-90% following administration of 3.2 mg/kg and a cumulative dose of 5.6
mg/kg nearly eliminated responding in these rats.

Epibatidine at a dose of 0.003 mg/kg

engendered complete nicotine-appropriate responding in the large-dose nicotine trained group,
and this dose decreased response rates by approximately 70% as compared with control. One rat

only 60% nicotine-appropriate responding at a dose of 0.001 mg/kg and showing complete
suppression of responding at a dose of 0.0018 mg/kg. Varenicline produced complete large-dose
nicotine-appropriate responding following administration of 3.2 mg/kg and higher, and 5.6
mg/kg varenicline decreased response rates by 80% on average. In this group of rats, cytisine
produced an average of 82% selection of the nicotine-appropriate manipulandum. Three rats
selected the nicotine-appropriate response following administration of 10 mg/kg cytisine, two
rats showing partial selection of this option (64 and 79%) at this dose, and one rat did not select
the nicotine-appropriate response at rate-suppressing doses of cytisine. The largest dose of 10
mg/kg cytisine decreased response rates to approximately 10% of control rates.

Antagonist effects.

Figure 2 shows the effects of mecamylamine given prior to obtaining

nicotine cumulative dose effect curves in the two nicotine dose training conditions.
Mecamylamine produced rightward and downward shifts in discrimination of nicotine in both
nicotine-trained groups, and it also attenuated nicotine’s rate suppressant effects. In the group
trained with a small dose of nicotine, a dose of 0.1 mg/kg mecamylamine produced an
12
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approximate 4-fold rightward shift in nicotine’s discriminative potency. In this group, nicotine
doses as large as 10 mg/kg occasioned selection of the saline-appropriate aperture following
administration of 0.32 and 1 mg/kg mecamylamine, demonstrating the insurmountable nature of
mecamylamine’s action.

In large dose nicotine-trained rats, mecamylamine also produced

rightward and downward shifts in the nicotine dose effect curves; however, mecamylamine’s
antagonist properties were partially surmountable in some large dose nicotine-trained rats when
response rates were not suppressed completely. For example, following administration 0.32

(ranging between 20-97%). However, following administration of 1 mg/kg mecamylamine, 10
mg/kg nicotine did not decrease responding significantly in 2 of the 6 rats, and of these 2 rats,
one rat fully generalized to the large dose discriminative stimulus and one rat responded in the
saline-appropriate aperture. The large dose of mecamylamine produced an approximate 3-fold
shift in the rate decreasing effects of nicotine in small and large dose nicotine-trained rats.
The α4β2*-selective, competitive nicotine antagonist, DHβE, produced surmountable,
rightward shifts in the percent drug generalization curves in both nicotine groups (Fig 3a,c).
Unlike mecamylamine, DHβE did not produce rightward shifts in rate decreasing effects of
nicotine; however, DHβE produced some minimal antagonism of the initial nicotine doses that
decreased response rates (Fig 3b,d).

Figure 4 presents the Schild plot for DHβE antagonism of

the discriminative effect of small dose nicotine. The goodness of fit for linear regression (r2) was
0.99 for these data. The unconstrained slope (95% confidence intervals) was -0.72 (-1.18, -0.26)
and was not significantly different from a slope of -1. Based on this slope, the pA2 values of
DHβE was 6.01 (5.63, 7.62) for the small dose nicotine-trained group.

If the slope was

constrained to -1, the pA2 value for DHβE (95% confidence intervals) was 5.76 (5.7, 5.83). In
13
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the large dose nicotine- trained group, single-dose apparent affinity estimates (pKB values (95%
confidence intervals)) for DHβE were lower: 5.41 (4.91, 5.91) for 3.2 mg/kg DHβE and 4.79
(4.0, 5.6) for 5.6 mg/kg DHβE.
Figure 5 shows the effect of cytisine pretreatment on the discriminative and ratesuppressing effects of nicotine. In the small dose nicotine-trained rats (left panels), cytisine
pretreatment produced small, rightward shifts in nicotine’s discriminative potency. Cytisine

rats, small doses of cytisine (1 and 3.2 mg/kg) did not greatly alter the nicotine dose effect curve.
The two largest cytisine pretreatment doses increased responding in the nicotine-associated
aperture following administration of initial nicotine doses, without significantly altering response
patterns following later administration of large doses of nicotine.
Figure 6 shows the effects of varenicline pretreatment on the discriminative and response
rate suppressing effects of nicotine. In small dose nicotine-trained rats (left panels), small doses
of varenicline (0.032 and 0.1 mg/kg) produced rightward shifts in the nicotine dose effect curve;
however, a larger dose of varenicline (0.32 mg/kg) increased responding on the drug-associated
aperture following administration of the initial doses of nicotine and decreased responding on the
drug-associated aperture following subsequent administration of larger doses of nicotine.
Varenicline pretreatment did not significantly alter response rates. In large dose nicotine-trained
rats (right panels), varenicline produced a modest reduction in potency of nicotine without
robustly altering rates of responding. Larger doses of varenicline pretreatment were not given
because these doses produced full generalization to the nicotine discriminative cue in the large
dose nicotine-trained rats (Fig 1c).

14
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Discussion
The data described in this report establish that nicotine acts on multiple sites to produce
qualitatively different behavioral outcomes within drug discrimination procedures. Action at one
specific site is apparent in the discriminative stimulus effects produced by a small dose (0.32
mg/kg) of nicotine, whereas action at multiple sites was observed in the stimulus effects
produced by a larger dose (1.78 mg/kg) of nicotine. The small dose action is likely via the
α4β2* nicotine receptor; the large dose action is likely through multiple nicotinic receptors,

Several lines of evidence, shown in this report and in the work of other investigators draw
us to the above generalization. The nicotinic basis for the discriminative stimulus and ratesuppressing effects of both doses of nicotine is demonstrated by the ability of the nicotinic
antagonist, mecamylamine, to attenuate these effects (e.g., Chandler and Stolerman, 1997; Gatch
et al., 2008; Young and Glennon, 2002; Zakharova et al., 2005; Zaniewska et al., 2006). To
some extent, mecamylamine differentially altered the discriminative stimulus effects of small
and large nicotine. These data may suggest that combinations of small or large nicotine doses
with mecamylamine generate different interoceptive effects. However, these data more likely
indicate that somewhat distinct populations of nicotinic receptors mediate the discriminative
stimulus effects of nicotine in small and large dose trained rats. This interpretation is supported
by our finding that a dose of 0.32 mg/kg mecamylamine produced an insurmountable antagonism
in the small dose group, yet produced surmountable antagonism in the large dose group.
Evidence that the small dose nicotine discriminative stimulus effect is mediated through
the α4β2* receptor lies in the ability of the selective, competitive antagonist DHβE to produce
surmountable shifts in the discriminative stimulus effects produced by the small dose, as shown
15
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here and by others (Gommans et al., 2000; Stolerman et al., 1997). Evidence that the general
rate-suppressing effects of nicotine are not mediated to a large extent through this receptor is
present in the limited ability of DHβE to modify these effects in either group of rats (see also,
Gommans et al., 2000; Stolerman et al., 1997). That the large dose discriminative stimulus effect
is mediated through sites in addition to the α4β2* receptor is found in the even more modest
ability of this antagonist to modify the discriminative stimulus effects of the large dose.

effects of the two doses of nicotine was quantified with a pA2 and a pKB analysis. These are
quantitative methods of determining whether two effects that are reduced to some extent by the
same antagonist are mediated through the same receptor. If these discriminative stimulus effects
of small and large dose nicotine were mediated through the same receptor, then it would be
expected that the pA2 and pKB values would be the same. The negative unity slope of the
Schild plot for the interaction of DHβE with discrimination produced by the small dose of
nicotine is consistent with a competitive, reversible interaction (Arunlakshana and Schild, 1959;
Tallarida, 1995). The pA2 value of this interaction (5.76) was different from the single dose
apparent affinity estimates (pKB) of the potency of DHβE to reduce the discriminative stimulus
effects of the large dose of nicotine (5.41 and 4.79); however, it is important to note that these
shifts are measured over small doses ranges, unlike that found with in vivo pA2 analyses in the
opioid literature. This highlights the difficulty in identifying selective nicotinic subtypemediated behaviors and the narrow doses ranges that may be considered subtype-selective.
Nevertheless, these observations provide pharmacological evidence that these two effects may be
mediated through distinct, albeit overlapping, receptor populations. Additional competitive

16
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The difference between the ability of DHβE to antagonize the discriminative stimulus
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antagonists, selective for different receptor populations, are needed in this area of pharmacology
to confirm these findings.
The effects of the partial agonists cytisine and varenicline in the two groups of rats also
support the notion of different populations of receptor-mediated effects. Cytisine was a full
agonist in the rats trained with the large dose of nicotine, where it was unable to produce any
antagonism, but had small and variable effects as an agonist in the rats trained with the small

rats trained to a relatively large dose of nicotine (0.4 mg/kg base) and also found little agonist
effects of this partial agonist up to 3 mg/kg; however, they found that cytisine had little nicotine
antagonist effect, which is surprising given its lack of agonist action. The pattern of partial
agonist effects that we observed is quite different from what would be expected if the effects of
the two doses were mediated through a single receptor. Partial agonists in single-receptor
systems are more effective in blocking large-dose effects and have more effects in common with
small dose effects (Dykstra et al., 1997; Schaefer and Holtzman, 1981; Holtzman, 1982; Colpaert
and Janssen, 1986; Colpaert, 1988; Picker et al., 1996; Holtzman, 1997; Grabus et al., 1999).
Cytisine appears to be a full agonist at the receptors that mediate the discriminative stimulus
effects of the large dose of nicotine, and a low-efficacy partial agonist at the α4β2* receptor that
mediates the discriminative stimulus effects of the small dose of nicotine.
Varenicline had a profile of activity that was somewhat different from that of cytisine. It
was a full agonist in both the small and large dose nicotine trained rats, indicating a greater
efficacy than cytisine (Le Sage et al., 2009). Similar to cytisine, varenicline also showed no
antagonist actions when given as a pretreatment to the rats trained to the large dose of nicotine.
However, in the small dose nicotine-trained rats, varenicline had a variety of interesting effects.
17

Downloaded from jpet.aspetjournals.org at ASPET Journals on January 9, 2023

dose of nicotine, where it was an effective antagonist. LeSage et al. (2009) evaluated cytisine in
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It produced modest rightward shifts in the discriminative stimulus potency of nicotine at doses
below those that had no nicotine-like stimulus effects on their own. LeSage et al. (2009) found a
similar effect of varenicline in rats trained to discriminate a dose of 0.4 mg/kg nicotine (base). In
addition, a larger dose of varenicline that produced some nicotine-appropriate responding in
these animals, enhanced the effects of small doses of nicotine, antagonized the effects of
intermediate doses of nicotine, and did not modify the effects of large doses of nicotine. If, as we
suggest, these small dose nicotine-trained animals are responsive to the actions of nicotine at the

receptor. In vitro data support this suggestion (e.g., Rollema et al., 2007). Varenicline’s ability
to produce large dose nicotine effects and no large dose antagonism indicates that it may be a full
agonist at the nicotinic receptors that apparently mediate the large dose nicotine effects.
It is of particular interest and importance that the effects being evaluated in this report are
the interoceptive effects of nicotine. The interoceptive effects of nicotine are also probably
closely related to the reinforcing effects of tobacco. Nicotine and the use of nicotine-containing
products are unusual drugs of abuse in that they appear to be strongly addictive insofar as many
people find it very difficult to quit using tobacco- or nicotine-containing products. However, the
reinforcing effects of nicotine in most animal species are often difficult to detect, suggesting that
they may be weak and that conditioned stimuli or other components of tobacco-containing
products may enhance the reinforcing properties of nicotine (Le Foll and Goldberg, 2009).
Nicotine is also unusual among drugs of abuse in that users report that intake of large doses may
be aversive (Le Foll and Goldberg, 2009). These findings combine to suggest that the small
doses of nicotine, those antagonized by DHβE, may be responsible for the positive reinforcing
effects of nicotine, whereas the larger doses, those acting on other nicotine receptors, may be
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α4β2* receptor, varenicline appears to be a relatively high efficacy partial agonist at this
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involved in the other effects of nicotine, or at least contribute less to the abuse-related aspects of
this drug. If true, this indicates that DHβE, by effectively blocking these small dose effects, may
be an effective antagonist of nicotine’s reinforcing effects (Watkins et al., 1999), and might, in a
long-acting form of a pharmacological equivalent, be able to be developed as a treatment for
tobacco abuse. Currently, it is unknown if nicotinic antagonists, especially subtype-selective
antagonists, would be useful smoking cessation treatments in humans, but future studies should
investigate this possibility considering antagonists are useful pharmacotherapies for opioid

et al., 2008).

Conclusions
The present findings demonstrate that nicotine drug discrimination assays, particularly those that
evaluate the discriminative stimulus effects of two doses of nicotine, can provide helpful insights
into receptor subtypes mediating the behavioral effects of nicotine. The interaction of the
antagonists and partial agonists with the small nicotine training dose indicated that 1) small doses
of nicotine are acting at a single receptor site, one that both mecamylamine and DHβE act
functionally upon; 2) this single receptor site alone does not mediate the rate-decreasing effect of
nicotine; 3) cytisine appears to be a lower efficacy agonist at this receptor than varenicline.
The interactions with the larger dose of nicotine were more complex. These doses were more
able to override the antagonist effects of the uncompetitive antagonist, were shifted less by the
selective, competitive antagonist, and were not affected to any significant extent by the
antagonist actions of the partial agonists. The large nicotine dose appears to incorporate other
19
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addiction (Comer et al., 2002; Sullivan et al., 2006; Comer et al., 2006; for review see Lobmaier
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nicotine receptors that include the α4β2* subtype and others, and cytisine and varenicline also
act as agonists at these unidentified receptors.
This additional support for the evidence that the α4β2* subtype of nAChR quite
selectively mediates the discriminative stimulus effects of small training doses of nicotine
emphasizes the need for development of antagonists that are selective at this site, since such an
antagonist might provide clinical blockade of nicotine’s reinforcing effect with minimal
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Figure Legends
Figure 1. The effects of cumulative doses of nicotine (●), epibatidine (▼), cytisine (○), and
varenicline ( ) substitutions (s.c.) in rats trained to discriminate either a small dose of nicotine
(0.32 mg/kg) or a large dose of nicotine (1.78 mg/kg) from saline on % drug-associated
responding (a,c) or response rate (b,d). The % drug responding and response rate on training
days are demonstrated by the closed (saline) or open (training dose) squares. Symbols and error

curves were calculated from the average of 5-6 rats, except the cytisine dose effect curve in the
small dose nicotine-trained rats was calculated from 10-12 rats..
Figure 2. The effects of mecamylamine pretreatment (15 min, s.c.) on the discriminative
stimulus (a,c) and rate decreasing effects (b,d) of cumulative doses of nicotine in small dose (left
panels) or large dose (right panels) nicotine-trained rats. All dose effect curves were established
from averaged data across 5-6 rats.
Figure 3. The effects of DHβE pretreatment (15 min, s.c.) on the discriminative stimulus (a,c)
and rate decreasing effects (b,d) of cumulative doses of nicotine in small dose (left panels) or
large dose (right panels) nicotine-trained rats. All dose effect curves were established from
averaged data across 5-6 rats.
Figure 4. Schild plot for DHβE antagonism in small dose nicotine-trained rats by expressing the
average logarithm of the dose ratio-1 as a function of the negative logarithm of the molar dose
(moles/kg) of DHβE for the group of rats (Arunlakshana and Schild, 1959). The solid black line
indicates the unconstrained slope for each plot and the dotted gray line indicates the slope
constrained to -1 (unity).
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bars show the group average +/- standard error of the mean (sem). All substitution dose effect
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Figure 5. The effects of cytisine pretreatment (15 min, s.c.) on the discriminative stimulus (a,c)
and rate decreasing effects (b,d) of cumulative doses of nicotine in small dose (left panels) or
large dose (right panels) nicotine-trained rats.

Dose effect curves following cytisine

pretreatments were determined from data averaged across 10-12 rats.
Figure 6. The effects of varenicline pretreatment (15 min, s.c.) on the discriminative stimulus
(a,c) and rate decreasing effects (b,d) of cumulative doses of nicotine in small dose (left panels)

pretreatments were averaged across 10-12 rats.
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or large dose (right panels) nicotine-trained rats. Dose effect curves following varenicline
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