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Abstract

Rationale—Receptor mechanisms underlying the in vivo effects of nicotinic acetylcholine
receptor (hAChR) drugs need to be determined to better understand possible differences in
therapeutic potential.

Objective—This study compared the effects of agonists that are reported either to differ in
intrinsic activity (i.e., efficacy) at a4p2 nAChR in vitro or to have in vivo effects consistent with
differences in efficacy. The drugs included nicotine, varenicline, cytisine, epibatidine, and three
novel epibatidine derivatives 2’-fluoro-(4-nitrophenyl) deschloro-epibatidine (RT1-7527-102), 2’-
fluorodeschloroepibatidine (RTI-7527-36), and 3’-(3”-dimethylaminophenyl)-epibatidine
(RTI-7527-76).

Methods—Miice discriminated nicotine base (1 mg/kg base) from saline; other mice were used to
measure rectal temperature.

Results—In the nicotine discrimination assay, the maximum percentage of nicotine-appropriate
responding varied: 92% for nicotine, 84% for epibatidine, 77% for RTI-7527-36, 71% for
varenicline, and significantly less for RTI-7527-76 (58%), RTI-7527-102 (46%), and cytisine
(33%). Each drug markedly decreased rectal temperature by as much as 12 °C. The rank order
potency in the discrimination and hypothermia assays was epibatidine > RTI-7527-36 > nicotine >
RTI-7527-102 > varenicline = cytisine = RTI-7527-76. The nAChR antagonist mecamylamine
(3.2 mg/kg) antagonized the discriminative stimulus effects of epibatidine and RTI-7527-102, as
well as the hypothermic effects of every drug except cytisine. The f2-subunit selective NAChR
antagonist dihydro-B-erythroidine (DHBE; up to 10 mg/kg) antagonized hypothermic effects, but
less effectively so than mecamylamine.

Conclusions—The marked hypothermic effects of all drugs except cytisine are due in part to
agonism at nAChR containing 2 subunits. Differential substitution for the nicotine discriminative
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stimulus is consistent with differences in a4p2 nAChR efficacy; however, these results suggest
that multiple nAChR receptor subtypes mediate the effects of the agonists.

Introduction

Nicotinic acetylcholine receptors (NAChR) are comprised of five protein subunits that form
an ion channel and exist in multiple subtypes according to the composition and
configuration of various isoforms of the protein subunits. The most prevalent nAChR
subtypes in brain include a4p2, a6p2, a3p4, and a7 and subunits (Gotti et al. 2006).
Nicotine is reported to have equally high efficacy at all four subtypes and binds with highest
affinity at receptors containing § subunits (Grady et al. 2010). The results of studies with
antagonists that are selective for receptors containing a f2-subunit, as well as studies in
transgenic mice lacking f2-subunits, suggest that 32-subunits mediate the abuse and
dependence liability of nicotine (Le Foll and Goldberg 2009; McGranahan et al. 2011).

Smoking cessation aids include nicotine products and other nAChR agonists including
cytisine (Tabex®; Etter et al. 2008) and varenicline (Chantix®; Oncken et al. 2006).
Nicotine, varenicline, and cytisine bind with high affinity at a4p2 nAChR receptors (Grady
et al. 2010; Rollema et al. 2010). However, varenicline and cytisine have lower efficacy than
nicotine at a4p2 nAChR receptors as evidenced by differences in maximum current evoked
in cells transfected with human a4p2 nAChR receptors (Coe et al. 2005). Differences in
a4P2 nAChR receptor efficacy are suggested to account for differences in the magnitude of
effects on dopamine turnover (Coe et al. 2005) and discriminative stimulus effects in rodents
trained to discriminate nicotine from saline (LeSage et al. 2009; Jutkiewicz et al. 2011,
Cunningham and McMahon 2013). However, a contribution of nAChR subtypes other than
a4p2 to the behavioral effects of nicotine, varenicline, and cytisine cannot be excluded.

Epibatidine, a naturally derived alkaloid with high affinity for a42 nAChR (Damaj et al.
1994), is the chemical template for the synthesis of novel nAChR ligands including 2’-
fluorodeschloroepibatidine (RT1-7527-36), 3’-(3”-dimethylaminophenyl) epibatidine
(RTI-7527-76), and 2’-fluoro-(4-nitrophenyl) deschloro-epibatidine (RTI-7527-102). These
epibatidine derivatives were developed as high-affinity a4p2 nAChR ligands with
potentially lower efficacy than epibatidine. In pre-clinical assays of analgesic and
hypothermic effects in mice, RTI1-7527-36 was more effective than RTI-7527-76 and
RTI-7527-102 in producing antinociceptive effects, whereas all three epibatidine derivatives
were equally effective in producing hypothermia (Carroll et al. 2004, 2005, 2010). When
tested in a nicotine discrimination assay in rats, RTI-7527-102 did not mimic the effects of
nicotine (Tobey et al. 2012). These effects in mice are consistent with in vitro data showing
that RTI-7527-102 has low efficacy, as evidenced by electrophysiological responses at both
human and rat a4p2 nAChR expressed in Xenopus oocytes (Abdrakhmanova et al. 2006;
Ondachi et al. 2012). The efficacy of RTI-7527-36 and RTI-7527-76 at a42 nAChR in
vitro has not been established.

The current study examined the extent to which the epibatidine derivatives RTI-7527-36,
RTI-7527-76, and RTI-7527-102 share effects with prototypic high efficacy nAChR
agonists (nicotine and epibatidine) or low efficacy a4p2 nAChR agonists (varenicline and

Psychopharmacology (Berl). Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Rodriguez et al. Page 3

cytisine) in male C57BL/6J mice. The nicotine discrimination assay used here is selective
for nAChR agonism in vivo and is sensitive to the partial effects of varenicline and cytisine
(Cunningham and McMahon, 2013). Moreover, nicotine discriminations also have utility for
measuring pharmacological mechanisms underlying nicotine abuse. The marked
hypothermic effects of nicotine and other nAChR agonists (Ankier et al. 1971; Hall and
Myers 1971) were used in this study as a convenient method of determining a time course
for each drug and to further examine nAChR mechanisms underlying discrimination versus
hypothermia. Drugs were combined with the non-competitive NAChR antagonist
mecamylamine and the a4p2 receptor-selective antagonist dihydro-f-erythroidine (DHBE).

Materials and Methods

Subjects

Male C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME) were purchased for drug
discrimination (n=12) and hypothermia (n=40) experiments at 8 weeks of age
(approximately 15 g) and were housed individually (discrimination study) or 4 per cage (28
x 18 cm; height = 13 cm) (hypothermia study) on a 14/10-h light/dark cycle (lights on at
0600 h). Following habituation to the colony room for 7 days, mice used for the
discrimination study were maintained at 85% of free-feeding weight and received up to 0.6
cc of 50% condensed milk during experimental sessions as well as 2.5 g of food (Dustless
Precision Pellets 500 mg, Rodent Grain-Based Diet, Bio-Serv, Frenchtown, NJ) per day
after sessions. Mice used for the hypothermia study had access to food (Harlan, Teklad
7912, Houston, TX) continuously in the home cage. Water was continuously available in the
home cage for all mice. All experiments were conducted during the light period. Mice were
maintained, and experiments were conducted in accordance with, the Institutional Animal
Care and Use Committee, The University of Texas Health Science Center at San Antonio
and the National Institutes of Health's Guide for the Care and Use of Laboratory Animals
(Institute for Laboratory Animal Research, 2011).

Apparatus

Drug discrimination experiments were conducted in ventilated and sound-attenuating mouse
operant conditioning chambers (MedAssociates, St. Albans, VT). The ceiling of each
chamber contained a light. There were four recessed holes (each 2.2-cm diameter), three
evenly spaced (5.5 cm apart) on one wall and the fourth in the center of the opposite wall.
The center of each hole was positioned 1.6 cm from the floor. The wall with the single hole
contained a dipper that could be filled with 0.01 cc of condensed milk. Each hole on the
opposite wall contained a photo beam and a light. An interface (MedAssociates) connected
the operant conditioning chambers to a computer, and experimental events were controlled
and recorded with Med-PC software (Med Associates). Rectal temperature was measured
with a probe (RET-3) attached to a Microcomputer Thermometer (7001H) (Physitemp
Instruments, Inc., Clifton, NJ).

Drug discrimination

Experimental sessions were conducted once daily, 5-7 days per week. The session began
with a 10-min timeout; responding during the timeout had no programmed consequence.
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The timeout was followed by a 15-min period of responding under a fixed ratio 10 of food
delivery that was signaled by illumination of the lights inside the left and right nose-poke
holes. Responding on the center hole had no programmed consequence. Ten responses (i.e.,
disruptions of the photobeam) on the correct hole resulted in 10-s access to 0.01 cc of milk
from the hole on the opposite wall. During milk availability, the lights inside the nose-poke
holes were extinguished, the ceiling light was illuminated, and disruption of the photobeams
had no programmed consequence. The correct hole was determined by administration of
nicotine or saline at the beginning of the sessions. Responses on the incorrect hole had no
programmed consequence. The nicotine- and saline-associated holes were right and left,
respectively, for six mice and the assignment was reversed for the other six mice. These
assignments remained the same for an individual mouse throughout the study. The training
sequence alternated between two consecutive days of nicotine and two consecutive days of
saline. Periodically, training conditions were alternated daily for 3-4 days.

The first drug discrimination test was conducted after mice satisfied the test criteria, defined
as five consecutive or six out of seven training sessions with at least 80% of the total
responses occurring in the correct hole and fewer than ten responses occurring in the
incorrect hole prior to delivery of the first reinforcer. Subsequent tests were conducted after
performance satisfied the test criteria for 3 consecutive training sessions, including one
saline and one nicotine training session. Test sessions were identical to training sessions
except that ten responses in either hole resulted in access to milk and mice received saline, a
dose of nicotine, or dose of test drug at the beginning of the timeout.

For novel experimental drugs, direct observation of behavior (i.e., immobility) was used to
estimate behaviorally active doses. Dose-effect functions for nicotine, varenicline, cytisine,
epibatidine, RTI-7527-36, RTI-7527-76, and RTI-7527-102 were determined in one group
of mice (n=6) by administering all doses for an agonist in non-systematic order before
determining the dose-effect function for the next agonist. The order of testing with agonists
across mice was non-systematic. At the end of the study, the nicotine dose-effect function
was determined a second time. In a second group of mice (n=6), dose-response functions for
epibatidine and RT1-7527-102 were determined after administration of saline or
mecamylamine (3.2 mg/kg). Saline or mecamylamine was administered 5 min before the
timeout. Drugs were administered from ineffective doses up to doses that produced nicotine-
appropriate responding or decreased response rate to less than 20% of the individual control.

Hypothermia

Drug tests were conducted in groups of 6 mice selected non-systematically from the group
of 40 mice designated for the hypothermia study. The same mouse could not be selected
twice for the same test to ensure that each test was conducted in 6 different mice. Individual
mice were tested with drugs on an average of 17 times (range 8 — 28), and no mouse
received the same drug test twice. Mice were tested in groups of 8 once every 7 days.
Subjects were separated into individual containers for 1 h prior to measurement of rectal
temperature. The ambient room temperature was 23 °C. Temperature was measured by
inserting the probe 2 cm into the rectum. Following the baseline temperature reading, saline
or a dose of DHPBE was administered immediately followed by a second injection of saline
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or another drug. Mecamylamine was administered 5 min before the baseline temperature.
Following post-baseline drug administration, temperature was measured at 10, 30, 60, 90,
120, 240, and 360 min. The order of testing with drugs was non-systematic with no more
than two subjects receiving the same dose of drug on any test day. For each drug or drug
combination, six mice were tested with each dose including at least one ineffective dose. If a
drug or drug combination resulted in lethality, then larger doses were not studied. Some
mice died after 10 mg/kg of cytisine alone or in combination with 3.2 mg/kg of DHBE,
resulting in final sample sizes of 3 and 4, respectively.

Drugs

Figure 1 shows the chemical structure of each drug, except nicotine, included in the study.
(-)-Nicotine hydrogen tartrate salt, cytisine and epibatidine dihydrochloride were obtained
from Sigma Chemical (St. Louis, MO). Varenicline dihydrochloride was obtained from the
Research Technology Branch of the National Institute on Drug Abuse (Rockville, MD),
mecamylamine from Waterstone Technology (Camel, IN) and dihydro-B-erythroidine
hydrobromide from Tocris (Minneapolis, MN). 2’-Fluorodeschloroepibatidine
(RTI-7527-36), 3/-(3”-dimethylaminophenyl) epibatidine (RTI-7527-76), and 2’-fluoro-(4-
nitrophenyl) deschloroepibatidine (RTI-7527-102) were synthesized at the Center for
Organic and Medicinal Chemistry, Research Triangle Institute (Research Triangle Park, NC)
according to methods previously described (Carroll et al., 2004, 2005, 2010). Drugs were
dissolved in 0.9% physiological saline and administered s.c. (except mecamylamine which
was administered i.p.) in a volume of 10 ml/kg. Nicotine dose is expressed in terms of the
weight of the free base; dose of other drugs is expressed as the weight of the base and salt.

Data analyses

All data were expressed as a mean + S.E.M. Discrimination data were expressed as a
percentage of nicotine-appropriate responses out of the total number of vehicle- and
nicotine-appropriate responses. Response rate was expressed as the mean percentage of
control. Control rate of responding (responses per s when milk was available under the FR10
schedule excluding responses during the 10-s period of milk availability) was calculated as
the average rate for the preceding 5 saline training sessions. Response rate was expressed
and analyzed as a percentage of the control for individual mice. Discrimination data for an
individual subject were not included for analyses when response rate was less than 20% of
the control for that subject; however, response rate data were always included in the group
average.

Body temperature was plotted in °C and expressed as a function of dose or time. The
maximum effect of each drug was selected from the mean time course data (0-120 min) and
individual data at that time point were used for further analysis. To examine the antagonism
of hypothermic effects by mecamylamine or DHBE, the area calculated from the
hypothermia time course was calculated for each dose of drug, both when the dose was
studied alone and when the dose was studied in combination with a dose of antagonist. The
area was calculated from 0-120 min of the hypothermia time course and included the space
between the saline control line and the line defined by a dose of drug. For each drug, the
largest area calculated from the hypothermia time course at any dose (e.g., usually the
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largest dose studied) was defined as the maximum effect for that drug and the area for
smaller doses was expressed as a percentage of the maximum.

Individual dose-response data were simultaneously fitted with straight lines by means of
GraphPad Prism version 5.0 for Windows (San Diego, CA) with linear regression. The
slopes of dose-effect curves were compared with an F-ratio test using GraphPad. If the
slopes were not significantly different, then parallel line analysis of data from individual
subjects with the common, best-fitting slope was used to estimate potency, potency ratios,
and 95% confidence limits (Kenakin 1997; Tallarida 2000). For drug discrimination and
response rate data, EDgq values were calculated for drugs producing a minimum of 50%
effect. For hypothermic effects, potency was calculated as the dose decreasing temperature
to 34 °C (i.e., ED34oc value). Potencies were considered significantly different when the
95% confidence limits of the potency ratio did not include 1. Maximum hypothermic and
discriminative stimulus effects were compared with one-way analysis of variance and
Tukey's post hoc test. To determine whether mecamylamine or DHPBE significantly modified
dose-response functions of another drug, an F-ratio test was conducted to examine whether a
single line could be fit to all of the data combined (i.e., no antagonism) or two lines were
needed to describe the data (i.e., significant antagonism).

Results

Discriminative stimulus effects and rates of operant responding

Mice acquired the discrimination of 1 mg/kg nicotine base from saline in a mean of 36
sessions, (range 16-75) including both nicotine and saline training sessions. Nicotine dose-
dependently increased the percentage of responses on the nicotine-appropriate nose-poke
hole to 92% (Figure 2 top, circles), whereas saline produced 1% nicotine-appropriate
responses (Figure 2 top, Saline). The EDsgq value (95% confidence limits) of nicotine to
produce discriminative stimulus effects was 0.44 (0.26-0.74) mg/kg. Nicotine dose-
dependently decreased response rate (Figure 2 middle, circles); the EDgq value (95%
confidence limits) of nicotine to decrease response rate was 0.91 (0.61-1.35) mg/kg (Table
1).

Epibatidine, RTI-7527-36, varenicline, and RTI-7527-76 dose-dependently increased
nicotine-appropriate responding to a maximum of 84% at 0.0056 mg/kg of epibatidine, 77%
at 0.056 mg/kg of RTI-7527-36, 71% at 3.2 mg/kg of varenicline, and 58% at 3.2 mg/kg of
RTI-7527-76. The EDsgq values for nicotine-like discriminative stimulus effects were 0.002
mg/kg for epibatidine, 0.023 mg/kg for RTI-7527-36, 2.53 mg/kg for varenicline and 2.29
mg/kg for RTI-7527-76 (Table 1). The maximum percentage of nicotine-appropriate
responding produced by RTI-7527-102 and cytisine was 46% and 33%, respectively; EDgg
values were not calculated for these two drugs. Nicotine, epibatidine, and RTI-7527-36
produced significantly more percent nicotine- appropriate responding than varenicline,
RTI-7527-76, -102 and cytisine (Fg, 41)=3.69, p<0.01). All of the drugs, with the exception
of epibatidine, were tested up to doses that decreased rate of responding to less than 20%
control (Figure 2 middle). The EDsgq values for rate-decreasing effects were 0.004 mg/kg for
epibatidine, 0.11 mg/kg for RTI-7527-36, 1.50 mg/kg for RTI-7527-102, 2.52 mg/kg for
RTI-7527-76, 2.75 mg/kg for varenicline and 5.62 mg/kg for cytisine.
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When administered alone, mecamylamine (3.2 mg/kg) produced 3% nicotine-appropriate
responding and significantly decreased response rate to 57% of control (Figure 3 top and
bottom, respectively, data above 3.2 Mec). Mecamylamine significantly antagonized the
discriminative stimulus effects of epibatidine and RTI-102 (p<0.05), but not the rate-
decreasing effects of epibatidine and RTI-102 (Figure 3 left and right, respectively).

Hypothermic effects: potency and time course

Epibatidine, RTI-7527-36, nicotine, RT1-7527-102, cytisine, varenicline, and RTI-7527-76
dose-dependently decreased rectal temperature (Figure 2 bottom). Up to the largest doses
that were not lethal, epibatidine and RTI-7527-36 produced significantly greater
hypothermia (Fg, 137)=12.75, p<0.0001) (maximum decrease of 12 °C) than nicotine (7.3
°C), RTI-7527-102 (8.7 °C), cytisine (9.1 °C), varenicline (7.5 °C), and RTI-7527-76 (10
°C). The slopes of the dose-effect functions expressed as absolute rectal temperature were
not significantly different from each other. The rank order potency was epibatidine >
RTI-7527-36 > nicotine > RTI-7527-102 (Table 1). These drugs were more potent than
varenicline, cytisine, and RTI-7527-76, which were not different in potency from each other.
In general, there was no systematic relationship between lethality and the capacity of a drug
to produce hypothermia.

When examining hypothermic effects over time, there was a positive relationship between
dose, duration of action and, in some cases, latency to maximum effect (Figures 4 and 5).
Nicotine was ineffective at a dose of 0.178 mg/kg of (Figure 4 top). The next largest dose
(0.32 mg/kg) of nicotine decreased temperature by 2° C at 10 min, and significant
hypothermia at this dose was no longer observed at 30 min. The next larger doses (1 and
1.78 mg/kg) of nicotine increased both the magnitude (decrease of 4-5 ° C) and duration (at
least 30 min) of hypothermia. The largest doses (3.2 and 5.6 mg/kg) of nicotine not only
further increased the magnitude and duration of action of hypothermia, but also increased
the latency to the maximum effect from 10 min to 30 min. Similar relationships between
dose, magnitude, duration and latency to maximum effect were observed for all of the other
compounds. When comparing equally effective doses, the duration of action of nicotine (3.2
and 5.6 mg/kg; Figure 4 top) was shorter than all of the other drugs including varenicline (10
mg/kg; Figure 4 middle) and cytisine (10 mg/kg; Figure 4 bottom). Epibatidine,
RTI-7527-36, RTI-7527-76, and RTI-7527-102 had the longest delay to onset of maximum
effect and duration of action (Figure 5).

Antagonism of hypothermic effects by mecamylamine and DHBE

When studied alone, mecamylamine (3.2 mg/kg) and DHBE (3.2 or 10 mg/kg) did not
modify temperature relative to saline (F(3 23)=1.42, p=0.27) (data not shown), although there
was a tendency for mecamylamine to decrease body temperature by 0.9 °C at 30 min.
Mecamylamine (3.2 mg/kg) antagonized the hypothermic effects of some but not all of the
drugs. Mecamylamine produced a significant, parallel rightward shift in the nicotine dose-
response curve (Figure 6 top left), as evidenced by a significant difference in the intercepts
and not the slopes of the dose-response curves. A single line was not sufficient to fit the
dose-effect data for nicotine alone and in combination with mecamylamine (Table 2). The
EDsq values (95% confidence limits) calculated for the effect area were 1.5 (1.2-2.0) mg/kg
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for nicotine alone and 4.1 (3.5-5.2) mg/kg for nicotine in combination with mecamylamine
(3.2 mg/kg). The potency ratio (95% confidence limits) was 2.7 (1.9-3.9). Mecamylamine
(3.2 mg/kg) also significantly antagonized the hypothermic effects of varenicline,
epibatidine, RTI-7527-36, RTI-7527-76, and RTI-7527-102 (Figures 6 and 7, left panels), as
evidenced by significant F-ratio tests showing that the dose-effect functions were
significantly different from each other for each respective drug. However, potency ratios
were not calculated due to significant differences in slope in each case, i.e., the dose-
response curves were not parallel. While the slopes and intercepts for cytisine in
combination with mecamylamine were significantly different from each other, this was due
to a leftward shift in the cytisine dose response curve (Figure 6, bottom left).

Overall, DHPE was a less effective antagonist of hypothermic effects as compared with
mecamylamine. A dose of 3.2 mg/kg of DHPE significantly antagonized the hypothermic
effects of varenicline, epibatidine, RTI-7527-36, and RTI-7527-102 (Figures 6 and 7, righ
panels and Table 2). However, inspection of the data shows that the magnitude of
antagonism was less than that produced by mecamylamine (Figures 6 and 7, compare left
and right panels within rows). For nicotine, a larger dose (10 mg/kg) of DHBE was needed to
produce significant antagonism of hypothermic effects (Figure 6 top right). DHBE (3.2
mg/kg) did not significantly modify the hypothermic effects of cytisine or RTI-7527-76.
Further tests with 10 mg/kg of DHBE were not conducted due to lethal effects of DHBE
when studied in combination with cytisine.

Discussion

Nicotine, epibatidine, RTI-7527-36, and varenicline produced significantly higher
percentages of drug-appropriate responding than RTI-7527-76, RTI-7527-102 and cytisine
in male C57BL/6J mice discriminating nicotine (1 mg/kg). The discrimination data are
consistent with the available data showing differences in efficacy at a42 nAChR
(Abdrakhmanova et al. 2006; Rollema et al. 2010; Ondachi et al. 2012). Although in vitro
electrophysiological estimates of NAChR efficacy are lacking for RTI-7527-36 and
RTI-7527-76, the discrimination data suggest that they have relatively high and low o432
nAChR efficacy, respectively. Alternatively, differences in substitution could be due to
involvement of multiple nAChR subtypes, a hypothesis that requires further evaluation with
nAChR subtype-selective antagonists. Every agonist produced marked hypothermia. DHBE
antagonized the hypothermic effects of every drug except cytisine and RTI-7527-36,
suggesting that the hypothermic effects of most of the drugs were mediated at least in part
by nAChR containing 2 subunits. The discrimination data suggest that differences in
efficacy at nAChR containing 32 subunits could be a determinant of some behavioral
effects; however, the strikingly similar effects of the agonists under some conditions, and
limited antagonism of those effects by DHPBE, suggest that an additional nAChR subtype
mediates the effects of agonists.

A primary goal of the current study was to examine the extent to which the in vivo effects of
nAChR drugs vary as a function of a42 nAChR agonist efficacy. Substitution for the
nicotine discriminative stimulus was consistent with efficacy estimates in vitro. However,
the magnitude of hypothermia did not vary with a4f2 nAChR efficacy estimates in vitro.

Psychopharmacology (Berl). Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Rodriguez et al. Page 9

Evidence for overlap in the nAChR receptor(s) mechanisms mediating discrimination and
hypothermia is provided by the similar relative potency for producing both effects
(epibatidine > RTI-7527-36 > nicotine > RTI-7527-76 ~ varenicline) and antagonism of
both effects by mecamylamine. Mecamylamine antagonized the hypothermic effects of all
drugs except cytisine, as well as the discriminative stimulus effects of epibatidine and
RTI-7527-102 in the current study and those of nicotine, varenicline, and cytisine in a
previous study (Cunningham and McMahon 2013). The current results are not consistent
with a single receptor type mediating discriminative stimulus and hypothermic effects.
Hypothermia required larger doses and in turn higher nAChR efficacy than discrimination.
Assuming mediation by a single receptor type, the greatest difference in maxima would have
been expected under conditions of highest efficacy demand (Bergman et al. 2000). Instead,
the current results suggest that different nAChR subtypes mediated the discriminative
stimulus and hypothermic effects of the agonists.

The epibatidine derivatives tested here were less potent than epibatidine; there was a 14-fold
increase in the EDs5g value of RTI-7527-36 and marked increases in the EDs values of
RTI-7527-102 (608-fold) and RTI-7527-76 (846-fold). However, epibatidine and its
derivatives had the same duration of action (4-6 h), which was longer relative to nicotine,
varenicline, and cytisine. Epibatidine has a 7-azabicyclo[2.2.1]heptane structure to which is
attached an exo-5-(2’-chloropyridinyl) substituent. RT1-7527-36 has the 2/-chloropyridinyl
substituent in epibatidine replaced with a 3’-fluoropyridinyl group. RTI-7527-76 has a 3-
dimethylaminophenyl substituent added to the 3’-position of the 2’-chloropyridinyl group in
epibatidine. For RTI-7527-102, the 2’-chloropyridinyl substituent is replaced with a 2’-
fluoropyridinyl group containing a 3’-(4-nitrophenyl). In vitro, RT1-7527-36 and
RTI-7527-102 have higher binding affinity at af3-containing nAChR subtypes as compared
with epibatidine, and RTI-7527-76 is more selective than epibatidine for heteromeric ap as
compared with homomeric a7 nAChR subtypes (Carroll et al. 2004; 2005; 2010). The
decreased potency of the epibatidine derivatives, as compared with epibatidine, appears to
reflect lower nAChR efficacy and/or pharmacokinetics that result in lesser amounts in the
brain. On the other hand, differences in substitution for the nicotine discriminative stimulus
among drugs appears to be unrelated to pharmacokinetics inasmuch as all of the drugs
produced a similar magnitude of hypothermia and had similar relative potency for producing
hypothermia and decreases in operant response rate.

In mice trained to discriminate nicotine base (1 mg/kg), epibatidine (maximum 84%
nicotine-appropriate responding), RTI-7527-36 (77%), and varenicline (71%) produced
significantly greater nicotine-appropriate responding than RTI-7527-76 (58%),
RTI-7527-102 (46%), and cytisine (33%). The current results with RTI-7527-102 concur
with and extend previous findings in rats discriminating nicotine (Tobey et al. 2012).
Varenicline, cytisine, and RTI-7527-102 have all been demonstrated to have lower efficacy
than nicotine and epibatidine at a4f2 nAChR in vitro (Abdrakhmanova et al. 2006; Rollema
et al. 2010; Ondachi et al. 2012). Moreover, the antinociceptive effects of RTI-7527-76 and
RTI-7527-102, as compared with nicotine, are consistent with low efficacy (Carroll et al.
2010; 2004). One interpretation of the current results is that differences in a42 nAChR
efficacy underlie varying degrees of substitution for the discriminative stimulus effects of
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nicotine, i.e., the lower efficacy of RTI-7527-76 and RTI-7527-102 as compared with
nicotine and epibatidine, is an important determinant of in vivo effects. However, this
interpretation is difficult to reconcile with the failure of DHPE to antagonize the
discriminative stimulus effects of nicotine at the current training dose (1 mg/kg) of nicotine
base, as demonstrated previously (Cunningham and McMahon, 2013). DHBE is assumed to
be a competitive antagonist of nicotine at a4p2 nAChR. Therefore, nNAChR receptors in
addition to a4p2 could have differentially mediated the discriminative stimulus effects of the
nAChR agonists tested here.

In vitro estimates of efficacy are often determined in cell lines transfected with a single
subtype of nAChR and relatively large concentrations of drugs can be studied to establish
the asymptote (i.e., maximal effect) of the response. There are multiple subtypes of NAChR
in brain, nAChR ligands differ in binding affinity and efficacy at the various subtypes, and
the relative contribution of any given subtype to a in vivo effect remains to be established. In
drug discrimination experiments, a partial effect can be obtained at doses that also decrease
response rate (Cunningham and McMahon 2013; Holtzman 2000; Jutkiewicz et al. 2011;
LeSage et al. 2009), as was the case in the current study. For many drugs, decreases in
response rate can be mediated by a receptor subtype(s) different from the subtype(s)
mediating discriminative stimulus effects, as evidenced by antagonism of discriminative
stimulus effects but not the rate-decreasing effects of drugs (Koek et al. 2004; Jutkiewicz et
al. 2011; Platt and Bano 2011). Mecamylamine differentially antagonized the discriminative
stimulus and rate-decreasing effects of NAChR agonists (current results; Cunningham and
McMahon, 2013), implicating different underlying receptor mechanisms. While efficacy
might be sufficiently high for all of the agonists to fully share discriminative stimulus
effects, disruption of operant behavior by actions at a second nAChR prevents full
substitution from being observed.

The failure of mecamylamine and DHBE to antagonize the hypothermic effects of cytisine
was unexpected. The relative potency of cytisine to produce discriminative stimulus, rate-
decreasing, and hypothermic effects was the same as that for all of the other NnAChR
agonists studied here. Moreover, mecamylamine was demonstrated previously to antagonize
both the discriminative stimulus and rate-decreasing effects of cytisine (Cunningham and
McMahon 2011; 2013). The mechanism responsible for the hypothermic effects of cytisine
could be of some interest inasmuch as non-nicotinic mechanisms are involved in the
effectiveness of cytisine as a smoking cessation aid.

The differential affinity and efficacy of nicotine and other drugs at multiple subtypes of
nAChR provides a basis for developing drugs that differ in effect and perhaps therapeutic
indication. However, firm relationships between nAChR subtypes and in vivo effects have
been difficult to establish due, in part, to the lack of NAChR subtype-selective antagonists.
By comparing the potency and maxima of nAChR agonists to produce in vivo effects,
systematic relationships between in vivo effects, binding affinity, and efficacy might
emerge. Here, the level of substitution for a nicotine discriminative stimulus was apparently
related to differences in efficacy (intrinsic activity) at a4p2 nAChR; however, differential
involvement of multiple nAChR subtypes cannot be excluded. The therapeutic utility of
some smoking cessation drugs (e.g., varenicline) is proposed to be due to low efficacy at
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a4p2 nAChR. The current data suggest that RTI-7527-102 might exert a similar therapeutic
profile. Moreover, given that nicotine has higher efficacy at a4f2 nAChR and is an effective
smoking cessation aid, it is not unreasonable to consider the therapeutic potential of other
high efficacy a4p2 nAChR agonists, especially epibatidine derivatives with lower potency
and perhaps increased safety relative to epibatidine.
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RTI-7527-36

NH 7\

N\ HN N .
/J Cytisine
Varenicline & NHCH3;
CH,
H;C CHj

Mecamylamine
Figure 1.

Structures of epibatidine, epibatidine analogs (RTI-7527-36, RTI-7527-76, and
RTI-7527-102), varenicline, cytisine, mecamylamine, and DHpBE.
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Figure 2.
Discriminative stimulus effects (top), rate-decreasing effects (middle), and hypothermic

effects (bottom) of NAChR drugs. Abscissae: dose in milligram per kilogram body weight.
Ordinates: percentage of nicotine-appropriate responses (top), response rate expressed as a
percentage of the control rate of responding (middle), and rectal temperature measured in °C
(bottom).
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Discriminative stimulus effects (top) and rate-decreasing effects (bottom) of epibatidine
(left) and RTI-7527-102 (right), alone and in combination with mecamylamine. Abscissae:
mecamylamine (Mec) alone (3.2 mg/kg) or dose in milligram per kilogram body weight.
Ordinates: percentage of nicotine-appropriate responses (top) and response rate expressed as
a percentage of the control rate of responding (bottom).
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Time course of rectal temperature at various doses of nicotine, varenicline, and cytisine.
Abscissae: time in minutes. Ordinates: rectal temperature measured in °C. Time O is rectal
temperature measured immediately before drug administration.
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Time course of rectal temperature at various doses of epibatidine, RTI-7527-36,

RTI-7527-76, and RTI-7527-102. Abscissae: time in minutes. Ordinates: rectal temperature
measured in °C. Time 0 is rectal temperature measured immediately before drug
administration.
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Hypothermic effects of nicotine, varenicline, and cytisine alone and in combination with
mecamylamine (left) or DHBE (right). Abscissae: dose of nicotine, varenicline, or cytisine in
milligram per kilogram body weight. Ordinates: the area calculated from the hypothermia
time course in Figure 3 and expressed as a percentage of the maximum effect for each

respective drug.
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Figure 7.
Hypothermic effects of epibatidine, RTI-7527-36, RTI-7527-76 and RTI-7527-102 alone

and in combination with mecamylamine (left) or DHBE (right). Abscissae: dose of
epibatidine, RTI-7527-36, RTI-7527-76 or RTI-7527-102 in milligram per kilogram body
weight. Ordinates: the area calculated from the hypothermia time course in Figure 4 and
expressed as a percentage of the maximum effect for each respective drug.
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