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A B S T R A C T

Sazetidine-A selectively desensitizes α4β2 nicotinic receptors and also has partial agonist effects. We have shown that subcutaneous acute and repeated injections as
well as chronic infusions of sazetidine-A significantly reduce intravenous (IV) nicotine self-administration in rats. To further investigate the promise of sazetidine-A as
a smoking cessation aid, it is important to determine sazetidine-A effects with oral administration and the time-effect function for its action on nicotine self-
administration. Young adult female Sprague-Dawley rats were trained to self-administer IV nicotine at the benchmark dose of 0.03 mg/kg/infusion dose in an operant
FR1 schedule in 45-min sessions. After five sessions of training, they were tested for the effects of acute oral doses of sazetidine-A (0, 0.3, 1 and 3mg/kg) given 30min
before testing. To determine the time-effect function, these rats were administered 0 or 3mg/kg of sazetidine-A 1, 2, 4 or 23 h before the onset of testing. Our
previous study showed that with subcutaneous injections, only 3mg/kg of sazetidine-A significantly reduced nicotine self-administration, however, with oral ad-
ministration of sazetidine-A lower dose of 1 mg/kg was also effective in reducing nicotine intake. A similar effect was seen in the time-effect study with 3mg/kg of
oral sazetidine-A causing a significant reduction in nicotine self-administration across all the time points of 1, 2, 4 or 23 h after oral administration. These results
advance the development of sazetidine-A as a possible aid for smoking cessation by showing effectiveness with oral administration and persistence of the effect over
the course of a day.

1. Introduction

Tobacco addiction continues to be a major public health problem
worldwide. The seemingly simple act of smoking cessation can have
substantial health benefits. However, successful long-term smoking
cessation is surprisingly difficult to achieve even with pharmaceutical
assistance. The approved tobacco/smoking cessation treatments in-
cluding various types of nicotine replacement, bupropion and vareni-
cline provide some improvement in cessation rates (Fiore et al., 1994;
Jorenby et al., 2006; Levin et al., 1994; Rollema et al., 2007), but there
is still considerable room for improvement. New, more effective treat-
ments are needed. It has become apparent that no single smoking ces-
sation aid can help all smokers to quit. A greater diversity of effective
treatments will help with the tailoring of the most effective therapy for
the needs of the diverse array of smokers. Many current treatments act
on neuronal nicotinic acetylcholine receptors. Nicotine has actions to
both activate and desensitize nicotinic receptors (Katz and Thesleff,
1957; Quick and Lester, 2002). The relative roles of nicotinic receptor
activation and desensitization in reinforcement and self-administration
of nicotine are not fully understood.

Current nicotinic-based treatments do successfully reduce nicotine

self-administration over the short-term, but fail to maintain long-term
success in the majority of smokers leading to a high rate of relapse.
Varenicline, a partial α4β2 agonist, has been shown to reduce smoking
relative to placebo and bupropion (Jorenby et al., 2006; Rollema et al.,
2007), but it has some adverse side effects, including nausea, abnormal
dreams, and much more rarely possible exacerbation of psychiatric
symptoms (Freedman, 2007; Morstad et al., 2008). These side effects
may be due to effects at non-α4β2 nicotinic receptors, such as α3β4*
and/or α7 subtypes. A drug that more selectively targets the α4β2 re-
ceptor may be less likely to produce the adverse side effects and con-
sequently be more effective. One possibility is α4β2-selective drugs
such as sazetidine-A.

Sazetidine-A is a nicotinic partial agonist with a high affinity and
great selectivity for α4β2 nicotinic receptors. It desensitizes α4β2 re-
ceptors with long lasting effects (Xiao et al., 2006). Systemic adminis-
tration of sazetidine-A has been found in several studies to be effective
in reducing nicotine self-administration with both acute and repeated
administration at 3mg/kg, with only modest effects on locomotion and
food-motivated responding (Johnson et al., 2012; Levin et al., 2010;
Rezvani et al., 2010). Interestingly, it has also been shown to sig-
nificantly reduce alcohol intake in alcohol preferring rats (Rezvani
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et al., 2010). Moreover, while chronic administration of nicotine and
varenicline up-regulate α4β2 nicotinic receptors in rodent brain, an
effect that may be important to underlying addiction mechanisms at the
cellular level, sazetidine-A does not up-regulate these receptors
(Hussmann et al., 2012).

The goal of the present study was to evaluate the efficacy of oral
administration of sazetidine-A in reducing nicotine self-administration.
In addition, the time-effect function was assessed to determine the
persistence of effectiveness of oral sazetidine-A in reducing nicotine
self-administration throughout the day after dosing.

2. Methods

2.1. Subjects

Young adult female (N=20) Sprague-Dawley rats (Taconic Lab,
Germantown, NY, USA) were used in the present study. Females were
used to facilitate comparison with our previous studies of the acute
effects of sazetidine-A given by the sc route and effects on nicotine self-
administration. Animals were individually housed in a temperature-
controlled vivarium room located adjacent to the nicotine self-admin-
istration testing room. Animals were maintained on a 12:12 reverse
light-dark cycle (lights off at 7.00 a.m.) so that experimental sessions
occurred during the active phase of the rats' diurnal cycle. Animals
were given ad libitum access to water at all times excluding experi-
mental sessions, and were fed daily 20–30min after the completion of
their experimental session. The rats were maintained at roughly 85% of
their free-feeding weight, and healthily gained weight throughout the
study. At the end of each study catheter patency tests were conducted
and animals with obstructed catheters were dropped from analysis. All
procedures were approved by the IACUC at Duke University.

2.2. Drug treatment

Sazetidine-A [6-(5((S)-azetidin-2-yl)methoxy)pyridine-3-yl-1-ol]
was synthesized as described previously (Xiao et al., 2006) and supplied
by RTI International (Durham, NC, USA) via National Institute on Drug
Abuse (NIDA). The drug was dissolved in water and delivered by oral
gavage in doses of 0, 0.3, 1 and 3mg/kg in a volume of 4ml/kg twice in
the dose-effect study. Water was the vehicle control. Testing the effects
of different doses of sazetidine-A in the 45-min session began 30-min
after the oral administration of the drug. To evaluate the persistence
effects of sazetidine, in a seperate time-effect experiment, the effects of
sazetidine-A were tested at 1-h, 2-h, 4-h or 23-h after oral administra-
tion twice.

Nicotine bitartrate solutions were prepared weekly in sterilized
isotonic saline. The dose of nicotine used for self-administration
(0.03 mg/kg/infusion) was calculated as a function of the nicotine free
base molecular weight. The pH of the nicotine solution was adjusted to
7.0 using NaOH and the solution was filtered in a Nalgene filter
(Nalgene Nunc International, Rochester, NY, USA) for sterilization.
Between sessions all nicotine was kept in a dark refrigerator.

2.3. Behavioral procedures

Before the start of nicotine self-administration sessions, all animals
were trained to lever press in a standard dual-lever experimental
chamber (Med Associates, St. Albans, VT, USA) for food reinforcement.
Each chamber was equipped with two levers (one active, one inactive),
two cue lights located directly above each lever, a house light, and a
tone generator. After lever pressing was established, animals experi-
enced three sessions of lever pressing for food under a fixed ratio (FR) 1
schedule of reinforcement. Following the completion of their final
training session with food reinforcement, animals were anesthetized
with ketamine (60mg/kg) and domitor (15mg/kg) and a catheter
(Strategic Application Inc., Libertyville, IL, USA) was implanted into

their jugular vein. The jugular catheter was attached to a harness that
could be tethered to the infusion pump during experimental sessions.
Animals were given a minimum of 24 h to recover from the surgery
before experiencing nicotine self-administration sessions.

Following recovery from the surgery, animals were given 5 sessions
in the operant chambers where a correct lever press resulted in the
delivery of a nicotine infusion on a fixed ratio (FR) 1 schedule of re-
inforcement, and the activation of a feedback tone for 0.05 s. Each in-
fusion was followed by a one-min period time out where the cue lights
went out, the house light came on and correct responses were recorded
but not reinforced. Each nicotine self-administration session lasted for
45-min. After the initial 5 sessions of nicotine self-administration
training the rats were tested for the effects of oral sazetidine-A ad-
ministration.

To keep the catheters patent, they were flushed daily before the
experimental sessions with a 100 U/ml heparinized saline solution.
After the completion of a test session, nicotine remaining in the port
was removed and a 0.3-ml sterile lock solution containing 500 U/ml of
heparinized saline and 8mg/ml of gentamicin (American
Pharmaceutical Partners, Schaumberg, IL, USA) was infused.

2.4. Data analysis

The data were evaluated with a within subject design analysis of
variance. Drug-dose, repeated test phase and timing were within sub-
jects factors. An alpha level of p < 0.05 was used to determine sta-
tistical significance. Significant interactions were followed by tests of
the simple main effects.

3. Results

3.1. Pretraining

Over the course of the five sessions of training, the rats increased
nicotine self-administration from 3.15 ± 0.89 infusions during the first
session to 6.05 ± 1.50 infusions per session during the fifth session.

3.2. Sazetidine-A oral dose-effect function

Oral administration of sazetidine-A significantly reduced nicotine
self-administration. Planned comparisons of control levels vs. each of
the dose levels showed that the doses of 1mg/kg (F (1,57)= 6.28,
p < 0.025) and 3mg/kg (F (1,57)= 4.78, p < 0.05) resulted in sig-
nificant reductions in nicotine self-administration (Fig. 1). The rats
averaged 4.68 ± 0.90 nicotine infusions per session after control
treatment. In comparisons, they averaged 3.82 ± 0.95 after 0.3mg/kg,
2.90 ± 0.77 after 1mg/kg and 3.12 ± 0.80 after 3mg/kg of sazeti-
dine-A. There were no differential sazetidine-A effects on nicotine self-
administration in the first and second phases of dosing, with all of the
doses being tested for the first and second time. The data presented in
Fig. 1 are from the means of nicotine self-administration for each dose
during the two test phases,

3.3. Sazetidine-A oral time effect function

Eighteen of the rats from the initial experiment continued with the
second experiment. There was a significant (F (1,17)= 7.62,
p < 0.025) main effect of sazetidine-A in reducing nicotine self-ad-
ministration (Fig. 2). The interaction with interval between dosing and
sazetidine-A treatment was not significant (p=0.58). Fig. 3 shows the
difference between nicotine infusions after the control vehicle admin-
istration and nicotine self-administration after the oral administration
of 3mg/kg sazetidine-A at different time points. There were no differ-
ential sazetidine-A effects on nicotine self-administration in the first
and second phases of dosing, with all of the time intervals being tested
for the first and second time. Thus, the results graphed are the means of
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performance across the two repeated phases of testing.

4. Discussion

We previously found that acute subcutaneous (SC) injection or
chronic SC infusions of sazetidine-A caused significant reductions in IV
nicotine self-administration in rats (Johnson et al., 2012; Levin et al.,
2010; Rezvani et al., 2010). Our current findings show that similar to
systemic SC administration, oral administration of sazetidine-A is also
effective in reducing nicotine intake. These findings support the role of
α4β2 nicotinic receptors in nicotine addiction and advances the de-
velopment of sazetidine-A as a possible aid for as a smoking cessation. A
second important positive finding with regard to drug development is
that after oral administration sazetidine-A maintains its efficacy over
the course of a full day.

Prior research has shown that sazetidine-A significantly reverses
attentional impairment caused by either muscarinic acetylcholine
blockade with scopolamine or NMDA glutamate blockade with dizo-
cilpine (MK-801) (Rezvani et al., 2011, 2012). Other studies have found
anxiolytic and antidepressant effects of sazetidine-A (Caldarone et al.,

2011; Turner et al., 2010) as well as analgesic effects (Cucchiaro et al.,
2008). This demonstration that sazetidine-A is efficacious via the oral
route of administration further supports the idea that it may be a useful
oral medication that could be developed as a smoking cessation aid as
well as for treatment of cognitive and/or emotional dysfunction. Sa-
zetidine-A like nicotine and varenicline has been found in research to
support a modest extent of self-administration, suggesting that it is not
aversive to the rats (Paterson et al., 2010). They found that sazetidine-A
self-administration is less robust than that seen for nicotine.

Desensitization of α4β2 nicotinic receptors by sazetidine-A may be
its mechanism of action to decrease nicotine self-administration. This
can be related to the interaction of nicotinic receptors with the meso-
corticolimbic dopamine (DA) system, which plays a key role in the
rewarding effects of drugs of abuse (Nestler, 2005). Nicotine, similar to
many other addictive drugs, increases the activity of dopaminergic
neurons in the ventral tegmental area (VTA) and consequently at least
initially elevates dopamine release in the nucleus accumbens (Balfour,
2015). One of the key nAChRs in the VTA controlling dopaminergic
activity is an α4β2 nicotinic subtype, and sazetidine-A may exert its
effects by desensitizing these particular nAChRs (Hussmann et al.,
2012). This would render them resistant to subsequent stimulation by
nicotine, resulting in inhibition or reduction of DA release in the nu-
cleus accumbens.

It should also be considered that sazetidine-A, like nicotine itself,
has both agonist and desensitizing effects on nAChRs (Katz and
Thesleff, 1957; Langley and Dickenson, 1889). In addition to potently
desensitizing α4β2 receptors, sazetidine-A has variable agonist activity
at these receptors, depending on the receptor's subunit stoichiometry
(Zwart et al., 2008). Thus, sazetidine-A appears to have nearly full
agonist activity at (α4)2(β2)3 receptors but nearly no agonist activity at
(α4)3(β2)2 receptors (Carbone et al., 2009). In either case, however,
while any initial activation of α4β2 nAChRs by sazetidine-A would last
only for seconds, its desensitization effect, which invariably follows the
activation effect lasts more than an hour (Xiao et al., 2006). Thus, it is
likely that the effects of sazetidine-A on nicotine self-administration are
due to mainly to its prolonged desensitization of α4β2 nAChRs rather
than the initial very brief activation of these receptors.

Further research is needed in the development of sazetidine-A for
possible use as an aid for smoking cessation. In previous work we in-
dexed the pharmacokinetics of sazetidine-A after subcutaneous ad-
ministration (Hussmann et al., 2012). Sazetidine-A pharmacokinetics
with oral administration remains to be done. Then the relationship of
drug persistence in the brain to the persistence of behavioral effect can
be determined,
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Fig. 1. Acute dose-effect (0.3–3mg/kg) function of oral administration of sa-
zetidine-A significantly reducing IV nicotine self-administration in female rats.
The number of nicotine infusions per session different from vehicle control,
average for each dose during both the first and second test phase (mean ±
sem) (N=20).
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Fig. 2. Acute time-effect function for oral sazetidine-A (3mg/kg) significantly
(p < 0.025) reducing IV nicotine self-administration in female rats. The
number of nicotine infusions per session average for each time interval for the
two test phases (mean ± sem) (N=18).

Fig. 3. Acute time-effect function for oral sazetidine-A (3mg/kg) reducing IV
nicotine self-administration. The number of nicotine infusions per session,
difference from the control vehicle at each time point average for each time
interval for the two test phases (mean ± sem) (N=18).
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In conclusion, our data showed that similar to systemic injection,
oral sazetidine-A also significantly reduces IV nicotine self-adminis-
tration in rats, and, more importantly, the effectiveness of sazetidine-A
lasted for at 23–24 h. after the oral administration. The current findings
that oral sazetidine-A has a long-lasting effect in reducing nicotine self-
administration and based on our previous studies (Levin et al., 2010;
Rezvani et al., 2010) support the contention that nAChR desensitization
may be useful for the treatment of nicotine addiction and that sazeti-
dine-A is a good candidate for further development leading to a possible
clinical trial.
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