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Abstract

Chronic nicotine administration increases the density of brain a4p2* nicotinic acetylcholine
receptors (NAChRs), which may contribute to withdrawal symptoms associated with smoking
cessation. Varenicline, a smoking cessation drug, also increases these receptors in rodent brain.
The maintenance of this increase by varenicline as well as nicotine replacement may contribute to
the high rate of relapse during the first year after smoking cessation. Recently we found that
sazetidine-A, a potent partial agonist that desensitizes a4p2* nAChRs, does not increase the
density of these receptors in brain at doses that decrease nicotine self-administration, increase
attention in rats, and produce anxiolytic effects in mice. Here we investigated whether chronic
sazetidine-A and varenicline maintain the density of nAChRs after their up-regulation by nicotine.
In addition, we examined the effects of these drugs on a measure of anxiety in mice and weight
gain in rats. After increasing nAChRs in the rodent brain with chronic nicotine, replacing nicotine
with chronic varenicline maintained the increased nAChR binding, as well as the subunit proteins
measured by western blots. In contrast, replacing nicotine treatments with chronic sazetidine-A
resulted in the return of the density of NAChRs to the levels seen in saline controls. Nicotine,
sazetidine-A and varenicline each demonstrated anxiolytic effects in mice, but only sazetidine-A
and nicotine attenuated the gain of weight over a 6-week period in rats. These findings suggest
that apart from its modest anxiolytic and weight control effects, sazetidine-A, or drugs like it, may
be useful in achieving long-term abstinence from smoking.
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Introduction

Despite the widely known health risks of smoking, ~18% to 50% of adults in industrialized
countries continue to smoke (CDC, 2012). This continued smoking in the face of the health
risks is related primarily to the strong addictive properties of inhaled nicotine.

The nicotinic acetylcholine receptor (nAChR) most closely associated with nicotine
addiction is the a4p2* subtype. The basis for this association is: 1) The a4p2* nAChR
predominates in most areas of mammalian brain (Flores et al., 1992; Marks et al., 1992;
Perry et al., 2002; Mao et al. 2008; Gotti et al., 2009); 2) It is located within brain reward
circuits that are targets of drugs of abuse (Marks et al., 1992; Zoli et al., 2002) and, more
specifically, it is found on axons and cell bodies of dopamine neurons (Schwartz et al.,
1984; Clarke et al., 1985; Zoli et al., 2002), where it mediates nicotine-stimulated dopamine
release (Rapier et al., 1988; Rowell and Wonnacott, 1990; Grady et al., 1992; 1994); 3)
Genetic evidence from knockout and knockin mice implicates a4 and p2 subunits either on
dopamine neurons (Picciotto et al. 1998; Maskos et al., 2005) or on GABA neurons (Tapper
et al., 2004; Nashmi et al. 2007) in nicotine self-administration, reinforcement, and
tolerance; and 4) Chronic administration of nicotine increases the density of a4p2* nAChRs
in rat and mouse brain (Schwartz and Kellar 1983; 1985; Marks et al., 1983, 1985; Flores et
al., 1992; Mao et al., 2008; Moretti et al., 2010; Marks et al., 2011), and a similar increase is
found in autopsied brains from humans who smoked (Benwell et al., 1988; Breese et al.,
1997; Perry et al., 1999), as well as in brain imaging studies of current smokers (Staley et
al., 2006; Willner et al., 2008; Cosgrove et al., 2009).

In vivo administration of other nAChR ligands, including cytisine (Schwartz and Kellar,
1985), anatoxin (Rowell and Wonnacott, 1990) and varenicline (Turner et al., 2011), also
increase the density of a4p2* nAChRs. In contrast, sazetidine-A (saz- A), a ligand with high
affinity for a4p2* nAChRs, does not increase these receptors in rat or mouse brain, even
when administered chronically at behaviorally active doses (Hussmann et al., 2012). Saz-A
is a partial to full agonist at a4p2* nAChRs, depending on the receptor subunit
stoichiometry, and stimulates dopamine release in rat brain slices (Zwart et al., 2008).
Importantly, saz-A potently and selectively desensitizes a4p2* nAChRs (Xiao et al., 2006).

Because up-regulated a4p2* nAChRs may directly contribute to the cellular mechanisms
underlying nicotine addiction, we determined whether saz-A would sustain the increase in
receptors after they were up-regulated by chronic administration of nicotine. This paradigm
would be analogous to a nicotine-addicted individual with up-regulated nAChRs who stops
smoking with the aid of a drug (e.g., varenicline), and eventually stops taking that drug but
tries to remain abstinent from nicotine. Therefore we measured nAChRs in the cerebral
cortex from rats and mice that were treated chronically with nicotine and then either
maintained on nicotine or switched to saline, the smoking cessation drug varenicline or saz-
A
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Withdrawal from smoking is usually accompanied by some degree of anxiety (Hogle et al.,
2010; Weinberger et al., 2010; Piper et al. 2011) and often leads to weight gain (Aubin et al.,
2012); therefore, we also examined these two manifestations of nicotine treatment and
withdrawal in the absence or presence of varenicline or saz-A.

[3H]Epibatidine ([3H]EB, ~55 Ci/mmol) was purchased from Perkin Elmer Life Science
(Boston, MA). Sazetidine-A dihydrochloride (Xiao et al., 2006) was synthesized by RTI,
International (Research Triangle, NC) and supplied by NIDA. Nicotine hydrogen tartrate
was purchased from Sigma-Aldrich (St. Louis, MO). Varenicline tartrate was a kind gift
from Ms. Carolyn Kelman (Pfizer, Groton, CT). Osmotic minipumps were purchased from
Alzet (Cupertino, CA). The monoclonal antibody mAb 290, which binds p2 subunits
incorporated in assembled nAChRs (Sallette et al., 2005), was purchased from Sigma
Aldrich, and the polyclonal antibodies sc-1772 and sc-11372, which bind the a4 and 2
subunits of NAChRSs, respectively, were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Odyssey blocking buffer and the fluorescently tagged antibodies donkey
anti-goat 800CW and donkey anti-rabbit 680LT were purchased from LI-COR (Lincoln,
NE). Protein G Ultra Link Resin, dimethyl pimelimidate (DMP), Triton X-100 detergent and
Coomassie Plus Protein Assay were purchased from Thermo Fisher Scientific (Pittsburgh,
PA). All other reagents were purchased from Sigma Aldrich unless noted otherwise.

Male adult Sprague Dawley rats (~8 weeks old, 240 g) were purchased from Harlan
Laboratories (Frederick, MD). Male 129SvJ;C57BL/6J F1 hybrid mice (~ 6weeks old, 25—
30 g) were bred and housed at the University of Pennsylvania (Philadelphia, PA). Rats and
mice were housed in groups in AAALAC-approved facilities at Georgetown University or
the University of Pennsylvania. All rodents were maintained on a 12 hr light/12 hr dark
cycle with free access to food and water. Treatment, care and housing were carried out in
accordance with the National Institutes of Health guidelines on animal care. All
experimental procedures were approved by each university’s animal care and use
committee, and animal use was reported in compliance with ARRIVE guidelines.

Drug administration

Drugs were dissolved in sterile saline and administered subcutaneously via implanted
osmotic minipumps. The drug doses reported here are expressed as the free base. For rats,
the doses were: nicotine, 6 mg/kg/day; saz-A, 4.7 mg/kg/day; and varenicline, 1.2 mg/kg/
day. For mice, the doses were nicotine, 18 mg/kg/day; saz-A 1.8 mg/kg/day; and varenicline
1.8 mg/kg/day. These doses of saz-A and varenicline are within the range that produce
anxiolytic and/or antidepressant activity in preclinical tests in rats and mice (Kozikowski et
al., 2009 Turner et al., 2010; 2011; Caldarone et al., 2011); reduce nicotine and alcohol self-
administration in rats (Levin et al., 2010; Rezvani et al., 2010; George et al., 2011; Wouda et
al., 2011; Johnson et al., 2012;); and increase performance in tests of attention in rats
(Rezvani et al., 2011; 2012).
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Animals received two phases of drug treatment, which are illustrated in figure 1A. To begin
phase 1 of treatment, the rats and mice were anesthetized with isoflurane and a small
incision was made between the shoulders. An osmotic minipump filled with saline or
nicotine was then implanted subcutaneously and the incision was closed with wound clips.
Buprenorphine (0.01 mg/kg) or ketoprofen (0.5 mg/kg) was injected subcutaneously one
time for analgesia. The animals were allowed to recover and then moved to their home
cages. After two weeks with these pumps delivering saline or nicotine, phase 2 of treatment
began. The animals were anesthetized, the pumps removed and a new pump inserted in an
incision made ~ 2 cm away from the first. These pumps contained either saline, nicotine,
varenicline or saz-A. Again, the wounds were closed and the animals were given a single
injection of analgesic, as described above.

After 7 days of phase 2 treatment, a behavioral assessment of the mice was carried out using
the novelty-induced hypophagia test, as described below. The mice were then anesthetized
and decapitated while the pumps were still implanted. The rats were maintained in the phase
2 treatment for 28 days before the pumps were removed. They were then anesthetized and
decapitated 2 days later. All brains were quickly removed, dissected, frozen on dry ice and
stored at —80° until use. The rat weights were monitored and recorded periodically during
both phase 1 and phase 2 treatments.

Preparation of membrane homogenates for binding assays

Dissected cerebral cortex was weighed and homogenized in 30 mL of 50 mM Tris HCI
buffer (pH 7.4) with a polytron homogenizer. The homogenates were then centrifuged at
35,000 g for 10 min at 4° C. The resulting supernatants were discarded and the pellets were
re-suspended and homogenized again in 30 mL of 50 mM Tris buffer. The homogenates
were incubated at 37° C for 1 hr while gently shaking to allow drugs to dissociate from the
nAChR binding sites before undergoing another high speed centrifugation. This procedure
was repeated until the pellets underwent a total of 4 high-speed centrifugations and 3
incubations for 1 hr each at 37° C. The final pellet was re-suspended in 20 volumes of 50
mM Tris buffer.

Radioligand binding

To determine total binding, membrane homogenates equivalent to 10 mg of frozen cortex (~
400 ug protein) were added to test tubes containing 2 nM [3H]EB in a final volume of 0.5
mL of 50 mM Tris HCI buffer (pH 7.4). Nonspecific binding was determined in parallel in
similar tubes containing 300 uM nicotine. The tubes were incubated for at least 4 hr at room
temperature while gently shaking in the dark. After incubation, bound [®H]EB was collected
by vacuum filtration over GF/C filters presoaked in 0.5% polyethyleneimine. Radioactivity
in the filters was measured by scintillation counting. Specific [*H]EB binding was
calculated by subtracting the nonspecific binding from the total binding. All specific binding
was then normalized to the total protein in the binding assay as measured by a BCA protein
assay.
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Preparation of membrane homogenates for immunoassays

One hemisphere of rat cortex was suspended in ice-cold 10 mM Tris buffer containing 5
mM EDTA, and 5 mM EGTA pH 7.4 (TEE buffer) and homogenized with a Polytron
homogenizer. The homogenates were centrifuged at 35,000 g and the pellets were
resuspended in fresh ice-cold buffer and sonicated with a Tekmar Sonicator. This procedure
was repeated and the final pellet was frozen at —80° C until used for western blotting.

Immunoprecipitation and Western blotting

Homogenates were thawed at 37° C and then immediately placed on ice. 150 pL aliquots of
membrane homogenates were solubilized in 2% Triton X-100 detergent, 1.8 mM
phosphatidylcholine, and 0.05 % SDS for 5-6 hours with rotation at 4° C. Solubilized
proteins were separated from membrane homogenates by pelleting the non-solubilized
membrane fraction at 35,000 g for 30 minutes. The solubilized supernatant fractions were
separated and protein assays were performed using the Coomassie Protein Plus Assay. To
concentrate the samples and to avoid interference from free a and p subunits in the
quantitative analyses of the western blots, the solubilized proteins were first
immunoprecipitated with mAb 290, which is a conformationally specific antibody that
selectively binds to f2 subunits incorporated in nAChRs (Sallette et al., 2005). The
solubilized samples (500 pg protein) were immunoprecipitated with 2.7 — 3.5 pg of mAb
290 covalently coupled to Protein G UltraLink Resin (performed previously using dimethyl
pimelimidate, according to manufacturer’s instructions). Immunoprecipitation (IP) samples
were rotated overnight (~18 hours) at 4° C and then centrifuged at low speed to pellet the
Protein G-mAb 290-nAChR complexes. The supernatants were removed and the pellets
were washed 3x with 1 % thesit detergent in TEE. The final pellets were re-suspended in 40
uL of western blot denaturing buffer and stored at —80° C until use.

For western blotting, IP pellet samples were denatured in Tris buffer containing 50 mM
dithiothreitol, 2% SDS and 10%glycerol, and 10 uL of each sample was separated by SDS-
PAGE on 9% acrylamide gels. Samples were run in triplicate across three different gels.
Proteins were transferred to Immobilon-FL PVDF membranes and blocked for 1 hour with
Odyssey Blocking Buffer diluted 50 % with PBS. Membranes were incubated overnight at
4° C with 1 pg/mL of each of the primary polyclonal antibodies, directed against the a4
subunit (sc-1772) and the B2 subunit (sc-11372), washed 5% with phosphate-buffered saline
with Tween-20, incubated for 1 hour with secondary antibodies (1:25,000 each donkey anti
goat 800CW and donkey anti rabbit 680LT), washed again 5x with the buffer, and imaged
using the Odyssey Infrared Imaging System with dual color detection. Integrated Intensity
values for a4 and B2 bands were obtained using the Odyssey Application Software (Version
3.0). Median integrated intensity values for each sample from rat brain were normalized
against a standard curve prepared from HEK293 cells stably expressing rat a4f2 nAChRs.
The standard curve was fit to a 4 parameter logistic equation as shown below:

A—-D
y:
1+(%)°

+D
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In this equation, A = maximum, B = slope, C = inflection and D = minimum. Values for g
of a4 or B2 for each rat were calculated using the standard curve and these values were
analyzed for each group using GraphPad Prism 5 with One-Way ANOVA and Bonferroni’s
post-hoc test.

Novelty-Induced Hypophagia (NIH) Test

Results

The NIH test was used as a measurement of anxiety and was carried out as described
previously (Turner et al., 2010; Dulawa et al., 2004). Male mice (h= 8 to 16/group) were
housed in pairs starting from 1 week prior to training until the end of the experiment. For
training, mouse pairs were separated in their home cage with a plastic divider and left to
acclimate for 1 hr. Then a highly palatable food (peanut butter chips; Nestle, Glendale, CA)
was placed in the cage for 15 min and the latency to feed was recorded. Training was
performed daily until the variability of latency to feed was less than 20% (~12 days). Mice
then underwent phase 1 treatment for 2 weeks and phase 2 treatments for 1 week. Training
was continued daily during both treatment phases. On the 6t day of phase 2 treatments, the
latency for mice to feed in their home environment was measured. One day later, their
latency to feed in a novel environment was measured. For this measurement, individual mice
were placed in new cages without bedding. The cages had been wiped clean with Pine Sol to
emit a novel odor and placed in a white box with bright light illumination (2150 lux). The
time to feed in this novel environment was then measured.

Brain nAChRs return to control levels during treatment with sazetidine-A

The treatment paradigm for these studies is shown in figure 1A. During the phase 1
treatment, saline or nicotine was administered subcutaneously to rats and mice for 2 weeks
via osmotic pumps. At the end of the phase 1 treatment period, the pumps were removed and
replaced with a pump that contained either saline (groups designated Sal—Sal and
Nic—Sal), nicotine (Nic—Nic), varenicline (Nic—Var), or saz-A (Nic—Saz-A). This
phase 2 treatment lasted for 4 weeks in rats and 1 week in mice.

Treatment with nicotine consistently increases the density of NAChRs in rat and mouse
cerebral cortex (Schwartz and Kellar, 1983; Marks et al., 1983). For example, a similar 2-
week treatment of rats and mice with nicotine via osmotic pumps increased NAChRs
measured with [BHEB] by nearly 100% (Hussmann et al., 2012). A similar increase in
[3HEB] binding sites was found here (Fig. 1B and 1C) in animals that received nicotine in
both treatment phases, a duration of 6 weeks in rats and 3 weeks in mice. This indicates that
in rats and mice a new steady-state level of nNAChRs in the cerebral cortex is set within the
first 2 weeks of continuous administration of nicotine via osmotic pumps. The nicotine-
induced increase in NAChRs is reversible; thus, when the initial two-week treatment with
nicotine was replaced by saline treatment for 4 weeks in rats and 1 week in mice, NAChRs
labeled by [3H]EB in cerebral cortex returned to a density level similar to that in control
animals treated with saline throughout both periods (Fig. 1B and 1C).
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In rats and mice treated with varenicline in phase 2, the density of nAChRs measured in the
cerebral cortex with [3H]EB was nearly identical to the density in the cortex from animals
treated with nicotine in both phases of treatment (Fig. 1B and 1C). In contrast, in rats and
mice that received nicotine in the phase 1 treatment period followed by saz-A in the phase 2
treatment period, the density of NnAChRs was nearly identical to the density in the saline
treated groups. These results indicate that treatment with saz-A following chronic nicotine
treatment does not sustain the nicotine-induced increase in brain nAChRs.

NAChR subunit protein after treatments

To examine the effects of these chronic treatments with these nicotinic drugs on rat a4p2*
nAChRs independent of the [3H]EB binding sites, we evaluated the receptor’s constituent
subunit proteins by quantitative analysis of western blots. To avoid inclusion of
unassembled a4 and/or B2 subunits in these measurements, we first immunoprecipitated the
a4p2* nAChRs with mAb 290, a conformationally specific antibody that binds to p2
subunits assembled in nAChRs (Sallette et al., 2005). As shown in the western blots in
figure 2A and 2B, both the a4 and B2 nAChR subunit proteins were increased in the
cerebral cortex from rats that received either nicotine or varenicline during the 4 week phase
2 treatment period; while in contrast, the levels of subunit proteins from rats that received
either saline or saz-A during the phase 2 treatment were not significantly different from the
subunit levels in control rats treated with saline in both phases. These results thus
demonstrate that the up-regulation of a4p2* nAChR binding sites following treatment with
nicotine or varenicline is associated with increases in the constituent subunit proteins
assembled as nAChRs. This is consistent with a recent study that used binding of
[125IImonoclonal antibodies to a4 and B2 subunits to demonstrate an increase in nAChR
subunit protein in brain after chronic nicotine treatment of mice (Marks et al., 2011).
Moreover, the western blots from rats treated with nicotine followed by saline demonstrate
that the nicotine-induced increase in subunit proteins is reversible. In addition to confirming
the absence of an increase in NAChR binding sites after chronic treatment with saz-A, these
western blots demonstrate that residual drug bound to the receptor does not explain the
absence of up-regulation of nAChRs after treatment with saz-A.

Nicotinic drugs decrease anxiety in mice

Increased anxiety during withdrawal from nicotine may be an important factor contributing
to smoking relapse (Hogle et al., 2010; Piper et al, 2011). Therefore, it would very likely be
advantageous for an effective smoking cessation therapy to demonstrate potential to blunt
the anxiety producing effects of nicotine withdrawal. Nicotine, varenicline and saz-A all
produce anxiolytic effects in rodents (File et al., 1998; Turner et al., 2010; 2011;
McGranahan et al., 2011; Anderson and Brunzell, 2012; Varani et al., 2012). To examine
this further, we determined if nicotine, varenicline and saz-A maintain anxiolytic activity in
mice during withdrawal from chronic administration of nicotine. The mice from which the
nAChR binding data in figure 1 were subsequently obtained were trained for the NIH test
for anxiety (see methods), and on the 6" day of phase 2 treatments, the latency for the mice
to feed in a familiar environment (their home cage) was measured. As shown in figure 3,
none of the drugs used in phase 2 significantly affected the latency of the mice to feed in the
familiar environment. The next day (the 7" day of phase 2 treatments), the latency of these
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mice to feed in a novel environment was measured. As shown in figure 3, the mice treated
with saline in both phase 1 and 2 (Sal—Sal) showed the expected marked increase in their
latency to feed in a novel environment compared to their latency in their familiar
environment, which is indicative of increased anxiety. Mice treated with nicotine in phase 1
and 2 (Nic—Nic) showed the expected significant decrease in latency to feed consistent
with an anxiolytic effect, as has been shown previously (Turner et al., 2010; 2011; Anderson
and Brunzell, 2012). Mice treated with nicotine in phase 1 and then switched to saline
(Nic—Sal) showed a latency similar to the animals treated with saline throughout both
phases, which indicates that the anxiolytic effect of nicotine is reversible. The latency to
feed in the Nic—Var group was significantly reduced compared to the Nic—Sal group
(P<0.05) and showed a trend toward reduced latency to feed compared to the Sal—Sal.
Finally, the latency to feed in the Nic—Saz group was significantly reduced compared to the
latencies in the Nic—Sal group (P< 0.001), as well as compared to the Sal—Sal group
(P<0.05).

Rats on nicotine replacement drugs gain less weight

Chronic administration of nicotine and other nicotinic drugs is known to suppress appetite in
rodents and result in a slower rate of weight gain (Grunberg et al., 1987; Mineur et al.,
2011). Such an effect of nicotine is consistent with the gain of weight that often
accompanies cessation of smoking (Aubin et al., 2012; Zoli and Picciotto, 2012). We
therefore compared the body weights of the rats on saline and nicotine during phase 1 of the
treatment paradigm and then in each group during the treatments in phase 2. The same rats
from which the nAChR binding and western blot data in figures 1 and 2 were subsequently
obtained were weighed periodically throughout the chronic treatments, and the results are
shown in figure 4. During phase 1, both the saline and the nicotine-treated rats gained
weight, but the nicotine-treated rats gained significantly less. This was particularly evident
during the first 6 days of treatment, and by the end of the 14 day phase 1 treatment, the
nicotine-treated rats weighed about 6% less than the saline-treated rats (Fig 4A). When the
rats on nicotine during the first 2 weeks were switched to saline in phase 2 (Nic—Sal), they
rapidly gained weight and reached a weight similar to that of the (Sal—Sal) controls within
a week, following which their weights remained similar to that of controls throughout the
remainder of the 4 week treatment period (fig. 4B). The rats that were maintained on
nicotine during phase 2 treatment (Nic—Nic) continued to gain weight at a slower rate than
the saline controls, and at the end of the 4-week phase 2 treatments weighed approximately
8% less than the saline controls (p<0.01). Similarly, the rats treated with saz-A during the
phase 2 treatment (Nic—Saz) gained weight at a slower rate than controls, and they weighed
approximately 11% less than the controls at the end of the 4-week treatment period
(p<0.001). Although the weights of the rats treated with saz-A were slightly lower than the
weights of the rats maintained on nicotine, this difference appears to be due to an initial
decrease in body weight in the rats switched to saz-A, after which the weights of the two
groups increased in parallel. Finally, the weights of the rats that were treated with
varenicline during phase 2 (Nic—Var) were slightly lower than the two groups of saline-
treated rats, but the differences did not reach statistical significance.
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Discussion

Based on nicotine’s up-regulation of a4p2* nAChRs and its high potency to desensitize
nAChRs both in vivo (Sharp and Beyer, 1986; Hulihan-Giblin et al., 1990) and in vitro
(Grady et al., 1994; Marks et al., 1994; Lester and Dani, 1995; Pidoplichko, et al., 1997), a
hypothesis has emerged that can at least partially explain the addictive drive created by
chronic administration of nicotine (Dani and Heinemann, 1996; Ortells and Barrantes, 2010;
Hussmann et al., 2012). According to one version of this hypothesis (Hussmann et al.,
2012), activation of the increased number of a4p2* nAChRs in a smoker’s brain by
endogenous acetylcholine causes dysphoria/anxiety, which an addicted individual learns
from experience can be relieved by smoking the next cigarette, which, in turn, then
desensitizes the nAChRs and consequently titrates down their activity. This decreased
activity lasts until the nicotine concentration falls below a critical threshold level, which
then triggers the signals for the next cigarette; thus the cycle that we recognize as nicotine
addiction is sustained.

In contrast to nicotine and varenicline, saz-A administered chronically to rats and mice does
not increase NAChRs (Hussmann et al., 2012), even at doses that decrease nicotine and
alcohol self-administration, increase attention on cognitive tasks, and produce anxiolytic
effects (Levin et al., 2010; Rezvani et al., 2010; 2013; Turner et al., 2010; Caldarone et al.,
2011). The explanation for this separation between behavioral effects and nAChR up-
regulation may be related to the fact that the steady state brain concentration of saz-A (32
nM) during chronic administration is high enough to desensitize a4p2* nAChRs, but much
lower than the concentrations reached by nicotine or varenicline, which concentrate in the
brain and may enter compartments within the cell not accessed by saz-A (Hussmann et al.,
2012). Thus, we hypothesize that desensitization of a4p2* nAChRs accounts for the
behavioral effects of saz-A, but its concentration remains below the threshold necessary to
induce up-regulation of the receptors (Hussmann et al., 2012), which is thought to occur in
the endoplasmic reticulum (Sallette et al., 2004; 2005; Kuryatov et al., 2005; Srinivasan et
al., 2011).

In the current study, we sought to extend this observation by testing whether saz-A would
maintain the increased number of NAChRs once they had been up-regulated by chronic
administration of nicotine. This paradigm, which more closely parallels the situation of a
nicotine-addicted smoker abstaining from nicotine by switching to a nAChR partial agonist,
addresses the important question of whether nAChRs, once up-regulated by nicotine, would
remain up-regulated during administration of a partial agonist, and thus leave the person
abstaining from nicotine possibly more vulnerable to relapse once treatment with the partial
agonist is stopped.

The results from our radioligand binding studies demonstrate that chronic nicotine treatment
increases the number of NAChRs in the cerebral cortex by about 2-fold. This increase is
reversible; thus, after switching from nicotine to saline treatment, the number of nAChRs
returns toward control levels and is no longer significantly increased within 4 weeks of
stopping nicotine treatment in rats and 1 week of stopping treatment in mice. In rats and
mice switched from chronic nicotine to chronic varenicline, the nAChR density was
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maintained at a level similar to that in the animals maintained on nicotine throughout the
two treatment periods. In contrast, in animals switched to saz-A, the receptor density
returned to levels similar to that in the saline controls. The most likely explanation for this is
that in the absence of nicotine (or varenicline) normal turnover mechanisms allow the
steady-state levels of NAChRs to return to control levels.

Questions have been raised about whether the increased agonist binding sites represent an
actual increase in receptor protein or a shift of a4p2* nAChRs to a confirmation with high
affinity for agonists, or both (Vallejo et al., 2005; Govind et al., 2009; Govind et al. 2012).
The increases in the nAChR subunit proteins seen in our western blot analyses closely
parallel the results from our radioligand binding studies and are in good agreement with a
previous western blot analyses by Moretti et al., (2010). Together, these data strongly
support the view that the increase in receptor binding sites primarily reflects an increase in
receptor protein. The mechanism for this up-regulation is not known with certainty, but
evidence favors the hypothesis that nicotine acts as a protein chaperone and leads to an
increase in maturation and assembly of the subunits in the endoplasmic reticulum (Sallette et
al., 2004; 2005; Kuryatov et al., 2005; Srinivasan et al., 2011). Although this hypothesis is
based on studies in transfected cells heterologously expressing nAChRs, a recent study in rat
primary neurons is consistent with it (Lomazzo et al, 2011).

Nicotine, varenicline and saz-A have been reported to produce effects consistent with
anxiolytic and/or antidepressant activity in rodents (Patterson et al. 2009; Kozikowski et al.
2009; Turner et al., 2010; 2011). Moreover, a recent study found that both low dose nicotine
and the competitive antagonist DHBE produced anxiolytic effects in mice, suggesting that
desensitization of nAChRs contributes to the anxiolytic effects of nicotine (Anderson and
Brunzell, 2012). On the other hand, nicotine can also elicit an anxiogenic response in rats,
and microinjection of the nAChR channel blocker mecamylamine into the medial septum
attenuated this response (Zarrindast et al., 2013). To explore the anxiolytic/anxiogenic
effects of these drugs during withdrawal from chronic nicotine, a condition that in humans
usually provokes increased levels of anxiety (Picciotto et al., 2002; Pomerleau et al., 2005;
Hogle et al., 2010; Piper et al., 2011), we compared the effects of continued administration
of nicotine in mice with switching them to varenicline or saz-A after withdrawal from
nicotine. Our assessment of anxiety with the NIH test is consistent with both varenicline and
saz-A having an anxiolytic effect during withdrawal from nicotine, with saz-A showing an
efficacy similar to continued nicotine and varenicline being slightly less efficacious at the
doses used. These results suggest that both of these drugs have the potential to decrease
anxiety during abstinence from nicotine. However, the exact brain areas where nicotinic
drugs act to modulate anxiety and the nAChR subtypes that mediate these effects are not
known.

It would be interesting to compare anxiety levels of the animals at various times after
switching them from nicotine to saline (Nic/Sal group) as well as after terminating the other
phase 2 treatments to determine if resensitization of nAChRs contributes to anxiety, and
whether the treatment with saz-A, which allowed the receptors to return to control levels,
attenuates that behavior. However, such a study will require, in addition to the rigorous
behavioral measurements, assessments of the brain-specific pharmacodynamics and
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pharmacokinetics of saz-A, varenicline and nicotine to determine the appropriate window of
time during withdrawal to carry out the behavior tests. Such studies are beyond the scope of
this paper.

Weight gain may contribute to relapse in ex-smokers trying to abstain from smoking (Zoli
and Picciotto, 2012). The mechanisms for this weight gain are not known, but nicotine
decreases the rate of weight gain in normal rats (Grunberg et al., 1987), and recently an
a3p4* nAChR in the hypothalamus was implicated in its actions in genetically obese mice
(Mineur et al., 2011). In our studies, nicotine-treated rats gained weight at a somewhat
slower rate than saline-treated controls, particularly during the first week of treatment. The
rate of weight gain in rats that were treated with nicotine in phase 1 and then switched to
saline in phase 2 increased rapidly during the first week after nicotine was stopped, and
within about a week their weights reached the level of controls treated with saline
throughout phase 1 and 2. Thereafter they continued to gain weight at the same rate as those
saline controls. It is important to note that the weights of the rats switched from nicotine to
saline (i.e., the rats most closely mimicking a smoker abstaining unaided from nicotine)
never exceeded the weights of saline controls during the 4 week period of phase 2 treatment.

Throughout the 4 week phase 2 treatment period, the rats maintained on nicotine continued
to gain weight at a slower rate than the saline controls, and at the end of that 4 week period,
at which time they had received nicotine for a total of 6 weeks, their weights were
approximately 8% lower than the saline-treated rats. The rats switched from nicotine in
phase 1 to varenicline in phase 2 appeared to gain weight at approximately the same rate as
the saline controls, and at the end of the 4 week phase 2 treatment period their weights
appeared to be slightly, but not significantly, lower than the weights of the saline controls. In
contrast, rats that were switched from nicotine in phase 1 to saz-A in phase 2 gained weight
at a rate similar to the rate of the nicotine treated rats; thus their weights at the end of the 4
week period were approximately 11% lower than the saline controls. Although the weights
of the rats treated with saz-A appeared to be slightly lower than the weights of the nicotine-
treated rats, this difference was probably attributable to a fall in weight during the first few
days on saz-A. Because saz-A is relatively selective nAChRs containing $2 subunits, these
data suggest that these NAChR subtypes are also involved in the effects of nicotine and saz-
A on body weight.

We have proposed that saz-A may affect behaviors by desensitizing the a4p2* nAChRs on
the cell surface but doesn’t reach the intracellular concentration necessary to up-regulate
these receptors or, as indicated here, maintain up-regulation after chronic treatment with
nicotine. An alternative possibility is based on the observations that saz-A acts differently at
the two different stoichiometries of the a4p2 nAChRs that have been studied in transfected
oocytes. It is a very weak partial agonist at NAChRs with the a43)B2,) stoichiometry, but
nearly a full agonist at receptors with the a4(2)B23) stoichiometry (Zwart et al., 2008;
Carbone et al. 2009; Mazzaferro et al., 2011). Both stoichiometric isoforms of this receptor
are thought to be expressed in brain (Gotti et al., 2008); therefore, it is possible that the
differences in the effects of saz-A are related to its differential effects on these two receptor
isoforms.
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Although we don’t yet know the mechanisms underlying the differences between saz-A and
varenicline, if the differences seen here in rats and mice are also operative in human
smokers, it is possible that saz-A or drugs with a similar pharmacological profile would
allow the up-regulated nAChRs in smokers to return to pre-smoking levels and thus provide
a better chance for long-term abstinence from nicotine.
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Figure 1. Measuring nAChR binding sites after 2-phase chronic treatments
(A) Male mice and rats underwent a 2-phase drug treatment paradigm as illustrated in the figure. Saline (Sal) and drugs were

delivered by osmotic minipumps at the following doses (free base): Rats; 6 mg/kg/day nicotine (Nic), 4.7 mg/kg/day saz-A, and
1.2 mg/kg/day varenicline (Var). Mice; 18 mg/kg/day nicotine; 1.8 mg/kg/day saz-A; and 1.8 mg/kg/day varenicline. For rats,
osmotic minipumps were removed following the completion of phase 2 treatments to allow drug elimination and were sacrificed
2 days later. Mice were sacrificed while pumps were still implanted following completion of phase-2 treatments. The density of
nAChR binding sites were measured in cortical membrane homogenates from both (B) rats and (C) mice using 2 nM [3H]EB.
These densities were graphed as the mean + SEM from 4 — 8 animals in each group. Statistical analysis was compared to
Sal—Sal treatments by a one-way ANOVA with a post-hoc Bonferroni test (ns = not significant; **p<0.01; ***p<0.001).
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Figure 2. Measuring a4 and B2 subunit protein levels after chronic treatments
Dissected cerebral cortex from the same rats as in figure 1 were homogenized and solubilized. Assembled a4p2* nAChRs were

then isolated by immunoprecipitation with mAb 290. Precipitated receptors were denatured and then used for western blotting.
The a4 and B2 subunits were probed with polyclonal antibodies SC-1772 and sc-11372, respectively. All samples were run in
triplicate. A representative blot of a4 and B2 subunits is shown in (A) and (B) respectively. Band densities were quantified and
compared to standard curves of a4 and B2 subunits expressed in HEK293 cells. The quantified results for a4 and 2 subunits
are shown in (A) and (B) respectively, and the data are expressed as the mean + SEM from 8 individual animals in each group.

Statistical analysis was compared to Sal—Sal treatments by a one-way ANOVA and a post-hoc Bonferroni test (ns = not
significant;*p<0.05; **p<0.01; ***p<0.001).
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Figure 3. NIH Test of Anxiety
Male mice were trained for the NIH test of anxiety (see methods) and then underwent the 2-phase drug treatment paradigm as

illustrated in figure 1A. On the 6" day of phase 2 treatments, the latency for mice to feed was measured in their home cage. The

next day, the latency for mice to feed was measured in a novel environment. The data are expressed as the mean £ SEM from 8

— 16 individual animals per group and statistical analysis was performed by a two-way ANOVA with a post-hoc Bonferroni test
(Compared to Sal—Sal: *p<0.05; **p<0.01. Compared to Nic—Sal; #p<0.05; ###p<0.001).
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Figure 4. Body weight during chronic treatment with nicotinic drugs
Male rats (n=6-8 per group) that underwent the 2-phase treatment paradigm illustrated in figure 1A were weighed periodically

during both phases of treatment and the body weight for each group is expressed as the mean + SEM. Statistical differences
between groups were evaluated by two-way ANOVA, followed by a Bonferroni test. The results of these statistical analyses are
shown within the figure.

1duosnuely Joyny vd-HIN

1duosnuely Joyny vd-HIN

J Neurochem. Author manuscript; available in PMC 2015 May 01.



