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Abstract

Introduction—Chronic treatment with nicotine is known to increase the a4p2-nAChR sites in
brain, to decrease a6p2-nAChR sites and to have minimal effect on a3p4- and a7-nAChR
populations. Varenicline is now used as a smoking cessation treatment, with and without
continued smoking or nicotine replacement therapy. Varenicline, like nicotine, upregulates the
a4p2-nAChR sites; however, it is not known whether varenicline treatment changes expression of
the other nAChR subtypes.

Methods—Using a mouse model, chronic treatments (10 days) with varenicline (0.12mg/kg/hr)
and/or nicotine (1 mg/kg/hr), alone or in combination, were compared for plasma and brain levels
of drugs, tolerance to subsequent acute nicotine and expression of four subtypes of nAChR using
autoradiography.
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Results—The upregulation of a4p2-nAChR sites elicited by chronic varenicline was very similar
to that elicited by chronic nicotine. Treatment with both drugs somewhat increased up-regulation,
indicating that these doses were not quite at maximum effect. Similar down-regulation was seen
for aBPB2-nAChR sites. Varenicline significantly increased both a3p4- and a7-nAChR sites while
nicotine had less effect on these sites. The drug combination was similar to varenicline alone for
a3p4-nAChR sites, while for a7 sites the drug combination was less effective than varenicline
alone. Varenicline had small but significant effects on tolerance to acute nicotine.

Conclusions—Effects of varenicline in vivo may not be limited to the a4p2*-nAChR subtype.
In addition, smoking cessation treatment with varenicline may not allow receptor numbers to be
restored to baseline and may, in addition, change expression of other receptor subtypes.
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1. Introduction

Although the incidence of tobacco use in many parts of the world has declined in recent
years, many people continue to use tobacco, primarily through cigarette smoking. The health
consequences of cigarette smoking are widely recognized and a significant number of
current smokers express a desire to quit. However, the success rate for quitting is quite low.

It is well established that exposure to nicotine elicits changes in the expression of the
neuronal nicotinic cholinergic receptors (NAChR). Increases in the most widely expressed
nAChR subtype (a4B2*-nAChR) occurs in mouse, rat and human brain following exposure
to nicotine (Marks, Burch et al. 1983, Schwartz and Kellar 1983, Benwell, Balfour et al.
1988, Perry, Davila-Garcia et al. 1999, Marks, McClure-Begley et al. 2011). The time-
course of reversal of this upregulation after cessation of treatment in mice is approximately a
week in mice (Marks, Stitzel et al. 1985, Turner, Castellano et al. 2011, Yohn, Turner et al.
2014). In addition, nicotine-induced decreases in the expression of the a6p2*-nAChR
subtype have been observed in rodent and monkey brain following chronic nicotine
treatment (Perez, Bordia et al. 2008, Perez, Ly et al. 2012, Marks, Grady et al. 2014). While
a4p2*- and ab6B2*-nAChRs have been implicated in some smoking behaviors, other
subtypes including a3, 4 and a5 subunits have been shown to be important for appetite,
aversion and withdrawal (Salas, Pieri et al. 2004, Frahm, Slimak et al. 2011, George, Lloyd
et al. 2011, Jackson, Sanjakdar et al. 2013, Picciotto and Kenny 2013, Stoker and Markou
2013).

Several forms of nicotine replacement (NRT), including nicotine in gum, patches and
lozenges, are in clinical use to reduce tobacco withdrawal symptoms and replacement
provides significant harm reduction. Although NRT has been somewhat successful, it has
not generally achieved the desired level of long-term quit rates. Subsequently, varenicline
(Chantix), which has activity at nAChR somewhat different from nicotine including partial
agonist activity at the a4p2*-nAChR subtype, was developed and is now widely used as a
smoking cessation aid. While varenicline treatment has been somewhat more helpful than
NRT for some smokers, long-term quit-rates are somewhat disappointing (Stapleton,
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Watson et al. 2008, Kralikova, Kmetova et al. 2013). Combination treatment strategies
including co-treatment with nicotine and varenicline (Ebbert, Burke et al. 2009, Hajek,
McRobbie et al. 2011, Hajek, Smith et al. 2013) have been employed in attempts to improve
the quit-rate.

Varenicline exhibits higher affinity than nicotine for the a4p2*-nAChR, and was initially
considered selective for this subtype (Coe, Brooks et al. 2005). However, varenicline also
exhibits activity at additional nAChR subtypes, including a3p4*-nAChR and a7-nAChR
(Grady, Drenan et al. 2010, Papke, Wecker et al. 2010, Campling, Kuryatov et al. 2013).
Studies using rodent and cell culture models to evaluate the effects of chronic varenicline
exposure have demonstrated that, similar to nicotine, these treatments elicit an up-regulation
of a4p2*-nAChR binding sites (Turner, Castellano et al. 2011, Hussmann, Turner et al.
2012, Hussmann, DeDominicis et al. 2014). In humans, at therapeutic doses, varenicline
may have effects on nAChRs other than $2* (Campling, Kuryatov et al. 2013). Effects of
chronic varenicline on receptor expression of subtypes other than 32*-nAChR have not been
reported.

Nicotine-induced changes in expression are indicative of receptor interaction. It is currently
unknown whether changes in NAChR expression are maintained by all smoking cessation
treatments, although some compounds under investigation appear to allow return to baseline
for a4p2*-nAChR (Turner, Castellano et al. 2010, Hussmann, Turner et al. 2012, Hussmann,
DeDominicis et al. 2014, Yohn, Turner et al. 2014). Whether reversal of these changes is an
important aspect of a successful quit attempt is also not known.

We compared chronic varenicline to nicotine, as well as co-treatment with both compounds
in a mouse model to investigate selectivity of upregulation as a marker for drug effects at
four different subtypes of nAChR. These four nAChR binding sites were quantitated in
multiple brain regions. The results show that nicotine or varenicline treatment alone elicits
very similar effects on ligand binding to a4p2*-nAChR and a6p2*-nAChR sites, but that
varenicline treatment elicits significantly greater changes in populations of a334*nAChR
and a7-nAChR sites than does nicotine treatment. Co-treatment effects were increased for
some sites, but not all.

2. Methods

2.1 Materials

[1251]-Epibatidine (2200 Ci/mmol) and [12°1]-a-bungarotoxin (110 Ci/mmol) were obtained
from Perkin-Elmer NEN, Boston, MA. [1251]-a-conotoxin MII (2200 Ci/mmol) was
synthesized as previously described (Whiteaker et al, 2000). NaCl, KCI, MgSQy,, CaCly,
NayHPO4, NaH,POy4, bovine serum albumin, polyethyleneglycol, polyethylenimine,
nicotine, and cytisine were obtained from Sigma Chemical Co., St. Louis, MO. Ketamine,
xylazine, acepromazine and buphrenophine were obtained from MWI1 Veterinary Supply.
Sucrose was obtained from Roche Diagnostics, Indianapolis, IN. HEPES and NaHEPES
were products of Amresco, Solon, OH. Silastic tubing a product of Dow Chemical were
obtained through VWR International. Glass filters Type B were products of MicroFiltration
Systems, Dublin, CA and glass fiber filters Type A/E were products of Pall Life Sciences,
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Port Washington, NY. Nylon mesh and 22 gauge stainless steel tubing were obtained from
Small Parts, Inc. 51-Epibatidine was a generous gift of Dr. Kenneth Kellar, Georgetown
University. Varenicline tartrate was synthesized and kindly supplied by Targacept, Inc.
(Winston-Salem, NC). Varenicline internal standard (PF-00142282) was kindly supplied by
Pfizer (Groton, CT). Deuterated nicotine standard (d4 £ nicotine), ammonium hydroxide and
ammonium acetate were purchased from Sigma-Aldrich (St Louis, MO). UPLC-grade
acetonitrile, formic acid and methanol were purchased from VWR (Radnor, PA).

C57BI/6J mice were bred and maintained at the Institute for Behavioral Genetics. After
weaning, mice housed with same sex littermates had free access to food and water on a 12-
hr light/dark cycle at 22°C. All care and treatment protocols were approved by the Animal
Care and Utilization Committee of the University of Colorado and followed the guidelines
for the care and use of mice by the National Institutes of Health. All efforts were made to
minimize the number of animals treated by using a preliminary dosing study and by
analyzing all mice treated in the two compound study for tolerance as well as all four
autoradiography binding protocols.

2.3 Chronic treatment

Methods previously described for continuous infusion (Marks, Burch et al. 1983, Marks,
McClure-Begley et al. 2011) were followed with minor modifications. Mice were
anesthetized by intraperitoneal injection of a ketamine (100 mg/kg)/xylazine (10 mg/kg). A
cannula constructed of silastic tubing (0.30 mm inner diameter, 0.64 mm outer diameter)
was inserted 8 mm into the vein and anchored to the underlying tissue with surgical silk
thread. The silastic tubing was connected to 22 gauge stainless steel tubing attached to a
nylon circle (1 cm diameter) which was affixed to the back of the mouse between the
scapulae. Following surgery each mouse was injected with 0.1 mg/kg buprenorphine and
placed in a freshly bedded cage. The mouse was warmed and monitored repeatedly until
awakening.

The day after surgery the cannula was checked for free flow. The mouse was weighed and
transferred to an infusion chamber (15 cm x 15 cm x 30 cm, | x w x h). The stainless steel
tubing was connected to polyethylene tubing attached to a 1ml syringe mounted on a
Harvard Infusion pump that delivered isotonic sterile saline at a rate of 35ul/hr. Saline
infusion was maintained for two days before beginning drug treatment. Four treatment
groups were used: saline-infused (controls), 1.0 mg/kg/hr nicotine, 0.12 mg/kg/hr
varenicline and 1.0 mg/kg/hr nicotine plus 0.12 mg/kg/hr varenicline. In addition, a
preliminary experiment in which mice were treated with saline, 0.12 or 0.6 mg/kg/hr
varenicline was performed to establish the appropriate varenicline dose for the larger study.
All drug doses are free base.

Mice for analytical studies of blood/brain levels were treated as above with either1.0
mg/kg/hr nicotine or 0.12 mg/kg/hr varenicline for 10 days.
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2.4 Testing for tolerance

Mice chronically-treated for 10 days with saline, nicotine, varenicline or the combination of
nicotine plus varenicline, were withdrawn from treatment for 24 hours. Mice from each
treatment group were randomly assigned to groups for acute ip nicotine treatment followed
by a test battery (Tritto, McCallum et al. 2004). Two hours after the first tolerance test, a
second dose of nicotine was administered followed by a second test battery. The nicotine
doses for the first acute treatment groups were given either saline (no nicotine) or 0.5 mg/kg
nicotine; the second groups were given either 1 mg/kg or 1.5 mg/kg. Injection volume was
0.01 ml/g body weight. The test battery was run as follows: 2 min after injection the mouse
was placed in the center of a red plastic Y-maze and allowed to explore for 3 min; crosses
and rears were measured by infrared beam breaks. The mouse was then placed in the middle
of circular open field arena under white light and allowed to explore for 5 min; activity was
measured by infrared beam breaks. After that test the mouse was singly housed and body
temperature was measured 15 min after the injection. Preliminary experiments established
that the responses to acute nicotine challenge for mice receiving two injections spaced at
least two hours apart were comparable to those for animals receiving a single acute
challenge dose.

2.5 Membrane binding

Mice that had been treated with saline, 0.12 or 0.6 mg/kg/hr varenicline were withdrawn
from treatment for 24 hr. Following cervical dislocation and decapitation, cortex, striatum,
hippocampus and thalamus were dissected from each mouse. The binding of [12°I]-
epibatidine was measured essentially as described previously (Whiteaker, Jimenez et al.
2000). Radioactivity was determined using a Perkin-Elmer Wallac Tri-Lux Microbeta plate
counter following addition of 150 L of National Diagnostics Ecoscint XR scintillation fluid
(National Diagnostics, Atlanta, GA). Cytisine-sensitive [12°1]-epibatidine binding sites
(primarily a4p2*-nAChR sites) were determined as the difference in binding between
incubations without and with 50 nM cytisine included in the incubations. Blanks were
determined in samples containing 10 uM nicotine.

2.6 Determination of blood and brain levels after chronic drug treatment

The methods of Obach et al (2006) and Vieira-Brock et al. (2011) were used with some
modifications, including deproteination, as described below.

2.6.1 Sample collection—After 10 days of treatment with nicotine or varenicline, mice
were removed from the infusion system and blood and brain collected within 5 min. Whole
blood was drawn into syringes containing EDTA (0.5 ml, 500 mM) by cardiac puncture and
kept ice-cold until centrifugation (1000xg for 10 min within 30 min of collection). Plasma
was removed and frozen (-=80°C) until time of assay. Whole brains were quickly dissected
and flash frozen in isopentane on dry ice, and stored at —80°C until assay.

2.6.2 Sample preparation—Nicotine and varenicline were extracted from plasma
samples according to methods of Obach et al (2006) with some modifications. Standards and
samples were extracted and analyzed in an identical fashion. All standards were diluted into
blank matrix (eg. plasma or brain) before extractions. Briefly, internal standards
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(PF-00142282 or dy4 £ nicotine) were added to plasma samples (200 pl) and

standards ;samples were deproteinated by the addition of 0.1% formic acid in acetonitrile.
Samples were then extracted with methyl t-butyl ether (3x3 ml), dried under a stream of
nitrogen and reconstituted in HPLC mobile phase initial conditions (100 pl) for injection.

For brain tissue (~200-300 g), internal standards (as above) were added and then samples
were homogenized in phosphate buffered saline (pH 7.2) using a Precellys®24 with Cryolys
(5,000 RPM x 15 sec) (Precellys, Rockville MD). The samples were deproteinated by the
addition of acetonitrile/ 0.1% formic acid (v/v). Supernatants were collected and separated
on an Oasis®MCX (60 mg, 3 ml) solid phase exchange column (Waters, Milford, MA).
Columns were conditioned with HPLC grade methanol (2 ml) followed by 2% aqueous
formic acid (2 ml). After samples were loaded, the columns were washed with 2% formic
acid (1 ml) followed by methanol (1 ml). Analytes were eluted with 5% (v/v) ammoniated
methanol (1.5 ml) then methylene chloride: isopropyl alcohol: ammonium hydroxide
(78:20:2 v/v; 1.5 ml). The samples were acidified with 2M HCL (100 pl) before evaporation
under nitrogen and reconstituted in HPLC mobile phase initial conditions (100 ul) for
injection.

2.6.2 Quantitation by UPLC-MS/MS—The LC system consisted of a Waters Acquity
UPLC instrument equipped with a binary pump and a 96-vial autosampler (Waters, Milford,
MA, USA). Chromatographic separations were accomplished using a Kinetex C18 1.7 pym,
100 x 2.1mm column (Phenomenex, Torrence, CA). Column temperature was set at 30 °C
and the autosampler was kept at 8 °C. Reverse phase separation from plasma and brain
samples was run using a gradient elution with mobile phase A (10 mM ammonium acetate in
water) and mobile phase B (10mM ammonium acetate in methanol) at 0.3 mL/min. The
gradient was started at 5% B and held for 1.8 min. The conditions were decreased to 70% B
at 2 min and held until 5 min, followed by column reconditioning for 5 min.

The chromatographic system was coupled to a 4000 QTRAP ® MS/MS Triple quadrupole
(Sciex, Framingham, MA) equipped with an ESI interface operated in positive ionization
mode. Data acquisition handling and instrument control were performed by the Analyst
software version V6.1 (Sciex, Framingham, MA). Quantification was achieved using
multiple reaction monitoring (MRM). Standard curves were generated using the reference
standards obtained in ratio to the internal standards (above). Transitions are as follows: m/z
163—132 and (nicotine), 167—136 and ([d4]-nicotine), 177—98 (cotinine), 180—80 ([d3]-
cotinine), 212—169 (varenicline) and 215—170 (PF-00142282). Each standard was infused
for optimization of the mass spectrometer conditions. Nitrogen was used as desolvation gas
at a flow rate of 800 L/h and a temperature of 400 °C, and argon as collision gas at a flow
rate of 0.2 mL/min. Source temperature was set at 200 °C and capillary voltage at 4.5 kV.
Dwell time for each ion was 200 ms. Other parameters included a declustering potential of
50 V, collision exit potential of 5 V, entrance potential of 12 V, and collision energy of 25
V.
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2.7 Autoradiography

2.7.1 Tissue Preparation—Mice that had been treated with saline, 0.12 or 0.6 mg/kg/hr
varenicline were withdrawn from treatment for 24 hr and tested for tolerance to nicotine as
described (section 2.4). Two hours after completion of the second tolerance test each mouse
was euthanized by cervical dislocation, its brain was rapidly (<1 min) removed from the
skull and quickly frozen by immersion in isopentane (=35°C) for 10 s. The frozen brain was
wrapped in aluminum foil and stored at —70°C until sectioning.

For sectioning, frozen brains were mounted with M-1 Embedding Matrix (Anatomical
Pathology, Pittsburgh, PA). Subsequently, 14 um coronal sections were cut using either a
Leica CM 1850 cryostat/microtome (Leica, Nussloch, Germany) or an IEC Minotome
(Damon Corp., Needham, MA) at —14°Cand thaw mounted on Fisher Suprafrost/Plus
microscope slides. A series of ten sets of slides were prepared from each brain to allow
comparison of results for several different experiments on adjacent or near-adjacent
sections. Slides containing the brain sections were stored, desiccated at —=70°C, until use.

2.7.2 [125]]-Epibatidine Autoradiography—Slides with tissue sections prepared were
warmed to room temperature in a desiccator, transferred to Bel-Art (Wayne, NJ) slide racks
and rehydrated by incubation at 22°C for 15 min in isotonic buffer (NaCl, 144 mM; KCl, 2.2
mM, CaCly, 2.0 mM, MgSOy4, 1.0 mM; HEPES, 25 mM; pH = 7.5). Rehydrated slides were
subsequently transferred to isotonic buffer containing 200 pM [12°]]-epibatidine (specific
activity 2200 Ci/mmol mixed with unlabeled 51-epibatidine to yield a final specific activity
of 110 Ci/mmol, a 20-fold dilution). Samples were incubated for 2 h at 22°C. Samples were
washed as follows (all solutions at 4°C): Twice for 30 s in isotonic buffer, twice for 5 s in
hypotonic buffer (0.1 x) and twice for 5 s in 10 mM HEPES, pH = 7.5. Parallel series of
sections were used to determine [1251]-epibatidine (200 pM) binding levels in the presence
of 50 nM cytisine (sufficient to block most binding to a4f2-nAChR sites, while leaving
other subtypes relatively unaffected (Whiteaker, MclIntosh et al. 2000, Whiteaker, Peterson
et al. 2002)). Tissue sections from 2 null mutant mice or samples incubated in the presence
of 10 uM nicotine were used to establish blanks; these blanks did not differ from film
background (Whiteaker, Cooper et al. 2006).

2.7.3 [*25]]-a-conotoxin MIl autoradiography—[2°I]-a-conotoxin Ml [*2°[]-a-
CtxMlII binding was performed as previously described (Whiteaker, Mclntosh et al. 2000).
Sections were incubated for 10 min in binding buffer containing 1 mM
phenylmethylsulfony! fluoride (PMSF)). Sections were then incubated with 0.5 nM [12°]-a-
conotoxin MII in binding buffer with the addition of the protease inhibitors leupeptin,
pepstatin, and aprotinin (10 pg/ml each) and bovine serum albumin (0.1% w/v), for 2 h at
22° C. Samples were washed as follows: once for 30s in isotonic buffer containing 0.1%
BSA at 22°C, twice for 10s in ice-cold 10 mM HEPES, pH 7.5. Tissue sections from 2 null
mutant mice were again used to establish blanks.

2.7.4 [125]]-a-Bungarotoxin autoradiography—[12°1]-a-Bungarotoxin binding was
performed using a modification of a previously described method (Pauly, Marks et al. 1991).
Sections were incubated for 10 min in binding buffer containing 1 mM
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phenylmethylsulfonyl fluoride (PMSF)). Sections were then incubated with 1 nM [1251]-a-
bungarotoxin in binding buffer with the addition bovine serum albumin (0.1% w/v), for 3 h
at 22° C. Slides were subsequently incubated for 10 min at 22° C in binding buffer
containing 0.1% bovine serum albumin followed by a 5-min incubation at 22° C in protein-
free binding buffer. Slides were subsequently washed in ice-cold protein free binding buffer
twice for 30 s followed by two 5 s washes in 0.1x protein free binding buffer. Final rinses (2
x 5 s each) were conducted in ice-cold 5 mM HEPES, pH 7.5. Blanks were established by
including 1 mM nicotine in the incubation buffer.

2.7.5 Image Development and Quantitation—After samples were washed, slides were
air dried and stored overnight under vacuum in a dessicator. Slides were initially exposed to
Packard Super Resolution Phosphor screens, Type XR (Perkin Elmer, Shelton, CT). After
exposure images were captured with a Packard Cyclone Phosphorimager. Subsequently,
slides were exposed to Kodak MR autoradiography film (Eastman-Kodak, Rochester, NY)
to provide higher resolution images. Tissue paste samples prepared from whole brain
homogenates containing measured amounts of 1251 were used to construct standard curves.
The Phosphor screens produce a linear relationship between signal intensity and tissue
radioactivity content over several orders of magnitude and all ligand binding values fell
within this linear range. The regression line calculated for the standard curve was used to
convert the measured value of pixels/mm? to the cpm/mg wet weight. Signal intensity in
fmol/mg wet weight was subsequently calculated from the specific activity of each ligand.
Brain regions were identified using a mouse brain atlas (Paxinos and Franklin 2004) as a
guide. Multiple (4-6) measurements were made in each brain region of each mouse and the
average of these measurements defined the signal intensity for each region.

2.7.6 Statistical Analysis—EDsg values for producing hypolocomotion were calculated
by non-linear curve fitting to the equation: (response after acute nicotine) = (response after
saline)/[1+(nicotine dose/EDsg)N] where EDx is the dose producing 50% of the maximal
effect and N is a slope factor (Hill coefficient). EDsg values for hypothermia were also
calculated by non-linear curve fitting with a modified equation: (body temperature after
nicotine) = (maximal temperature decrease)/[1+(nicotine dose/EDsg)N] + (maximal body
temperature decrease).

IBM SPSS Statistical Package, v 21, was used for statistical analyses. The effect of chronic
nicotine and/or varenicline treatment on binding site densities was initially analyzed using a
three-way ANOVA (independent variables: nicotine dose, varenicline dose and brain region)
and then using a two-way ANOVA for each brain region (nicotine dose and varenicline dose
as the independent variables). Group means were compared with Duncan’s post hoc test.

3.1. Preliminary experiment to choose dose of chronic varenicline

The aim of this initial test was to choose a dose of varenicline that would elicit up-regulation
of a4p2-nAChR sites approximately equivalent to that elicited by treatment with 1.0
mg/kg/hr nicotine. In order to estimate a varenicline dose to be used in the chronic
treatments, equivalent to 1.0 mg/kg/hr nicotine, we determined Ki values by inhibition of
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[125]]-epibatidine binding to be 1.6 + 0.08 nM for nicotine and 0.11 + 0.01 nM for
varenicline using membranes prepared from cortex of C57BI1/6J mice. Therefore, in order to
choose a dose of varenicline that would produce significant up-regulation, but also to not be
quite at maximum effect in order to see any additive effects, mice were treated with saline,
and free base doses of 0.12 and 0.60 mg/kg/hr varenicline. In light of the slower metabolism
of varencline compared to that of nicotine (Obach, Reed-Hagen et al. 2006, Matta, Balfour
et al. 2007), a withdrawal of 24 hours from varenicline treatment was used before the
preparation of samples for membrane binding in contrast to the two-hour withdrawal used
for nicotine (t1/, of 6-7 min for nicotine in mouse vs. 1.4 hrs for varenicline).

a4p2-nAChR binding sites from four brain regions were assayed by membrane binding for
the cytisine-sensitive component of [1251]-epibatidine binding. Thalamus (TH), cortex (CX),
striatum (ST) and hippocampus (HP) were chosen as representative brain regions that
exhibit different extents of upregulation following chronic nicotine treatment (Marks, Pauly
et al. 1992, Marks, McClure-Begley et al. 2011). Significant upregulation was seen with
both doses for CX and HP, while only the higher dose produced significant upregulation in
ST (Figure 1). Neither dose upregulated a4p2-nAChR binding sites in TH. The 0.12
mg/kg/hr dose of varenicline was chosen for further study because it produced measurable
upregulation, but was not quite at the maximal effective dose. This dose appears elicit
changes about equivalent to 1 mg/kg/hr nicotine (McCallum et al, 2006). The ratio of drug
dosing used here (0.12 mg varenicline vs 1 mg nicotine) is similar to the ratio of usual doses
for smoking cessation in humans of ~2 mg/day varenicline vs 14-21 mg/day NRT.

3.2 Tolerance to acute dose of nicotine after chronic treatments

After chronic treatment for 10 days and withdrawal for 24 hours and an acute injection of
saline or various doses of nicotine, four responses were measured, Y-maze crosses, Y-maze
rears, open field activity and body temperature. Results are shown in Figure 2. Analysis by
two-way ANOVA for effects of nicotine and/or varenicline indicated a significant main
effect of chronic varenicline for Y-maze crosses and rears (crosses F(1,8)=13.342, P=0.006;
rears F(1,8)=19.360, P=0.002) but no effect of chronic nicotine and no interaction. There
was no significant effect of any treatment on distance traveled in the open field. For body
temperature there was a significant effect of nicotine (F(1,8)=11.314, P=0.010) as well as
for varenicline treatment (F(1,8)=16.480, P=0.004), with no interaction between the drugs.

In addition to the ANOVA, EDs values for nicotine dose-response curves were calculated
and are presented in Table 1. By one-way ANOVA followed by Dunnett’s test for difference
from the saline group, significant differences were seen for the varenicline treatment group
for Y-maze crosses and rears, as well as for the varenicline plus nicotine group for Y-maze
rears and for body temperature. While the varenicline and varenicline plus nicotine groups
tended to higher ED50 values for the other measures, these changes were not significant by
ANOVA. All shifts were to higher EDgq values, indicating that chronic varenicline or
varenicline plus nicotine treatment, elicited some tolerance to the acute effects of nicotine.

In contrast, no significant tolerance was detected following treatment with the 1.0 mg/kg/hr
dose of nicotine, as has been previously reported for this dose (McCallum et al, 2006).
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3.3 Determination of brain and plasma levels of drugs after chronic treatment

Levels of nicotine and varenicline after 10 days of treatment with either 1.0 mg/kg/hr
nicotine or 0.12 mg/kg/hr varenicline were determined from plasma and whole brain
samples as described in Methods. Quantitation by UPLC-MS/MS resulted in the following
levels: plasma nicotine: 225.1 + 34.4 ng/ml (N=8); brain nicotine: 379.6 = 75.4 ng/g wet wt
(N=7), ratio 1.7; plasma varenicline: 57.9 = 9.9 ng/ml; brain varenicline: 262.5 + 37.6 ng/g
wet wt (N=9), ratio 4.5.

3.4 Autoradiographic analysis of NAChR binding sites

3.4.1 a4p2-nAChR binding sites were measured as cytisine-sensitive [12°1]-epibatidine
binding; data is compiled for 43 brain regions for 4 treatments in Table 2.

Results were initially analyzed using three-way ANOVA with chronic nicotine dose, chronic
varenicline dose and brain region as the independent variables. The highly significant effect
of brain region (F43 g24=303.72) was anticipated owing to the large variation in a4p2*-
NACHR sites across the brain. The significant effects of chronic nicotine (F1 go4 = 28.52) and
chronic varenicline (Fy go4 = 27.13) treatments demonstrated an overall effect of drug
treatment on these binding sites. In order to reduce the large initial differences in the density
of binding sites among the regions, data were normalized to site densities in each region of
saline-treated mice and also analyzed by three-way ANOVA. The main effect of brain
regions was significantly reduced, as expected (F42,766 = 5.19), but regional differences
remained significant indicating regional differences in response to chronic drug treatment.
Analysis following normalization revealed even larger effects of both nicotine (F1 766 =
91.88) and varenicline (F1 765 = 182.33) treatments.. This analysis also detected significant
nicotine by varenicline (F1 766 = 19.71) and varenicline by brain region (F42 766 = 1.86)
interactions.

Results for the effects of chronic nicotine or varenicline treatments were also examined by
two-way ANOVAs for each brain region. As shown in Table 2, significant effects of either
nicotine or varenicline treatment were most apparent in forebrain regions such as cerebral
cortical areas as well as hippocampus, hypothalamus and some midbrain regions. Cytisine-
sensitive [1251]-epibatidine binding in thalamic nuclei was relatively resistant to treatment
with either drug.

3.4.2 Cytisine-resistant [12°1]-epibatidine binding measures several non-a4p2-nAChR sites.
In the presence of cytisine and at the concentration of [1251]-epibatidine used for these
experiments, only high affinity cytisine-resistant sites are measured; these include a3p4*-,
abP2*-, a2Pf2*-, a3p2-nAChR (Baddick and Marks 2011) Data from the 4 treatment groups
for 17 brain regions that contain sufficient numbers of these sites to permit quantitation, are
presented in Table 3.

Results were initially analyzed using three-way ANOVA with chronic nicotine dose, chronic
varenicline dose and brain region (omitting mHab, fr and IPN that exhibit the highest
expression of these sites) as the independent variables. As expected owing to the large
differences in binding site densities among the brain regions, a highly significant effect of
brain region was found (F16 312 = 228.56, P<0.001)). A significant effect of chronic
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varenicline treatment was also detected (F1 312 = 7.27, P =0.007), but the response to chronic
nicotine treatment was not significant (F1 312 = 0.013). The significant varenicline by brain
region interaction (Fq6 332 = 2.75, P<0.001) indicated that response to varenicline varied
among the brain regions. In order to reduce the large initial differences in the density of
binding sites among the regions, data were normalized to site densities in each region of
saline-treated mice and also analyzed by three-way ANOVA. Values for mHab, fr and IPN
were included in this analysis. Although the main effect of brain region was significantly
reduced (F19 375 = 7.98, P<0.001)), this difference remained statistically significant. The
effect of chronic varenicline treatment was retained (Fq 375,=49.43, P<0.001) and a modest
effect of chronic nicotine treatment was indicated (F1 375 = 4.89, P=0.028).

Results for the effects of chronic nicotine or varenicline treatments were also examined by
two-way ANOVAs for each brain region. As shown in Table 3, significant effects of either
treatment were noted only in the olfactory bulbs, while chronic varenicline treatment elicited
increases in areas of the superior and inferior colliculi in addition to the olfactory bulbs.

3.4.3 [251]-a-bungarotoxin binding, a measure of a7 NAChR sites

[1251]-a-bungarotoxin binding values are presented in Table 4. Results were initially
analyzed using three-way ANOVA with chronic nicotine dose, chronic varenicline dose and
brain region as the independent variables. As expected owing to the large differences in
binding site densities among the brain regions, a highly significant effect of brain region was
found (F36 714 = 151.37). In addition, significant effects of both chronic nicotine (F1 714 =
15.40, P< 0.001) and varenicline (F1 714 = 37.48, P <0.001) were obtained. However, the
overall pattern of response to treatment with the two drugs was different. An increase in the
density of [12°1]-a-bungarotoxin binding sites was noted following chronic varenicline
treatment, while a decrease in the density of [12°1]-a-bungarotoxin binding sites was noted
following chronic nicotine treatment. When the results were normalized to the density of
[1251]-a-bungarotoxin binding sites in saline-treated mice, the effect of brain region was no
longer significant (F3s o6 = 1.26, P = 0.15), while the main effects of nicotine (F1 g9 =
14.45, P<0.001) and varenicline (F1 96 = 48.17) treatment and the direction of the effects
(decrease and increase, respectively) were retained.

The effects of chronic nicotine and or varenicline treatment in each of the 37 brain regions
quantitated were subsequently examined using two-way ANOVAs. In general the effects of
drug treatment were relatively modest. Although [12°1]-a-bungarotoxin binding tended to
increase following varenicline treatment and decrease or remain unchanged following
chronic nicotine treatment, significant main effects of varenicline treatment were noted in
only four brain regions and for nicotine treatment in only two brain regions.

3.4.4 [251]-a-conotoxin MII binding, a measure of a682- and a3p2-nAChR sites.

[1251]-a-conotoxin MII binding results are complied in Table 5 for the 8 regions with
significant expression of these binding sites. In the mouse most of this binding in the
dopaminergic regions is to a6p2*nAChR sites; for the optic regions much is a6p2*nAChR
with some smaller amount of a3p2*-nAChR, especially in superior colliculus.
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The initial three-way ANOVA examining the effect of brain region as well as chronic
nicotine and varenicline treatments on [1251]-a-conotoxin MII binding yielded results similar
to those obtained for the other ligands: an expected significant effect of brain region (F7 128
=109.95, P<0.001) as well as main effects of both chronic nicotine (F1 108 = 11.34, P =
0.001) and varenicline (Fq 12 = 12.26, P =0.001). When the results were normalized to the
binding in saline-treated mice, the main effect of brain region was decreased, but remained
significant (F7 108 = 4.45, P<0.001), while the effects of chronic nicotine (F1 108 = 13.42,
P<0.001) and varenicline (F1 108 = 11.70, P = 0.001) treatments remained relatively stable. It
should be noted that for both drug treatments, an overall decrease in [12°1]-a-conotoxin Ml
binding was observed. The largest decreases tended to be found in the group treated with
both drugs.

3.5 Graphical representation of the effects of chronic nicotine and/or varenicline treatment
on nAChR binding sites.

The statistical analyses presented above indicate that nicotine and/or varenicline treatment
elicited differential effects on the four classes of nAChR binding sites. In order to examine
these results further and provide a visual representation of the effects of the drug treatments
on the ligand binding, the graphical approach shown in Figure 3 was used. The ligand
binding data shown for chronic drug treatments in Tables 2, 3, 4 and 5 were normalized to
the binding measured for saline-infused mice. Subsequently scattergrams were constructed
comparing the effects of each set of treatments [first row: nicotine (X-axis) to varenicline
(Y-axis), second row: nicotine (X-axis) to nicotine plus varenicline (Y-axis) and third row:
varenicline (X-axis) to nicotine plus varenicline (Y-axis)]. The letter codes used to identify
each brain region are provided in the appropriate tables. Color-coding indicates major types
of binding sites measured: a4$2, white, using cytisine-sensitive epibatidine; a3p4, pink,
using cytisine-resistant epibatidine in regions known to express significant amounts of these
sites; a6P2, blue, using cytisine-resistant epibatidine or a-conotoxin MII in regions known
to contain significant a6; a3p2 + a6p2, green, using cytisine-resistant epibatidine or a-
conotoxin MII in regions known to contain significant a6 as well as a3; a2, yellow, using
cytisine-resistant epibatidine in regions known to express significant amounts of a2; and a7,
gray, using a-bungarotoxin. Lines of unit slope are included in each figure. Thus each point
that falls below the line indicates that the treatment depicted on the X-axis elicited a greater
response and conversely each point that falls above the line indicates that the treatment
depicted on the Y-axis elicited a greater effect. A value deviating by at least 5% from the
line of unit slope was considered to indicate a difference between the groups.

3.5.1 Cytisine-sensitive [12°1]-epibatidine binding sites, primarily a432-nAChR sites.

Visual inspection of Figure 3a, the scattergram comparing the effects of chronic nicotine to
chronic varenicline treatment, suggests that treatment with either of these drugs has a similar
effect on cytisine-sensitive [12°1]-epibatidine binding sites. The fact that 16 of the regions
display higher binding after varenicline treatment, 10 of the regions display higher binding
after nicotine treatment and 16 of the regions display the same binding is consistent with the
visual inspection. Overall, binding measured after chronic varenicline treatment was
modestly higher than that after nicotine treatment (6.2+2.7%, t4,=2.27, P<0.05).

Neuropharmacology. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Marks et al.

Page 13

Visual inspection of Figures 3b and 3c suggest that the treatment with nicotine plus
varenicline elicits larger increases in cytisine-sensitive [12°1]-epibatidine binding sites than
treatment with either drug alone. Indeed, treatment with both drugs elicited a larger increase
in binding in 39 brain regions than treatment with nicotine alone (Fig 3b). Binding in four of
the regions did not differ between the groups. Overall, binding was 17.9+1.8% higher in
mice treated with both drugs (t4o=9.93, P<0.001). Similarly, treatment with both drugs
elicited a larger increase in binding in 34 brain regions, while binding following treatment
with varenicline alone was higher in 5 regions Fig 3c). Binding in 4 brain regions did not
differ between the treatments. Overall, binding was 11.7+£2.2% higher in mice treated with
both drugs (t42 = 5.36, P<0.001).

The observation that treatment with both nicotine and varenicline elicited a larger increase in
binding sites than treatment with either drug alone is likely to have occurred because the
doses chosen for nicotine and varenicline treatment do not by themselves elicit maximal up-
regulation.

3.5.2 Cytisine-resistant [12°]-epibatidine binding sites, heteromeric nAChR sites, excluding
a4p2-nAChR sites.

Visual inspection of Figure 3d, the scattergram comparing the effects of chronic nicotine to
chronic varenicline treatment, suggests that treatment with varenicline has a larger effect on
cytisine-resistant [12°1]-epibatidine binding sites than does treatment with nicotine.
Consistent with this impression is the fact that 11 of the brain regions displayed higher
binding following varenicline treatment, while only 2 regions displayed higher binding
following nicotine treatment. Binding in 4 regions did not differ between the treatments.
Overall, binding in the varenicline treated mice was 17.1+4.8% greater than binding in
nicotine treated mice (t16 = 3.57, P<0.005).

Visual inspection of Figure 3e, the scattergram comparing the effects of chronic nicotine to
chronic nicotine plus varenicline treatment, also suggests that co-treatment with nicotine and
varenicline has a larger effect on cytisine-resistant [12°1]-epibatidine binding sites than does
treatment with nicotine alone. As was the case for varenicline treatment, 11 of the brain
regions displayed higher binding following treatment with both drugs, while only 2 regions
displayed higher binding following nicotine treatment. Binding in 4 regions did not differ
between the treatments. However, the difference in binding site densities between these two
treatment groups (9.2+4.6%) was smaller than that between nicotine and varenicline
treatments and was not statistically significant (t;g = 2.00, P>0.05).

Visual inspection of Figure 3f suggests that treatment with varenicline alone elicits similar
changes in cytisine-resistant [12°1]-epibatidine binding sites as does treatment with both
drugs. Consistent with this impression is the observation that binding site densities were
higher in 8 regions, lower in 5 regions and the same in 4 regions when the binding following
varenicline treatment is compared to that following treatment with both drugs. Binding in
regions from mice treated with varenicline alone tended to be higher (7.8+5.9%), but this
difference was not statistically significant (t;¢ = 1.32, P>0.05).
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This analysis indicates that significantly greater and more widely distributed increases in
cytisine-resistant [1251]-epibatidine binding sites occurs following chronic varenicline
treatment than following chronic nicotine treatment. However, treatment with both drugs
appears to elicit changes intermediate between those of either drug alone.

3.5.3 [121]-a-bungarotoxin binding sites, a7-nAChR sites

Visual inspection of Figure 3g conveys two major points: chronic nicotine treatment had
little effect on the density of [1251]-a-bungarotoxin binding sites (illustrated by clustering of
the points around zero at the X-axis) and chronic varenicline treatment elicited increases in
the density of [1251]-a-bungarotoxin binding sites. This impression is reinforced by the
observation that 28 of the regions in mice treated with varenicline displayed higher binding
than that in nicotine treated mice, while no regions displayed higher binding following
nicotine treatment. Binding in nine regions did not differ between the two treatment groups.
Overall, [12%1]-a-bungarotoxin binding in varenicline treated mice was 16.6+2.8% higher
than in nicotine treated mice (t33 = 5.83, P<0.001).

Visual inspection of Figure 3h conveys a similar impression to that of Figure 3g in for the
comparison of effects of nicotine compared to nicotine plus varenicline treatments. [12°1]-a-
Bungarotoxin binding site density was greater in 28 regions following treatment with both
drugs and higher in 3 regions following nicotine treatment. No differences were noted in 6
regions. Overall, [1251]-a-bungarotoxin binding was significantly higher in mice treated with
both drugs (9.6+1.5%, t33 = 6.46, P<0.001), although the magnitude of the difference was
somewhat smaller than that between nicotine and varenicline treated mice.

Visual inspection of Figure 31 suggests that [*2°1]-a-bungarotoxin binding following
treatment with both drugs is similar to that following treatment with varenicline alone.
However, the observation that a significant number of points that fall below the line (20)
indicate that treatment with varenicline alone elicits larger increases in [*2°1]-a-
bungarotoxin binding sites than treatment with both drugs (6 regions have higher binding
following co-treatment and 8 regions do not differ). Indeed, the overall 6.9+2.7% higher
binding noted for mice treated with varenicline alone is significant (t33 = 2.58, P<0.02).

This analysis indicates that significantly greater and more widely distributed increases
occurs in [1251]-a-bungarotoxin binding sites following chronic varenicline treatment than
following chronic nicotine treatment. However, treatment with both drugs appears to elicit
changes intermediate between those of either drug alone. This pattern is similar to that
observed for the cytisine resistant [12°1]-epibatidine binding sites.

3.5.4 [1251]-a-Conotoxin MII binding sites, primarily a682*nAChR sites with some a3p2*-
nAChR sites.

Visual inspection of Figure 3j conveys a significantly different pattern for the effects of
chronic nicotine or varenicline treatment on [1251]-a-conotoxin MII binding sites than those
for the other ligands. Chronic drug treatment tends to decrease the density of these binding
sites. In addition, the effects of chronic nicotine and varenicline appear to be very similar
with 4 regions showing greater response to nicotine treatment and 4 regions showing greater
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response to varenicline treatment. Overall, the 0.9+3.7% difference between the two
treatment groups is not significant (t; = 0.24, P>0.05).

As suggested by the visual inspection of Figures 3k and 3I, treatment with both nicotine and
varenicline has a modestly larger effect on [12°1]-a-conotoxin MII binding sites than
treatment with either drug alone. Following treatment with both drugs a larger decrease in
[1251]-a-conotoxin MII binding sites binding sites was noted in 7 regions compared to mice
treated with nicotine alone and in 6 regions compared to mice treated with varenicline alone.
However, the 8.4+4.9% (t;=1.72, P>0.05) and 9.3+4.8% (t; = 1.93, P>0.05) differences are
not statistically significant.

This analysis suggests that chronic nicotine and varenicline treatment have quite similar
effects on the regulation of [12°1]-a-conotoxin MII binding sites.

4. Discussion

4.1 Upregulation of a4p2*-nAChR following varenicline treatment

Two chronic treatment doses of varenicline (0.12 and 1.0 mg/kg/hr) were used to determine
an appropriate dose for more detailed comparison to the effects of chronic treatment with
nicotine, varenicline or both drugs. Analysis of the effects of treatment using ligand binding
to tissue homogenates with these two doses of varenicline established that both doses
elicited up-regulation of cytisine-sensitive [1251]-epibatidine binding (primarily a4p2*-
NAChR sites). The extent of up-regulation achieved following treatment with the lower dose
was not maximal, subsequently this dose was chosen for the additional experiments. The
results obtained confirm previous reports (Turner, Castellano et al, 2011) indicating that
chronic varenicline treatment (0.075 mg/kg/hr) in mice (F1 hybrid 129svJ:C57/6J) resulted
in significant upregulation of a4f2*-nAChR sites in cortex, striatum and hippocampus with
no change in thalamus after a 24 hour withdrawal. We observed the same pattern of
upregulation using C57BI/6J mice and 0.12 or 1.0 mg/kg/hr varenicline with a 24 hr
withdrawal (Fig 1). The effects of sub-maximal varenicline (0.12 mg/kg/hr) treatment on the
adp2*-nAChR sites are very similar to those observed following a sub-maximal dose of
chronic nicotine (1.0 mg/kg/hr) as measured here by quantitative autoradiography of 43
brain regions (Table 3 and Fig 3A).

4.2. Plasma and brain levels of nicotine and varenicline

In the current study, we compared nicotine and varenicline in chronic treatment protocols in
C57BI/6J mice that elicited similar extents of upregulation for the a4f2-nAChR subtype in
order to compare effects of these equipotent doses. The doses chosen (1.0 mg/kg/hr nicotine
and 0.12 mg/kg/hr varenicline) are considerably higher than doses that would be used for
humans for reasons discussed below. Steady-state plasma levels of nicotine (225+34.4
ng/ml) were approximately 4-fold higher than those of varenicline (57.9+9.9 ng/ml)
consistent with the lower chronic treatment dose but slower metabolism of varenicline
relative to nicotine. Both drugs had higher levels in brain than plasma (ratio of 1.7 for
nicotine and 4.5 for varenicline), in agreement with previous studies in rats reporting
nicotine brain:plasma ratios of 2.5 — 5.0 (Rowell and Li 1997; Vieira-Brock et al, 2011;
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Doura et al, 2008; Hussman, Turner et al, 2012; Ghosheh et al., 2001) and varenicline
brain:plasma ratio of 1.5 (Hussmann, Turner et al, 2012). Our results for plasma nicotine are
somewhat higher (225 ng/ml) than a previous report (40-80 ng/ml) after similar chronic
treatment protocols (Marks, Rowell et al., 2004). Plasma levels measured after this treatment
are about 5-fold higher than found in humans on smoking cessation treatments (Dobrinas et
al, 2011).

The plasma and brain levels of drugs in various mammalian species are affected by
numerous factors, such as route of administration and metabolism rates. Humans require
much lower doses than rodents to achieve similar plasma levels. For example, plasma level
of nicotine measured 2 hr after application of a Nicoderm® (21mg/24hr) patch (average
weight 70 kg or ~0.3 mg/kg/day) was 44 ng/ml in humans (Shakleya and Huestis, 2009),
while a rat plasma level of 43 ng/ml was measured after sc nicotine infusion of 2.4
mg/kg/day (Rowell and Li, 1997). Other comparable studies have reported plasma levels of
nicotine in rats of 146-313 ng/ml after treatment with 6.0 mg/kg/day (Hussman, Turner et al,
2012; Doura et al, 2008) and 6.5 ng/ml after 0.8 mg/kg/day ((Ghosheh et al, 2001). Mice
require even higher doses of nicotine (12-24 mg/kg/day) to achieve similar plasma levels
(40-80 ng/ml) than do rats or humans (Marks, Rowell et al., 2004; Matta et al, 2007).
Another study reported nicotine plasma levels of 160 ng/ml in C57BI/6 mice after a single sc
dose of 1 mg/kg (Siu and Tyndale, 2007). In a smoking cessation trial with human smokers,
pre-quit plasma levels of up to 52 ng/ml were measured (Dobrinas et al, 2011), indicating
that plasma levels in the same range as measured in a number of rodent studies are relevant.

Among species, varenicline metabolism rates differ. As for nicotine, mice have much higher
rates of clearance of varenicline than rats and humans (t ¥z of 1.4, 4, and 17.6 hr
respectively) (Obach et al, 2006). In humans, a single oral dose (1 mg or ~0.014 mg/kg
assuming 70 kg as average weight) of varenicline results in a plasma level of 4-6 ng/ml
(Obach et al, 2006; Al-Haj et al, 2013). In a smoking cessation study of humans taking
varenicline, plasma levels of up to 20 ng/ml were reported (Dobrinas et al, 2011). In mice, a
single oral dose of 3 mg (or ~120 mg/kg assuming an average mouse weight of 25 g),
resulted in a peak plasma level of 293 ng/ml (Obach et al, 2006), possibly indicating that a
pharmacologically equivalent dose for a mouse is many times higher than a human dose. In
rats treated with varenicline (1.2 mg/kg/day), plasma levels were 98 ng/ml and brain levels,
143 ng/ml (Hussmann, Turner et al, 2012).

4.3. Regulation of a4p2*-nAChR

Autoradiographic analyses demonstrated that the regional pattern and the extent of up-
regulation of cytisine-sensitive [122[]-epibatidine binding (primarily a4p2*-nAChR sites)
following chronic treatment with nicotine and varenicline were very similar. In addition,
treatment with both drugs resulted in an additional, but non-additive, increase in binding site
density. The relative resistance of thalamic nuclei to up-regulation in contrast to the
substantial increases noted for cortical and hippocampal sites determined
autoradiographically are consistent with the results obtained with tissue homogenates. The
similarity of results obtained following nicotine and varenicline treatment suggest that
similar mechanisms underlie the changes in a4p2*nAChR expression following these
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chronic treatments. This assertion is supported by the observation that changes in receptor
expression following treatment with both drugs are not additive, but are similar to the
maximum increase noted for nicotine infusion (Marks, McClure-Begley et al. 2011).

4.4. Regulation of non-a4p2*-nAChR

The effects of chronic varenicline treatment on the expression of NAChR sites other than
a4p2*-nAChR have not been previously reported and these effects are significant new
findings.

[1251]-a-conotoxin MII binding sites (measuring primarily a6p283*-nAChR sites plus some
a3p2*-nAChR sites) were found to be similarly affected by chronic varenicline or nicotine
treatments. However, as reported previously for chronic nicotine treatment (Perez, Bordia et
al. 2008, Perez, Ly et al. 2012, Marks, Grady et al. 2014), chronic nicotine as well as chronic
varenicline treatment differentially decreases the expression of [12°1]-a-conotoxin Ml
binding sites. The magnitude of the changes elicited by these two drugs was similar and co-
treatment resulted in modestly larger decreases. These results also suggest similar
mechanisms of action.

Chronic varenicline treatment elicited significantly more changes in cytisine-resistant [12°1]-
epibatidine binding than did chronic nicotine treatment. It should be noted that receptors
measured as cytisine-resistant [12°1]-epibatidine binding sites include several NAChR
subtypes such as a2*-nAChR, a3p2*-nAChR, a3p4*-nAChR, a6B2p3*nAChR so that care
must be taken in evaluating the effects of the drug treatments. Areas have been color-coded
for the predominant subtype in Figure 3.

Neither nicotine nor varenicline treatment elicited significant changes in cytisine-resistant
[1251]-epibatidine binding in brain regions containing a6*-nAChR sites, including limbic
and visual areas.

Significant differences were noted between the effects of nicotine and varenicline in regions
known to contain a3B4*-nAChR such as interpeduncular nucleus and the dorsal cortex of
the inferior colliculus. Chronic varenicline treatment elicited increases in several of these
brain areas know to express a3p4*-nAChR, while nicotine treatment did not. This subtype is
rarely affected by nicotine treatment in vivo (Peng, Gerzanich et al. 1997, Nguyen,
Rasmussen et al. 2003). Thus it appears that varenicline has a larger effect on expression of
a3p4*-nAChR than does nicotine.

Chronic treatment with either nicotine or varenicline elicited similar, significant increases
cytisine-resistant [12°1]-epibatidine binding in both the glomerular cell layer and the internal
plexiform layer of the olfactory bulbs. These regions as well as IPN contain significant a2
MRNA expression (Whiteaker, Wilking et al. 2009). a2*-nAChR have been determined to
be mostly a2B4* in olfactory bulb and a2p2* in IPN (Whiteaker, Wilking et al. 2009).
Although these specific changes in olfactory bulb (possibly a2*-nAChR) sites may not be
directly relevant in modulating nicotine dependence and withdrawal, there is evidence that
the a2 subunit expressed in the IPN modulates somatic signs of nicotine withdrawal (Salas,
Sturm et al. 2009). However, unlike the relatively simple receptor composition in olfactory
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bulbs, IPN contains a wide diversity of nAChR subtypes, including a dense expression of
a3p4*-nAChR. Consequently, evaluation of the effects of chronic treatment on a2*-nAChR
in IPN with the methods used in this study is not possible.

Chronic nicotine treatment by intravenous infusion has previously been shown to have little
effect on [12%1]-a-bungarotoxin binding in C57BL/6 mice (Pauly, Marks et al. 1991). That
observation is confirmed in the present study. In contrast, chronic varenicline treatment
elicited an overall increase in [12°1]-a-bungarotoxin binding; the magnitude of the increase
varied among brain regions. As was the case with cytisine resistant [12°1]-epibatidine
binding, co-treatment with nicotine and varenicline tended to reduce the up-regulation of
[1251]-a-bungarotoxin binding elicited by varenicline treatment alone.

Varenicline is an effective agonist at heterologously expressed a3p4-nAChR and a7-nAChR
(Campling, Kuryatov et al. 2013) so it may not be surprising that chronic varenicline
treatment alters the expression of these receptors. This modulation indicates that under the
conditions of the current experiment the concentrations of varenicline are adequate to elicit
regulatory changes in these receptor subtypes. Experiments with cells expressing a3p4-
nAChR or a7-nAChR have demonstrated that nicotine-induced increases in expression can
occur, but drug concentrations attained in vivo may not be sufficiently high to trigger the
responses (Peng, Gerzanich et al. 1997, Nguyen, Rasmussen et al. 2003, Moretti, Mugnaini
et al. 2010).

The differential effect of chronic varenicline treatment, especially the increased expression
of a3p4*-nAChR sites, may partially explain the difference in tolerance development
observed between nicotine-treated and varenicline-treated mice. Although mice do become
tolerant to the effects of nicotine following chronic treatment with the drug, tolerance to the
tests employed in the current study is not usually observed for C57BL/6J mice at the 1.0
mg/kg/hr dose. The tolerance to acutely administered nicotine following chronic varenicline
treatment is relatively modest, but the fact that this differs from nicotine-treated mice
suggests that the varenicline-induced changes in a3p4*-nAChR may contribute to the
reduced responsiveness.

If varenicline treatment elicits similar selective changes in distinct receptor subtypes in
humans as it does in mice, these differential changes may contribute to the somewhat
different pharmacology and efficacy as a smoking cessation aide between nicotine and
varenicline. Furthermore, differing receptor interactions may suggest reasons for the
improved efficacy seen with some nicotine/varenicline co-treatment approaches. It is
unknown whether the level of upregulation of various subtypes of NAChR supported by
chronic nicotine and/or varenicline maintains craving or causes any of the various reported
side effects of varenicline. However, given the lowered upregulation tendency of the
combination treatment in mice for non-a4f2 and a7 sites, using co-treatment may decrease
some side effects.
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Highlights

1. Regulation of nAChR binding sites by chronic treatment with varenicline +
nicotine

2. Varenicline promotes up-regulation of a4p2-nAChR sites, similar to nicotine

3. Varenicline promotes more up-regulation of non-a4f2-nAChR sites than
nicotine

4. Varenicline promotes more up-regulation of a7-nAChR sites than nicotine

5. Varenicline promotes down-regulation of a6f2 sites, similar to nicotine
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Figure 1.
Upregulation of a4p2*-nAChR by chronic treatment with varenicline. Mice were treated

with the indicated doses of varenicline as mg/kg/hr by constant infusion for 10 days. After
24 hr of withdrawal, brains were dissected and cytisine-sensitive 1251-epibatidine binding to
membrane preparations of the indicated regions were determined. * indicates significantly
different from saline control by one-way ANOVA. Region code: TH, thalamus; CX, cortex;
ST, striatum; HP, hippocampus.
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Figure 2.
Tolerance tests after various chronic treatments. Mice were treated with 0.12 mg/kg/hr

varenicline, 1 mg/kg/hr nicotine or the combination by constant infusion for 10 days
followed by 24 hr withdrawal before tolerance to the indicated doses of nicotine was
measured.
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Figure 3.
Comparison of effects of treatments on various subtypes of nAChR. N=6 mice/group. Panels

A, B, C compare cytisine-sensitive [1251]-epibatidine binding, representing a4p2*-nAChR
(white symbols) as % change from saline-treated mice. Panels D, E, F compare cytisine-
resistant [12°1]-epibatidine binding, representing a mixture of non- a4p2* heteromeric
subtypes that differ among regions. These subtypes are color-coded as follows: a432 white,
a3p4 pink, a6p2 blue, a3p2 + abB2 green, a2 yellow, a7 gray. Panels G, H, | compare
[12511-a-bungarotoxin binding, representing a7-nAChR (gray symbols), and panels J, K, L
compare [12%1]-a-conotoxin M1 binding, color-coded as above. Treatment comparisons are
the same across rows; A, D, G, J compare treatments with nicotine alone and varenicline
alone; B, E, H, K compare nicotine alone to nicotine + varenicline; and C, F, I, L compare
varenicline alone to nicotine + varenicline. For all plots dotted lines indicate no change from
saline, and dashed line indicates equivalent changes by the two treatments being compared.
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Table 1

EDgq values for effect of acute nicotine following 24 hr withdrawal

Chronic treatment Y-maze cross | Y-maze rear | Open field | Body temperature
Saline 0.49 £ 0.04 0.38+0.03 0.60+0.06 | 0.80+0.05

1.0 mg/kg/hr Nicotine 0.47 £ 0.06 0.38 +£0.05 0.55+0.06 | 0.88+0.09

0.12 mg/kg/hr Varenicline | 0.65 + 0.08" 0.49+0.05 | 0.70+£0.10 | 0.91+0.06
Nicotine + Varenicline 0.57 +0.06 0.49 +0.04° | 0.78+0.40 | 1.12+0.09

Page 27

EDs5( values (as mg/kg) for acute nicotine-induced hypolocomotion and hypothermia by ip injection of nicotine determined by curve-fit. The mean

of all groups was fixed as the starting point for each test and the curve-fit hill coefficient of saline-treated mice was used for analysis of all groups.

*
indicates significant difference (P<0.05) from chronic saline treatment group by one-way ANOVA with Dunnett’s test.
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