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Abstract

Introduction: Rodent studies suggest that nicotine metabolites and minor tobacco alkaloids such
as nornicotine and cotinine may promote cigarette smoking by enhancing nicotine rewarding and
reinforcing effects. However, there is little information on the effects of these minor tobacco alka-
loids on nicotine withdrawal. The present studies were conducted to determine whether the minor
tobacco alkaloids nornicotine and cotinine exhibit nicotine-like behavioral effects in a mouse
model of spontaneous nicotine withdrawal.

Methods: Mice were infused with nicotine or saline for 14 days. Experiments were conducted on
day 15, 18-24 hours after minipump removal. Ten minutes prior to testing, nicotine-dependent ICR
male mice received an acute injection of nicotine (0.05 and 0.5 mg/kg), nornicotine (2.5 and 25 mg/
kg), or cotinine (5 and 50 mg/kg) to determine effects on somatic signs, anxiety-like behaviors, and
hyperalgesia spontaneous signs of withdrawal.

Results: Nicotine and the minor tobacco alkaloid nornicotine, but not cotinine, produced dose-
dependent reversal of nicotine withdrawal signs in the mouse.

Implications: The minor tobacco alkaloid and nicotine metabolite nornicotine at high doses have
nicotinic like effects that may contribute to tobacco consumption and dependence.

striatal slices in a variety of in vitro functional tests.¢ Furthermore,
nornicotine exhibited nicotine-like properties in several behavioral

Introduction

Smoking raises the risk of cardiovascular, pulmonary diseases and
cancer. Nicotine is the main active ingredient in tobacco smoke
that leads to and maintains tobacco addiction.! However, several

assays such as locomotor sensitization, and shares discriminative-
stimulus and reinforcing effects with nicotine in rodent and nonhu-

L . . . . man primate intravenous (i.v.) self-administration and intracranial
nicotine-related alkaloids such as anabasine, nornicotine, and coti-

nine have also been identified in tobacco.? The last two are also
important nicotine metabolites identified in humans and rodents.
Nicotine is extensively metabolized to a number of metabolites by
the liver, with cotinine being the most abundant one (70%-80%
of nicotine). This transformation is mediated primarily by micro-
somal cytochrome P450 CYP2A6. Nornicotine is a minor meta-
bolic product of the peripheral and brain metabolism of nicotine.>*
Nornicotine was reported to bind to and activate neuronal nicotinic
receptors (nAChRs) with high affinity and to release dopamine from

self-stimulation models.””'* In contrast, cotinine was shown to
bind with very low affinity to nAChRs and failed to activate or
block these receptors in in vitro functional assays.>® In addition,
cotinine failed to elicit nicotine-like properties in rodent i.v. self-
administration, intracranial self-stimulation, and drug discrimina-
tion paradigms.'*!>"” However, cotinine has been found to exhibit
some neuroprotective effects in some animal disease models.?*?!
Collectively, these data suggest that nornicotine, but not cotinine,
may contribute to the behavioral and reinforcing effects of tobacco.
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The present study was conducted to further evaluate these two
nicotine metabolites and tobacco smoke constituents to determine
whether they impact nicotine withdrawal, one of the primary causes
of high tobacco relapse rates.?? To this end, we evaluated the poten-
tial of acute effects of nicotine, nornicotine and cotinine to reverse
withdrawal signs in well-established mouse models of nicotine
withdrawal.

Methods

Subjects

Male adult ICR mice (20-25 g) obtained from Harlan Laboratories
(Indianapolis, IN) were used throughout the study. Animals were
housed in an Association for Assessment and Accreditation of
Laboratory Animal Care approved facility in groups of five and had
free access to food and water. Experiments were performed during
the light cycle and were approved by the Institutional Animal Care
and Use Committee of Virginia Commonwealth University.

Drugs

(-)-Nicotine hydrogen tartrate salt [(-)-1-Methyl-2-(3-pyridyl) pyr-
rolidine (+)-bitartrate salt], (+)-nornicotine, and (-)-cotinine were
purchased from Sigma-Aldrich (St. Louis, MO). All drugs were dis-
solved in physiological saline (0.9% sodium chloride) and injected at
a total volume of 1 ml/100 g body weight unless noted otherwise. All
doses are expressed as the free base of the drug. Drugs were injected
subcutaneously (s.c.).

Chronic Administration of Nicotine

Mice (n = 7/per group) were anesthetized with sodium pentobarbi-
tal (45 mg/kg, intraperitoneal or i.p.) and implanted s.c. with Alzet
osmotic minipumps ([model 2002]; Durect Corporation, Cupertino,
CA). The concentration of nicotine was adjusted according to ani-
mal weight and the minipump flow rate to deliver 24 mg/kg/day for
14 days.

Spontaneous Nicotine Withdrawal

To assess the effects of acute nicotine, nornicotine, and cotinine
administration on spontaneous withdrawal from nicotine, mice
were infused with nicotine or saline for 14 days. On day 14, mice
were anesthetized under isoflurane anesthesia and minipumps were
removed in the evening. On day 15, 18-24 hours after minipump
removal, mice were pretreated s.c. with either vehicle, nicotine (0.05
and 0.5 mg/kg), nornicotine (2.5 and 25 mg/kg), or cotinine (5 and
50 mg/kg), 10 minutes prior to observations for various withdrawal
signs. The mice were first evaluated for 5 minutes in the plus maze
test for anxiety-related behavior, followed by a 20-minute obser-
vation of somatic signs measured as paw and body tremors, head
shakes, backing, jumps, curls, and ptosis. Hyperalgesia was evalu-
ated in the hot-plate test (52°C) immediately following the somatic
sign observation period. The specific testing sequence was chosen
based on our prior studies showing that this order of testing reduced
within-group variability and produced the most consistent results.?
All studies were performed by an observer blinded to experimental
treatment.

Data Analysis
The data obtained were analyzed using the GraphPad software, ver-
sion 6.0 (GraphPad Software, Inc., La Jolla, CA) and expressed as the

mean = S.E.M. Statistical analysis was done in three steps. First, the
highest doses of nicotine, nornicotine and cotinine used in this study
were compared with their vehicles in chronic saline exposed mice
using simple # test to assess the responses after their acute injections.
Secondly, to test whether chronic nicotine exposure induced with-
drawal symptoms as seen in somatic signs, anxiogenic-like effects in
the elevated plus maze, and hyperalgesia in the hot plate test, sim-
ple ¢ test was used between acute vehicle treated saline and nicotine
minipump groups. Finally, possible alleviation of withdrawal signs
by nicotine, nornicotine or cotinine treatments was tested using ordi-
nary one-way analysis of variance (ANOVA), followed by the Tukey
post hoc correction. Before ANOVA, the data were first assessed for
the normality of the residuals and equal variance. Variances were
similar between groups and were assessed using either the F-test or
the Brown—Forsythe test and the Bartlett’s test. All data passed these
tests. The p-values < .05 were considered significant.

Results
Anxiety-Related Signs of Withdrawal

Anxiety-related behavior signs were measured in mice following
18-24 hour withdrawal from chronic nicotine and following acute
treatment with nicotine, nornicotine, cotinine or vehicle. Results are
shown in Figure 1. Nicotine withdrawal significantly increased anx-
iety-related behavior in the plus maze (assessed as a decrease in time
spent in the open arms) compared to the saline minipump group (¢
test; p < .01, ¢ = 3.291, df = 12, Figure 1A, B, and C). Acute admin-
istration of the highest doses of nicotine, nornicotine, and cotinine
alone did not induce anxiety-related behavior when compared with
the vehicle saline-treated group ([# test; p = .3133,¢=1.053,df = 12,
Figure 1A], [ test; p = .6161, t = 5148, df = 12, Figure 1B] and [¢
test; p = .2864, t = 1.116, df = 12, Figure 1C], respectively). The
one way ANOVA followed by Tukey post hoc revealed that, while
nicotine (0.5 mg/kg, s.c.) and nornicotine (25 mg/kg, s.c.) pretreat-
ments significantly reversed anxiety-related behavior [F, , = 12.18,
p < .001, Figure 1A and F, o = 6.751, p < .01, Figure 1B, respec-
tively], cotinine failed to alter chronic nicotine-induced signs in the
21y = 0.3861, p = .6852, Figure 1C] at either of the
two doses tested. To ensure that the results in the plus maze were not
due to changes in locomotor activity, the average total number of
arm crosses was analyzed for each group. There were no significant
between group differences in this measure (Table 1).

plus maze test [F

Somatic Signs of Withdrawal

Following the plus maze test, we assessed the effects of nicotine,
nornicotine, and cotinine administration on somatic signs of spon-
taneous withdrawal. Mice infused with nicotine for 14 days devel-
oped somatic signs, indicated by a significant increase in number of
observations 18-24 hour after mini pump removal (¢ test; p < .001,
t=17.23, df = 12, Figure 1D, E, and F). Acute administration of the
highest doses of nicotine, nornicotine, and cotinine alone did not
induce somatic signs in the saline-control group ([# test; p = .5356,
t = 0.6378, df = 12, Figure 1D], [z test; p < .05, ¢ = 2.521, df = 12,
Figure 1E] and [# test; p = .3767, t = 0.918, df = 12, Figure 1F],
respectively). The one way ANOVA followed by Tukey post hoc
revealed that nicotine (0.05 and 0.5 mg/kg, s.c.) and nornicotine (2.5
and 25 mg/kg, s.c.) pretreatments dose-dependently reversed somatic
215 = 72.96, p < .001, Figure 1D and F 5 =71.39,p<.001,
Figure 1E, respectively]. However, cotinine at 5 and 50 mg/kg did
not significantly reverse somatic signs in nicotine-dependent mice
[F,, = 1.101, p = .3541, Figure 1F].

signs [F,

2,18
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Figure 1. Effects of nicotine and nicotine metabolites on anxiety-like withdrawal signs in the mouse. Male ICR mice were chronically infused with saline or
nicotine (24 mg/kg/day) for 14 days. After mini pumps removal, mice received nicotine (0.05 mg/kg, s.c.) or their respective vehicles.Ten minutes later, (A, B, and
C) anxiety-like behaviors (Time spent in the open arm), (D, E, and F) somatic signs, and (G, H, and ) hyperalgesia (latency time) were measured. For statistical
analysis, at first, the highest doses of nicotine, nornicotine and cotinine used in this study were compared with their vehicles in chronic saline exposed mice
using simple t test to assess the responses after their acute injections. Secondly, to test whether chronic nicotine exposure induced withdrawal symptoms as
seen in anxiety-like behaviors, somatic signs, and hyperalgesia, simple t test was used between acute vehicle treated saline and nicotine minipump groups.
Finally, possible alleviation of withdrawal signs by nicotine, nornicotine or cotinine treatments was tested using ordinary one-way analysis of variance, followed
by theTukey post hoc correction. Data are presented as the mean + SEM of 7 animals. *Denotes p < .05 vs. Vehicle treatment in saline minipump group, #Denotes
p < .05 vs. Vehicle treatment in nicotine minipump group. MP = Minipumps; Veh = Vehicle.

Table 1. Nicotine and Its Metabolites Do Not Significantly Alter the ([# test; p = .079, ¢ = 1.920, df = 12, Figure 1G], [t test; p = .2088,

Average Number of Arm Crosses in the Plus Maze Assessment t = 1.328, df = 12, Figure 1H] and [¢ test; p = .1576, t = 1.507,
Treatment Average number of arm crosses = SEM df = 12, Figure 11], respectively). Chronic nicotine exposure caused
significant hyperalgesia after mini pump removal with a significant
Sal?"e MP‘V?h'C?e 7.6=0.6 decrease in hot plate latency (¢ test; p < .001, ¢ = 7.522, df = 12,
Saline MP-nicotine (0.5) 7404 Figure 1). The one way ANOVA followed by Tukey post hoc revealed
Saline MP-nornicotine (2.5) 7.0 0.7 S S Lo
. o that nicotine and nornicotine pretreatments significantly reversed
Saline MP-cotinine (50) 6.9 0.6 . . . L
Nicotine MP-vehicle 69206 hyperalgesic response in nicotine withdrawn mice in a dose-depend-
Nicotine MP-nicotine (0.05) 76203 ent manner -[me =15.99,p ‘< .001, Figure 1G and ng,m_: 14.-71,
Nicotine MP-nicotine (0.5) 76204 p < .001, Figure 1H, respectively]. In contrast, the nicotine with-
Nicotine MP-nornicotine (2.5) 76+0.7 drawn animals treated with cotinine displayed no changes in hyper-
Nicotine MP-nornicotine (25) 6.9+0.6 algesia o response [F[m) =1.18, p = .3299, Figure 11].
Nicotine MP-cotinine (5) 7.6 0.6
Nicotine MP-cotinine (50) 7.9+0.8
Discussion

Nicotine-withdrawn mice were treated with vehicle or nicotine (0.05 and

0.5 mg/kg), nornicotine (2.5 and 25 mg/kg) and cotinine (5 and 50 mg/kg) In the present study, we evaluated the effects of nicotine metabolites

and the total number of crosses between the open and closed arms of the plus and minor tobacco alkaloids on nicotine withdrawal symptoms in
maze was counted. Numbers are presented as the total average number of arm mice. As predicted, nicotine withdrawal significantly increased anx-
crosses = SEM for seven to eight mice per group MP, mini pump. iety-related behaviors, increased expression of somatic withdrawal
signs, and decreased response latencies in the hot-plate test. While
Hyperalgesia Signs of Withdrawal nicotine and nornicotine alleviated all nicotine spontaneous with-
We evaluated the effects of nicotine and its metabolites on nicotine drawal signs, cotinine failed to do so.
withdrawal-induced hyperalgesia using the hot plate test. Nicotine, The reduction of withdrawal signs by nornicotine is consistent
nornicotine, and cotinine administration at the highest doses tested with previous reports of its nicotine and (+) epibatidine-like pharma-

did not affect the latency of animals in the saline-treated group cological and behavioral effects in rodents and primates. 51014152425
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Although this study was the first to systematically investigate the
effects of nicotine metabolites on multiple signs of nicotine with-
drawal, a previous paper reported failure of nornicotine at a dose of
5.6 mg/kg in reversing a decrease in response rate seen in nicotine-
dependent mice after precipitated withdrawal by mecamylamine.’
However, it is likely that the nornicotine dose used by Caine et al.
was not high enough to attenuate nicotine withdrawal since at the
dose of 2.5 mg/kg, we saw little or no reduction of anxiety-like
behaviors and hyperlagesia in our withdrawal model. While doses of
nornicotine that produced nicotine-like effects in the present with-
drawal study undoubtedly exceed exposure levels achieved through
smoking conventional cigarettes, they may still decrease the inten-
sity of nicotine withdrawal syndrome. In addition, previous studies
showed that nornicotine might enhance the reinforcing properties
of nicotine.®1%* Thus, the potential public health benefits of a pro-
posed nicotine reduction policy could be undermined by strategic
use of non-nicotine additives by cigarette manufacturers or consum-
ers to initiate and maintain smoking behavior.

The failure of cotinine in reducing nicotine withdrawal signs in
our testing is consistent with previous studies that reported lack of
nicotine-like effects for cotinine in many dependence-like behaviors
in rodents and nonhuman primates.!'*!¢

Conclusion

Our results show that nornicotine, but not cotinine, produced nicotine-
like effects in mouse spontaneous withdrawal assays. Our initial results
suggest nornicotine as a potential pharmacotherapy for smoking ces-
sation since it can alleviate both physical and affective nicotine with-
drawal signs. Our observations extend also the previous findings on the
effects of nornicotine and cotinine on nicotine discrimination, reward,
and reinforcement to nicotine withdrawal assessment. Collectively,
these findings suggest that nicotine reduction strategy in tobacco prod-
ucts could lead to a more manifest role of minor alkaloids such as
nornicotine in initiating and maintaining of smoking dependence.
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