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Abstract

Despite tobacco being highly addictive, it is unclear if nicotine has significant affective
properties. To address this, we studied taste reactions to gustatory stimuli, palatable sucrose
and unpalatable quinine, which are believed to reflect ongoing affective state. Taste
reactivity was assessed during chronic nicotine administration and spontaneous withdrawal
and the role of the endogenous cannabinoids was also investigated. C57BL6J mice were
implanted with intra-oral fistula to allow passive administration of solutions. In the first study,
taste reactivity was tracked throughout chronic vehicle or nicotine (12 mg/kg/day) infusion
via osmotic minipumps and spontaneous withdrawal following removal of minipumps. In the
second study, the endocannabinoid CB1 receptor antagonist AM251 (1, 3 and 10 mg/kg,
intraperitoneal) or vehicle were acutely administered before taste reactivity measurement
during chronic nicotine administration. Chronic nicotine treatment and spontaneous
withdrawal did not influence taste reactions to sucrose or quinine. AM251 decreased positive
reactions to sucrose and increased negative reactions to quinine. The effects of AM251 were
respectively attenuated and enhanced in nicotine infused mice. These results suggest
chronic nicotine exposure and withdrawal has no apparent affective sequelae, as probed by
taste reactivity, and thus may not explain the difficulty tobacco-users have in achieving
abstinence. In contrast, endocannabinoids elevates affective state in drug-naive animals and
changes in endogenous endocannabinoid tone may underlie compensations in affective

state during chronic nicotine exposure.
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1. Introduction

Nicotine is considered the primary psychoactive agent responsible for tobacco addiction.
The wide prevalence of tobacco addiction, and its resistance to treatment stands in patent
contradiction to the observation that most individuals initially find nicotine exposure to be
aversive, and even long-time nicotine addicts do not necessarily find nicotine exposure
particularly rewarding [1]. Indeed, the subversiveness of nicotine addiction may be related to
the paradoxical dissociation between the reinforcing properties of nicotine and any major

rewarding effects.

Like many other pharmacological stimuli, the effects of nicotine becomes polarized when
considered over a wide enough dose range, such that low doses of nicotine have rewarding
(i.e. positively affective) effects, and high doses have aversive (i.e. negatively affective)
effects. Preclinical studies show that the dose range over which these opposing effects
occur is especially narrow for nicotine, and there is evidence that both effects can occur
simultaneously [2]. In preclinical studies, the rewarding properties of stimuli are commonly
assessed using intra-cranial self-stimulation (ICSS) or place conditioning paradigms [3].
Acute nicotine administration reduces ICSS reward thresholds [4] and induces a conditioned
place preference [5], suggesting nicotine is capable of rewarding actions. However, nicotine-
induced conditioned place preference is difficult to establish and occurs over an unusually
narrow dose range [6-8]. Interestingly, studies suggest that the aversive effects of nicotine
are more rapidly tolerated, thus unmasking a rewarding effect that may progressively

contribute to establishing nicotine addiction [9, 10].

Smoking cessation results in an abstinence syndrome in heavy smokers that is generally
believed to contribute to the high rate of relapse observed during the early stages of
attempted smoking cessation [11, 12]. However other studies have been unable to find a

correlation between the severity of withdrawal and probability of relapse [13]. The affective
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symptoms, including depressed mood, anxiety and severe craving for nicotine [13, 14], are

considered the more relevant to the continued use of nicotine [15, 16].

Recent evidence suggests that at least some actions of nicotine are mediated indirectly
through the action of endocannabinoids [17]. For instance, endocannabinoid levels are
increased in the limbic forebrain of rats chronically treated with nicotine [18]. CB1-receptor
antagonism attenuates nicotine self-administration, reinstatement of nicotine-seeking
behaviour [19-21] and nicotine-induced conditioned place preference [22]. Furthermore, the
rewarding effects of nicotine measured using place preference conditioning are absent in
CB1 knockout mice [23]. These studies have prompted the use of the CB1 receptor
antagonist rimonabant as a smoking cessation aid in humans, which has met with some
success [24]. Recent studies have also identified a role for endocannabinoids in mood and
anxiety states, both of which are important aspects of nicotine withdrawal, although both
anxiolytic and anxiogenic effects of CB1 receptor blockade have been reported [25], thus

further clarification of these processes is needed.

The current study had two aims. The first was to seek support for the notion that nicotine
induces a positive affective state, whereas withdrawal from chronic nicotine administration is
an aversive experience. To address this, we applied the measurement of taste reactivity as a
probe of affective state, as previous studies suggest that taste reactivity patterns to palatable
and unpalatable tastants reflect basal and ongoing “core” affective states [26]. For example,
morphine and amphetamine, increase sucrose palatability [27, 28] and suppress aversive
taste reactions to the bitter tastant quinine [29-31], suggesting these drugs raise affective
state in a manner akin to “reward”. We analysed taste reactivity patterns to sucrose and
quinine during continuous nicotine infusion and spontaneous withdrawal. We predicted that
acute nicotine exposure would induce a shift towards more negative reactions, followed by a
progressive shift towards more positive reactions. Following spontaneous nicotine

withdrawal, we expected a second shift towards more negative reactions, such a response
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might support negative reinforcement views of withdrawal in the maintenance of nicotine

addiction [32].

The second aim was to seek evidence for an involvement of endocannabinoid activity in
mediating any affective properties of long-term nicotine administration. To this end, we
analysed taste reactivity patterns after blockade of endogenous cannabinoid tone, using the
CB1-receptor antagonist AM251 [33, 34] during continuous nicotine infusion. We predicted
that blocking endogenous cannabinoid tone would shift taste reactions towards more
negative responses, and this effect would be stronger in mice undergoing chronic nicotine
administration. This was based on the hypothesis that endogenous cannabinoids

progressively acquire mediatory roles in the affective properties of nicotine.

2. Methods

2.1 Subjects

Subjects were male C57BL/6J mice (Nihon Clea, Tokyo, Japan) aged 8 weeks on arrival.
Animals were individually housed with food and water provided ad libitum in a temperature
controlled colony room. All measurements of taste reactivity were carried out during the light
period (07:00 — 19:00). Experimental protocols were approved by the RIKEN Brain Science
Institute review committee and were in accord with the National Research Council Guide for
the Care and Use of Laboratory Animals. All efforts were made to minimize the number of

animals used and their suffering.

2.2 Drugs

Osmotic pumps (Alzet, Durect Coporation, Cupertino, CA) were used to continuously infuse
0.9% NacCl vehicle or nicotine (Sigma-Aldrich, Tokyo, Japan) at a dose of 12 mg/kg/day of
free base (32.4 mg/kg/day nicotine salt, pH corrected to 7.2 £ 0.2 using 1M NaOH) [35, 36].

Depending on the duration of nicotine exposure required, model 1002 (maximum 14 day
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infusion and mean flow rate of 0.25 ul/hour) or model 1004 (maximum 28 days infusion and
mean flow rate of 0.11 pl/hour) pumps were used. The concentration of nicotine solution
used to fill the pumps was adjusted according to the flow rate of the pump model to provide
the desired dose of nicotine infusion. The CB1 antagonist AM251 (Tocris, Ellisville, MO,
USA) was suspended in a vehicle of 0.1% methylcellulose (Sigma-Aldrich, Tokyo, Japan)
and 10% Tween-80 (Sigma-Aldrich, Tokyo, Japan) by sonication at 30°C for 30 minutes.
The drug was administered intraperitoneally (i.p., in 10 ml/kg) at doses of 1, 3 and 10 mg/kg

[37, 38].

2.3 Surgery

Mice were anaesthetised by i.p. injection of ketamine (100 mg/kg, Wako, Osaka, Japan) and
xylazine (10 mg/kg, Sigma). Penicillin (0.1 ml; Benzylpenicillin potassium 200,000 Units,
Meiji Seika Kaisha, LTD. Tokyo, Japan) was administered post-operatively. Mice were
implanted with chronic bilateral oral cannula (polyethylene PE-50 tubing, Intramedic, Balsta,
Sweden) as described by Cagniard and Murphy (2009). The intraoral end of the cannula was
heat-flared to an approximate diameter of 3 mm. The cannulae were inserted lateral to the
first molar, and routed subcutaneously posterior to the eye, to exit the top of the head where
they were fixed to a screw anchored to the skull using dental cement (Yamahachi Dental,
Gamagoorishi, Aichi, Japan). To avoid obstruction of the cannulae during the recovery
period, a silk thread was inserted and the loose end of the cannula was heat-sealed until the
start of infusions. Animals were left to recover for at least a week before any further
experimental procedures and body weight was monitored throughout the studies. Osmaotic
minipumps were subcutaneously implanted between the shoulder blades, to avoid impeding
the animals’ movement, under ketamine/xylazine anaesthesia (see above) and the incision

closed with surgical clips.

2.4 Locomotor activity and temperature measurement

Page 6 of 33



Horizontal locomotor activity was measured for 40 minutes in a grey 25 x 25 x 40 cm
enclosed arena using automated locomotor monitors (Truscan, Coulbourn Instruments,
Allentown, PA, USA). A microprobe digital thermometer (Physitemp, Clifton, NJ, USA) was

used for measuring rectal temperature.

2.5 Taste reactivity testing

The taste reactivity measurement chamber consisted of a raised Plexiglas cylinder (30 cm
high x 13 cm diameter) placed on a transparent Plexiglas floor over an angled mirror
reflecting a ventral view of the mouse that allowed videotaping of the mouth of the animal
using a digital video camera (DCR PC101, Sony Corporation, Japan) directed at the mirror.
Taste reactivity was conducted at a specified time of day throughout the studies. Mice were
habituated to the testing chamber on three consecutive days prior to minipump implantation
and taste reactivity testing. Each habituation session lasted 10 min. On the last day of
habituation, mice were habituated to the taste reactivity procedure with a single oral infusion

of drinking water (0.1 ml volume, 1 minute duration).

For taste reactivity testing, a delivery line constructed of PE-50 polyethylene tubing was
connected to one of the oral cannulae by a polyethylene PE-100 nozzle and connected to a
1 ml syringe mounted on an automated syringe pump (Harvard Apparatus, Holliston, MA,
USA). The entire length of tubing was filled with the appropriate solution and a small amount
of solution was infused into the mouth of the animal to verify the patency of the cannula.
Mice were adapted to the testing chamber for 9 min. They then received an infusion of 0.3 M
sucrose solution followed 9 min later by an infusion of 0.0005 M quinine. The concentrations
of sucrose and quinine were chosen based on data from our laboratory [39] and other
previous taste reactivity studies using mice [40], as to elicit an intermediate level of positive
and negative reactions respectively, thus allowing the possibility of changes in either
direction. Sucrose was always infused first as the positive hedonic reactions are more

vulnerable to disruption than negative reactions [41, 42]. Each infusion was 0.1 ml in volume
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and lasted 1 min, during which time mice were videotaped. The cannula was flushed with 1

ml of drinking water at the end of each infusion.

2.6 Analysis of taste reactions

Videotaped trials were analyzed frame-by-frame (30 frames per sec) by an observer blind to
treatment (tastant or drugs) using video editing software (Final Cut Pro, Apple Inc,
Cupertino, CA). Scoring was performed manually and recorded using software for scoring

observational data (ODlog, Macropod Software, http://www.macropodsoftware.com/).

Behavioral reactions were classified as positive, aversive and neutral according to previous
studies in mice [39, 43]. Positive hedonic reactions included rhythmic tongue protrusions,
single tongue protrusions, and paw licking. Aversive reaction patterns included gapes, chin
rubbing, head shaking, forepaw flailing, and face washing. Neutral reactions were those less
strongly linked with positive or aversive evaluations, such as mouth movements, passive drip
of the solution, and grooming. Reactions that occur in bouts of moderate duration (rhythmic
tongue protrusions, chin rubbing, and paw pushing) were scored in bins of 2 seconds.
Reactions that have longer bout durations (paw licking, face washing, rhythmic mouth
movements, passive drips and grooming) were scored in 5 second bins and those which
occur as single behaviors were scored separately. These time bins allow the contribution of
taste reactivity components with different relative frequencies to be comparable in their
contribution to the final positive or aversive score [26]. The general behavioral activity
measures scored were horizontal activity (scored as movement of all four paws) and rearing

(rising on the hind feet).

2.7 Experiment 1: Measurement of taste reactions during chronic nicotine infusion and
withdrawal

Assessment of taste reactivity patterns to sucrose and quinine tastants was used as a
measure of ongoing affective state of mice during chronic nicotine exposure and

spontaneous withdrawal (refer to Figure 1.f). Following surgical implantation of the oral

Page 8 of 33



cannulae, recovery, and habituation to the taste reactivity procedure, mice were implanted
with 14 day osmotic minipumps containing vehicle (n = 8) or nicotine (n = 7). Mice underwent
taste reactivity testing the following day and on day 11 of chronic nicotine exposure. On the
12th day, pumps were rapidly removed under brief ketamine/xylazine anaesthesia and taste
reactivity assessed 15 hrs and 7 days later. Previous studies show that acute nicotine
administration produces changes in locomotor activity (depression followed by
tolerance/sensitization) and hypothermia in mice [44-47]. However the effect of continuous
infusion on these measures is less well established. Rectal temperature measurement was
followed by locomotor activity assessment on days 2, 6 and 10 of nicotine treatment and on
day 2 and 6 of nicotine withdrawal. These days were selected as not to interfere with
evaluation of the primary measure taste reactivity but allow assessment across the nicotine
exposure and withdrawal periods. Measurements were conducted at the same time of day

as taste reactivity testing.

2.8 Experiment 2: Effect of cannabinoid antagonism on taste reactions during chronic
nicotine infusion

The role of the endogenous cannabinoid tone in mediating affective reactions to nicotine was
examined by studying taste reactivity patterns in drug-naive and chronically nicotine treated
mice following acute pre-treatment with the CB1-receptor antagonist AM251 (refer to Figure
3.f). Thus, following surgical implantation of the oral cannulae, recovery, and habituation to
the taste reactivity procedure, mice were implanted with osmotic minipumps prepared to
infuse either vehicle (n = 6) or nicotine (n = 6) for 28 days. Assessment of taste reactivity
was conducted during the later period of chronic nicotine exposure (days 15 to 21). Vehicle
or AM251 were administered 21 minutes before placement of mice into the testing chamber,
i.e. 30 min before sucrose infusion and 40 min before quinine infusion. Mice were injected
with vehicle on day 15 to measure baseline taste reactions, and control for the acute
injection procedure, in both vehicle- and nicotine-treated subjects. Ascending doses of

AM251 (1, 3 and 10 mg/kg) were then examined in both groups; tests were carried out on
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alternate days (i.e. days 17, 19 and 21) to prevent possible progressive accumulation of the
drug due to its relatively long half-life (22hr; [48]. The ascending dosing regimen was
employed to minimise the impact of any variation in taste reactivity responses which may
occur as the result of repeated exposure to the flavoured solutions. It also limited the study
to a feasible size and reduced the number of animals required in accordance with the

Animals Scientific Procedures Act, UK (1986).

2.9 Statistical analyses

Statistical analyses were conducted using SPSS statistics software version 15.0 (Chicago,
Illinois, USA) with significance level set at p < 0.05. Data were analyzed by a two-factor
repeated measure analysis of variance (ANOVA) with taste reactivity test (in experiment 1:
day 1 and 11 of chronic treatment and day 1 and 7 after minipump removal; in experiment 2:
0, 1, 3 or 10 mg/kg AM251 pre-treatment) as the repeated within-subject factor and
treatment (vehicle or nicotine exposure) as the between subject factor. Effects of taste
reactivity test within the vehicle or nicotine treated groups were revealed by separate one
factor repeated ANOVA followed by post-hoc Bonferroni pairwise comparisons when
appropriate. Independent t-tests were used to establish differences between the vehicle and
nicotine groups for each taste reactivity test. Data are expressed as group mean + standard

error.

3. Results

Mice returned to post-operative weight following implantation of the intra-oral cannulae and
their weight remained constant throughout the study indicating the surgery did not affect
feeding (data not shown). The scores for all taste reactions observed during these studies

are shown in Tables 1 and 2; reactions such as chin rubbing, gapes, face washing, and

10
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passive drip of the solution were not observed throughout any of the studies. Results for

selected measures are shown in the figures.

3.1 Experiment 1: Measurement of taste reactions during chronic nicotine infusion and
withdrawal

The results of this study are shown in table 1. As previously reported, mice showed strong
positive taste reactions to intraoral infusion of sucrose (Figure 1) and extensive negative
taste reactions to quinine (Figure 2) [39, 43]. There were no significant interactions between
testing session and treatment group or differences between vehicle and nicotine treated
subjects in any taste reactions throughout chronic nicotine treatment and spontaneous

withdrawal.

Statistical analysis showed significant changes in taste reactivity measures over the course
of the chronic infusion period in both vehicle and nicotine treated groups. That is, in both
groups there was a decrease in the neutral reaction of mouth movements in response to
sucrose infusion (Fig 1e; f(3,39)=2.88, p = 0.048) during repeated testing of taste reactivity,
possibly due to habituation or desensitization in the response. In contrast, there was a trend
towards increasing aversive reactions to quinine across sessions (Fig 2b; f(3,39)=2.390,
p=0.083). No differences were observed in locomotor activity and rectal temperature
measurements (taken on days intervening taste reactivity measures) between vehicle and

nicotine treated animals (data not shown).

The similarity in taste reactivity patterns during vehicle and nicotine infusion, and
spontaneous withdrawal indicates that by this measure, chronic nicotine exposure and

abrupt withdrawal has no observable effect on affective state.

3.2 Experiment 2: Effect of cannabinoid antagonism on taste reactions during chronic

nicotine infusion

11
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The results of this study are shown in table 2 and figures 3 and 4. As AM251 was
administered repeatedly to mice at increasing doses, our analysis focused to identifying
differences between chronically vehicle or nicotine infused mice that were not simply a
product of repeated testing, but due specifically to AM251 administration. Thus we sought
evidence of main effects of AM251 administration, interactions between AM251
administration and chronic nicotine infusion, or evidence of differences in the response to

AM251 treatment between chronically vehicle and nicotine infused animals.

Two-way ANOVAs determining main effects of increasing AM251 dose demonstrated a
trend towards decreased overall positive reactions to sucrose (Fig 3a; f(3,30)=2.707,
p=0.063), a significant decrease in the positive reaction paw licking during sucrose infusion
(Fig 3e; 1(3,30)=4.286, p=0.012). There was also a significant decrease in positive reactions
to quinine (Fig 4a; f(3,30)=3.209, p=0.037). In contrast, AM251 increased overall negative
reactions to quinine (Fig 4b; f(3,30)=10.434, p<0.001) and individual negative reactions
during quinine infusion including flails (Fig 4e; f(3,30)=8.008, p<0.001) and head shakes (Fig

4f; (3,30)=7.982, p<0.001).

There interaction between AM251 dose and nicotine infusion did not reach statistical
significance. However, within group one-way ANOVAs were able to demonstrate the effect
of AM251 on sucrose and quinine palatability was respectively attenuated and enhanced in
animals chronically treated with nicotine. Indeed, only chronically vehicle infused mice
showed a statistically significant, and dose-orderly, decrease in paw licking with increasing
AM251 dose during sucrose infusion (Fig 3e; f(3,15)=5.04, p=0.013, one-way ANOVA) with
a significant reduction compared to vehicle at 3 mg/kg (p=0.049). The effect of AM251 on
overall positive reactions in response to sucrose did not reach significance (Fig 3a;
f(3,15)=1.807, p=0.189, one-way ANOVA), In contrast, AM251 caused a dose-orderly
increase in overall negative reactions to quinine in both vehicle (Fig 4b; f(3,15)=3.604,
p=0.039) and nicotine (Fig 4b; f(3,15)=7.927, p=0.002, one-way ANOVA). However, the
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effects of AM251 were more robust in nicotine treated animals compared to controls with
post-hoc tests revealing significant increases compared to the vehicle at 3 (p=0.044) and 10
mg/kg (p=0.016) in nicotine but not vehicle treated animals. AM251 only increased flails
produced during quinine infusion in the nicotine treated group (Fig 4e; f(3,15)=7.077,
p=0.003, one-way ANOVA) and 10mg/kg produced significantly higher scores than vehicle
(p=0.02) and 1 mg/kg (p=0.036). Head shakes produced by quinine infusion were also
significantly increased by AM251 in both vehicle (Fig 4f; f(3,15)=4.745, p=0.016, one-way
ANOVA) and nicotine treated groups (Fig 4f; f(3,15)=4.937, p=0.014, one-way ANOVA),
which compared to vehicle was significantly increased at 10 mg/kg (p=0.034 and p=0.026
respectively). However, in nicotine treated animals, head shakes were also enhanced at
lower doses of AM251, 1 (p=0.003) and 3 mg/kg (p=0.027), and there was a significant
difference between vehicle and nicotine treated groups at the 1 mg/kg dose and near

significance at 3 mg/kg (p=0.04 and p=0.06 respectively, independent t-tests).

There were also differences in the general behavioural activity responses to AM251 in the
vehicle and nicotine treated groups. There was a significant effect of AM251 on overall
behavioural activity during sucrose infusion (Fig 3d; f(3,30)=3.395, p=0.03), which interacted
with chronic treatment (f(3,30)=3.357, p=0.032). However there was only a significant effect
of AM251 in the nicotine group (f(3,15)=8.145, p=0.002, one-way ANOVA) with a dose-
dependent decrease in behavioural activity and a significant difference compared to vehicle
after pre-treatment with 1 (p=0.026), 3 (p=0.015) and 10mg/kg (p=0.006). This was due to
the significant effect on horizontal activity (f(3,30)=4.045, p=0.016, two-way ANOVA) in the

nicotine group (f(3,15)=3.603, p=0.039, one-way ANOVA).

In summary, taste reactivity measures switched to a more aversive pattern following
blockade of the endogenous cannabinoid tone indicating this system acts to raise basal

affective state under normal conditions. CB1-receptor antagonism also exposed a
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compensation in affective state that takes place in response to chronic nicotine treatment; an

effect which is at least in part mediated by the endocannabinoid system.

4. Discussion

This study used observable shifts in taste reactions to palatable and unplatable tastants as
an index of affective state. Chronic nicotine exposure and spontaneous withdrawal had no
detectable effects on taste reactivity, suggesting no major changes in affective state.
However, evidence was found for changes in endogenous endocannabinoid tone which

might underlie compensations in affective state occurring during chronic nicotine exposure.

4.1 Effects of nicotine exposure

A previous study in rats by Parker and Doucet (1995) examined the ability of nicotine to
modify the palatability of tastants. Acute challenge with low doses of nicotine (0.4 mg/kg, s.c)
suppressed aversive reactions to quinine and enhanced positive reactions to sucrose,
suggesting that in common with other abused drugs, nicotine enhances the affective
evaluation of solutions [27-31]. In the same study, three weeks of repeated nicotine
administration (twice daily injections progressively increased from 0.4-0.8 mg/kg, s.c)
eliminated the ability of nicotine to modulate palatability, indicating tolerance to the effects of
nicotine. Termination of daily nicotine administration, which assumedly creates a withdrawal
state, was accompanied, paradoxically, by an increase in the positive evaluation of sucrose
[49]. These findings stand in contrast to those of the current study but clearly the protocols
employed differ in a number of key aspects including the species of rodent and crucially the
mode of nicotine administration. Nicotine delivery by continuous subcutaneous infusion was
intended to produce a steady state nicotine administration, rather than repeated bolus
exposures, which may be unable to modulate palatability. This may also explain the absence

of nicotine-induced hypothermia [50, 51] and locomotor depression [52] observed in the
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current study as these effects of nicotine undergo rapid tolerance upon chronic exposure
[53]. Notably, the absence of any changes in taste reactions in the current study, particularly
as they pertain to affective state, is in accord with previous studies showing that continuous

nicotine infusion does not modulate “reward thresholds” in ICSS paradigms [54].

4.2 Effect of nicotine withdrawal

Previous theoretical constructs designed to explain the nature of nicotine addiction have
emphasized the negatively reinforcing effects of pharmacological withdrawal from nicotine
[59]. Behavioural correlates of nicotine withdrawal, both spontaneous and precipitated, have
been evaluated using various paradigms [54, 60, 61]. Place conditioning studies suggest
that nicotine withdrawal is aversive as reflected in mild avoidance of environments paired
with antagonist-induced nicotine withdrawal [62]. Other models such as the black and white
test boxes and changes in auditory startle that suggest environments paired with nicotine
withdrawal are anxiogenic [63, 64]. In the forced swim test animals, nicotine-withdrawn
animals exhibit a depression-like behaviour [65] and nicotine withdrawal is associated with
higher thresholds in ICSS studies thought to model the anhedonia (inability to experience
pleasure) observed in humans [54, 66]. These studies provide compelling evidence that
simple pharmacological withdrawal from nicotine produces both an axiogenic and anhedonic
state. Nonetheless, the current study yielded no evidence to support the tenet that
spontaneous withdrawal from the pharmacological effects of nicotine induced any change in
affective state, at least as it is reflected in taste reactivity, which may be due to several

reasons.

An intermediate nicotine dose (12 mg/kg/day) was employed based on previous studies in
which termination of 6.3 — 24 mg/kg/day nicotine produced an abstinence syndrome in terms
of physical withdrawal, contextual fear responses and anxiety-like behaviors [35, 36, 67,

68].Thus, taste reactivity may simply be unable to, or be insufficient to detect an affective
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changes associated with nicotine withdrawal. A recent ICSS study in mice detected a
decrease in reward function during spontaneous withdrawal from 14 days exposure to 24
mg/kg/day of nicotine [69], however, another study reported a dose of 40 mg/kg over 28
days was needed to produce changes in ICSS thresholds [70]. Furthermore, motivational
impairment as measured by ICSS is precipitated at lower doses of a nicotinic antagonist
than somatic signs of withdrawal [54, 70]. Therefore, compared to taste reactivity, ICSS may
be a particularly sensitive indicator of relatively subtle affective properties of nicotine
withdrawal. In addition, although the two paradigms are both considered to represent
affective measures, they may in fact be probing different aspects of affective state which
may be altered differently during nicotine withdrawal. That is, ICSS thresholds reflect the
motivation to obtain rewarding stimuli whereas taste reactivity provides a non-operant
assessment of ‘core affective processes’. Either way, when one considers that a dose of 12
mg/kg /day is equivalent to approximately 30 administrations of the dose of nicotine
commonly used to induce conditioned place preferences in mice [71-73], the lack of effects

with this substantial amount of nicotine are quite striking.

The high doses and prolonged exposure to nicotine needed to produce changes in ICSS
thresholds [70] and lack of effects observed in the current study suggest, given that taste
reactivity reliably indexes changes in affective state [26], nicotine withdrawal is not a robust
and generalised affective event. Our results suggest changes in affective state that simply
depend on direct pharmacological actions of nicotine administration, or withdrawal from
chronic nicotine exposure may not be the main drivers of nicotine addiction. If so, additional
or alternative factors must underlie the great difficulty smokers have in achieving abstinence.
Animal and human research has highlighted the involvement of non-pharmacological stimuli
in nicotine addiction [74], showing important roles for conditioned environmental stimuli
paired with nicotine delivery [75] and the environment in which drug administration takes
place [76, 77] in smoking behaviour and relapse. And more recently, it has been proposed
that nicotine also maintains self-administration via a secondary ‘reinforcement-enhancing’
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mechanism characterised by enhancement of the motivational value of alternative

reinforcers [78]

4.3 Endogenous cannabinoids and nicotine tolerance/dependence

The second study reported here suggests that endogenous cannabinoid tone buoys up
basal affective state as CB1-receptor blockade produced changes in taste reactivity
indicative of a general decrease in affective state. That is, a reduction of positive reactions to
sucrose and an increase in negative reactions to quinine, as observed in the vehicle control
group. A similar reduction in the palatability of sucrose and quinine by the CB-1 receptor
antagonist AM251 has been reported in previous taste reactivity studies [79, 80].
Furthermore, the endocannabinoid agonist delta-9-tetrahydrocannabinol enhanced sucrose
[80] and quinine [79] palatability. Studies show that cannabinoid administration directly into
the nucleus accumbens amplifies the positive affective impact of sucrose, without altering
negative reactions to bitter quinine [42]. Interestingly, the present data indicate that
endogenous cannabinoid tone underlies both positive and negative reactions to gustatory
stimuli. The differences in findings between this and previous studies may be due to the
route of administration (i.e. intra-accumbens versus systemic) or the concentration of quinine
used, as a previous study found modification of quinine aversion is only possible at lower

concentrations [79].

Increasing evidence points to an involvement of endogenous cannabinoids in the reinforcing
effects of drugs of abuse, including nicotine [19-22, 81], though endocannabinoids may have
lesser roles in mediating the subjective effects [21] and physical dependence [23] produced
by nicotine. In the current study, blockade of endogenous endocannabinoid signalling during
chronic nicotine infusion modified taste reactivity patterns in a manner that differed between
chronic nicotine- and vehicle-exposed mice. This result suggests that enhanced endogenous
endocannabinoid signalling maintains affective state at a pre-defined “set-point” during
chronic nicotine exposure. Further conclusions can be drawn by examining the nature of the
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taste reactivity. That is, endocannabinoid blockade produced more robust negative taste
reactions to quinine in nicotine-treated animals than in vehicle controls, indicating
endocannabinoids underlie a compensatory increase in affective state, in turn suggesting
that chronic nicotine exposure would otherwise depress affective state. Conversely, chronic
nicotine exposure appeared to attenuate other aspects of the negative affective state
produced by AM251, such as the reduced positive reactions to sucrose, emphasising the
diverse stimulus properties of nicotine. The opposing effects of CB1-receptor antagonism on
positive and negative reactions to the gustatory stimuli support the hypothesis for
independent control processes for positive and aversive aspects of palatability [82] and that
overall affective state is the sum of the contribution of individual sub-components that can
act in opposing directions. Furthermore, the de-sensitization of positive reactions and
sensitization of negative reactions suggests chronic nicotine exposure results in the brain

becoming more ‘aversion-controlled’ than ‘pleasure-controlled’.

In summary, the data presented suggest nicotine has minimal affective properties as chronic
nicotine exposure and spontaneous withdrawal did not alter affective state as probed by
taste reactivity. Thus, the subjective pleasurable effects of nicotine and aversive nature of
nicotine withdrawal as measured using the taste reactivity procedure do not translate to
human nicotine addiction, since these motivational effects of nicotine are considered to be
paramount in driving tobacco dependence. The role of the endogenous cannabinoid system
in affective state changes was established: under drug-free conditions endocannabinoids act
to elevate affective state and furthermore underlie the compensation in affective state

produced in response to chronic nicotine exposure.
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Table and Figure Legends

Table 1. Affective taste reactivity results of Experiment 1. Mean score (+SEM) for each taste
reactivity measure (positive, negative, neutral and behavioural activity) produced by vehicle-
and nicotine-treated animals during sucrose or quinine infusion in the four affective taste

reactivity tests.

Table 2. Affective taste reactivity results of Experiment 2. Mean score (SEM) for each taste
reactivity measure (positive, negative, neutral and behavioural activity) produced by vehicle-
and nicotine-treated animals during sucrose or quinine infusion in the four affective taste

reactivity tests [vehicle; AM251 (1mg/kg); AM251 (3mg/kg); AM251 (10mg/kg)].

Figure 1. Graphs showing affective taste reactivity results for selected measures during
sucrose infusion in experiment 1. Mean scores (xSEM) for vehicle- and nicotine-treated
groups are shown across the four affective taste reactivity tests. Panel f provides a graphical
representation of the experimental protocol. * - p<0.05 ** - p<0.01, Bonferroni pairwise
comparisons following one-way ANOVAs within vehicle- or nicotine-treated groups across

the four affective taste reactivity tests.

Figure 2. Graphs showing affective taste reactivity results for selected measures during
quinine infusion in experiment 1. Mean scores (xSEM) for vehicle- and nicotine-treated
groups are shown across the four affective taste reactivity tests.. * - p<0.05 ** - p<0.01,
Bonferroni pairwise comparisons following one-way ANOVAs within vehicle- or nicotine-

treated groups across the four affective taste reactivity tests.

Figure 3. Graphs showing affective taste reactivity results for selected measures during
sucrose infusion in experiment 2. Mean scores (+tSEM) for vehicle- and nicotine-treated

groups are shown across the four affective taste reactivity tests [vehicle; AM251 (1mg/kg);
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AM251 (3mg/kg); AM251 (10mg/kg)]. Panel f provides a graphical representation of the
experimental protocol. * - p <0.05 and ** - p<0.01: Bonferroni pairwise comparisons following
one-way ANOVAs within vehicle- or nicotine-treated groups across the four affective taste
reactivity tests. # - p <0.05: Independent t-tests between vehicle- and nicotine-treated

groups at specific affective taste reactivity tests.

Figure 4. Graphs showing affective taste reactivity results for selected measures during
quinine infusion in experiment 2. Mean scores (xSEM) for vehicle- and nicotine-treated
groups are shown across the four affective taste reactivity tests [vehicle; AM251 (1mg/kg);
AM251 (3mg/kg); AM251 (10mg/kg)]. * - p <0.05 and ** - p<0.01: Bonferroni pairwise
comparisons following one-way ANOVAs within vehicle- or nicotine-treated groups across
the four affective taste reactivity tests. # - p <0.05: Independent t-tests between vehicle- and

nicotine-treated groups at specific affective taste reactivity tests.

26
Page 26 of 33



Sucrose Quinine
DAY DAY
Response Treatment 1 11 13 20 1 11 13 20
Chronic Chronic Day 1 after Day 7 after Chronic Chronic Day 1 after Day 7 after
treatment treatment removal of removal of treatment treatment removal of removal of
dayl dayll minipump minipump dayl dayll minipump minipump
Positive
Rhythmic tongue Vehicle 1.4 (0.7) 2.0(1.2) 1.9 (1.1) 3.1(3.1) 0.1(0.1) 0 0 0
Nicotine 4.0 (2.0) 2.8 (2.1) 2.8 (1.9) 3.4(1.7) 0 0 0 0
Single tongue Vehicle 3.0(1.2) 1.9 (0.6) 2.4 (1.5) 1.4 (0.6) 4.3 (2.7) 0.3(0.2) 0.8 (0.6) 0
Nicotine 1.0 (0.5) 15(1.2) 1.5(0.7) 0.7 (0.4) 0.3(0.3) 0.5 (0.4) 0.5(0.2) 0.5 (0.3)
Paw licking Vehicle 8.1(1.6) 6.9 (1.9) 6.75 (1.5) 6.0 (1.6) 0.9 (0.4) 0 0.4 (0.3) 0
Nicotine 6.6 (2.0) 6.6 (2.0) 6.2 (1.5) 5.2 (1.0) 0.4 (0.2) 0.1(0.1) 0.5(0.2) 0
Aversive
Flails Vehicle 41(1.2) 5.1(1.6) 2.6 (1.5) 2.0(1.3) 5.8 (1.1) 9.8 (4.2) 10.8 (2.8) 15.9 (5.4)
Nicotine 3.9(1.9) 3.7 (1.9) 2.6 (0.7) 2.5(0.9) 5.4 (1.7) 7.8 (2.6) 10.4 (2.4) 12.6 (3.3)
Headshakes Vehicle 0.5(0.3) 0.5(0.2) 0.4 (0.3) 0 1.0 (0.5) 1.3(0.4) 1.0 (0.3) 1.3(0.4)
Nicotine 0.5 (0.3) 0.3(0.3) 0.7 (0.3) 0.6 (0.5) 0.8(0.2) 1.7 (0.6) 1.2 (0.3) 0.9 (0.4)
Neutral
Mouth movement Vehicle 7.5 (1.6) 6.5 (2.2) 6.8 (1.0) 3.0(0.6) 9.5 (2.5) 6.1 (1.5) 7.5 (1.3) 8.3(1.4)
Nicotine 8.5(2.3) 6.1(1.3) 5.9 (1.5) 4.2 (1.3) 8.2 (1.3) 6.8 (1.5) 9.0 (1.6) 7.4 (1.6)
Grooming Vehicle 5.8 (1.4) 4.88 (1.37) 7.13 (2.23) 8.63 (1.55) 2.3(1.1) 2.5(0.8) 2.5(0.8) 3.1(0.7)
Nicotine 3.6 (1.3) 7.1(1.8) 6.7 (1.0) 6.1 (1.0) 2.9 (1.0) 2.7 (1.4) 1.6 (0.7) 1.7 (0.7)
Behavioural
Activity
Rearing Vehicle 5.1 (0.8) 4.1 (1.0) 4.6 (0.8) 4.3 (1.0) 8.0 (1.3) 8.4 (1.4) 7.1(1.5) 9.5 (2.7)
Nicotine 3.7 (0.9) 5.5 (1.6) 4.5 (1.4) 5.8 (1.4) 5.4 (1.6) 8.4 (1.6) 7.2 (1.2) 9.7 (1.8)
Horizontal activity Vehicle 0.4 (0.4) 2.8(1.3) 0.4 (0.2) 0.4 (0.2) 4.1 (1.4) 8.4 (1.9) 4.9 (1.3) 9.4 (2.8)
Nicotine 0.3(0.2) 0.4 (0.3) 0.9 (0.5) 2.3(1.1) 5.8 (1.6) 6.5 (1.9) 4.7 (0.9) 10.1 (3.0
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Sucrose
AM251 (mg/kg)

Quinine
AM251 (mg/kg)

Response Treatment 0 1 3 10 0 1 3 10

Positive

Rhythmic tongue Vehicle 1.3 (0.6) 2.2(1.1) 1.8(1.2) 1.2 (0.5) 0.2 (0.2) 0 0 0
Nicotine 0.5(0.3) 1.2 (0.7) 1.2 (1.0) 1.4 (0.6) 0 0 0 0

Single tongue Vehicle 1.3 (0.7) 1.8 (1.0) 1.2 (0.8) 1.3(0.4) 0.8 (0.7) 0.7 (0.7) 0 0.5(0.3)
Nicotine 1.3(0.8) 1.7 (0.7) 0.8 (0.8) 0.2 (0.2) 0.5(0.2) 0.5 (0.5) 0.2 (0.2) 0.2 (0.2)

Paw licking Vehicle 6.2 (2.0) 4.0 (1.8) 1.5(1.5) 1.8 (1.8) 0.5 (0.3) 0 0.3(0.2) 0
Nicotine 5.3 (2.0) 5.0 (1.7) 5.0 (1.9) 4.0(1.8) 0.8 (0.5) 0.3(0.3) 0.3(0.3) 0

Aversive

Gapes Vehicle
Nicotine

Flails Vehicle 3.0(0.7) 2.0 (0.8) 3.2(1.2) 6.2 (5.4) 12.0 (3.7) 22.5(5.3) 25.5 (5.3) 31.3(9.3)
Nicotine 45 (2.1) 2.3(1.1) 2.7 (0.7) 2.0(1.1) 13.2 (1.7) 19.0 (5.5) 27.3(5.7) 42.8 (9.1)

Headshakes Vehicle 0.5 (0.3) 0 1.0 (0.5) 0.8 (0.8) 1.5 (0.43) 1.7 (0.6) 1.3(0.5) 3.8 (1.0)
Nicotine 1.0 (0.4) 0.8 (0.4) 1.2 (0.5) 1.2 (0.8) 2.0 (0.7) 4.0 (0.8) 4.5 (1.4) 5.5 (1.5)

Neutral

Mouth movement Vehicle 6.5 (1.8) 7.2 (1.9) 8.5(2.3) 10.0 (3.8) 9.7 (1.6) 11.0(1.3) 8.2 (1.1) 6.0 (1.9)
Nicotine 6.2 (2.0) 4.2 (1.2) 3.7(.7) 4.8 (1.7) 8.5(1.2) 7.3(1.9) 7.7 (1.7) 4.8 (0.6)

Grooming Vehicle 6.0 (1.5) 4.7 (1.1) 5.5(1.9) 6.7 (2.1) 5.7 (1.4) 3.7(11) 2.7 (1.1) 5.5(1.8)
Nicotine 6.8 (1.0) 7.7 (1.3) 8.5(2.1) 7.6 (3.0) 3.2(0.9) 45 (1.2) 3.0(1.2) 3.3(1.0)

Behavioural

Activity

Rearing Vehicle 3.5(1.3) 3.2(1.1) 2.8(1.1) 2.7 (1.5) 7.8 (2.3) 5.7 (1.4) 4.8 (2.0) 4.3 (1.7)
Nicotine 2.8 (0.8) 2.2 (0.9) 1.8 (0.7) 1.0 (0.6) 4.7 (1.2) 7.8 (2.0) 6.0 (1.9) 8.7 (1.9)

Horizontal activity Vehicle 3.3(2.4) 1.7 (1.3) 2.0(1.2) 0.8 (0.4) 9.3 (3.6) 5.3(1.6) 3.5(1.1) 11.2 (3.0)
Nicotine 3.3(1.6) 0.2 (0.2) 0.2 (0.2) 0.2 (0.2) 10.8 (4.4) 8.8 (2.7) 9.0 (3.0) 8.0 (1.2)
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FIGURES
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3

Effect of AM251 on chronic nicotine exposure - responses to sucrose
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4.

Effect of AM251 on chronic nicotine exposure - responses to quinine
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Graphical Abstract

Measurement of affective state during chronic nicotine treatment and withdrawal by
affective taste reactivity in mice: the role of endocannabinoids

Victoria C. Wing', Barbara Cagniard?, Niall P. Murphy? and Mohammed Shoaib’

1. Psychobiology Research Laboratories, Institute of Neuroscience, Newcastle University,
Newcastle Upon Tyne, NE2 4HH, UK 2. Molecular Neuropathology Group, RIKEN Brain

Science Institute, Wakoshi, Saitama, 351-0198, Japan
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Chronic nicotine treatment and spontaneous withdrawal did not influence taste reactions in mice,

whereas AM251 differentially modulated taste reactions in saline and nicotine treated mice.
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