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Abstract

Carbohydrate intake, preference, and taste thresholds may be altered in current and former
cigarette smokers, which may mediate weight gain and risk for obesity in individuals who quit
smoking. Attempts to model these effects in rodents have primarily used noncontingent nicotine
administration. The purpose of this research was to characterize changes in chow and sucrose
intake in rats during a 23-h access model of i.v. nicotine self-administration (NSA), in which rats
lever-pressed for chow, sucrose, and nicotine under concurrent fixed-ratio (FR) 1 schedules. Male
rats were assigned to one of three groups that differed in food and drug availability. The Nicotine
C+S group had concurrent access to nicotine, chow, and sucrose. The Saline C+S group had access
to saline, chow, and sucrose. The Nicotine C-Only group had access to nicotine and chow, but not
sucrose. Changes in food intake and weight gain were assessed during baseline, NSA, and nicotine
withdrawal (i.e., saline extinction). Weight gain was significantly slowed during NSA and
increased during withdrawal, but did not differ between the nicotine groups. NSA produced a
significant decrease in both chow and sucrose intake. Gradual tolerance to nicotine’s effects on
sucrose, but not chow intake, occurred. During withdrawal, chow and sucrose intake increased,
with a larger percent increase in sucrose intake compared to chow. The proportion of total food
intake from sucrose was greater at the end of withdrawal compared to baseline, indicating a
history of nicotine intake changed dietary preference. Combined, these results indicate that sucrose
intake is more resistant to nicotine’s appetite suppressant effects and withdrawal from nicotine
produces a greater increase in sweet food intake alongside general increases in chow intake.
Changes in overall food intake in current and ex-smokers may lead to increased risk for obesity
and other health problems, potentially limiting the benefit of quitting smoking.
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Introduction

The two leading causes of preventable death in the United States are smoking [1] and
obesity [2]. Within the last decade, the aggregate national cost of overweight/obesity and
smoking have been estimated at up to $209 billion [3,4] and $193 billion [1], respectively. In
the last 40+ years, overweight and obesity have increased alongside a decrease in smoking
prevalence in the United States [5] and other countries[6,7], with up to a quarter of this
increase attributable to smoking cessation [8]. Ex-smokers gain at least 4-5 kg in the first
year after quitting [9], which is associated with increased mortality, incidence of
hypertension, and impaired glucose tolerance [10]. This increase in disease risk is further
amplified in 13-33% of individuals who gain weight above this average (>15kg; [8,11,12])

Nicotine is considered the principle component in cigarettes responsible for smoking’s
effects on body weight [13,14]. Nicotine exposure via smoking in humans or direct
administration in animals results in weight loss, whereas smoking cessation in humans and
withdrawal from nicotine in animals causes weight gain [15-17]. While nicotine may affect
body weight by influencing any of the three factors involved in energy balance (i.e., food
intake, metabolism, and physical activity), investigations into nicotine’s effects on physical
activity and metabolism have been somewhat inconclusive [18-25]. In contrast, nicotine’s
effects on food intake are clearer [15-17], and estimates suggest that up to 70% of
smoking’s effects on body weight are caused by reductions in food intake [13,14].

Nicotine’s effects on energy intake may be largely facilitated by the altered consumption of
specific types of foods, particularly those high in carbohydrates. Studies of changes in
carbohydrate intake suggest that quitting smoking is associated with increased caloric intake
in the form of high sugar and high fat foods [26—28]. Furthermore, post-cessation weight
gain is correlated with total carbohydrate intake [27], which appears to drive the increase in
food intake observed within the first few days of abstinence [29]. Withdrawal from nicotine
may also produce an enhanced motivation for carbohydrates. For example, females who
abstain from smoking for 24 hours work harder to obtain carbohydrate snacks, even when
the probability of earning those snacks is decreased [29,30]. The degree to which such
fluctuations in carbohydrate intake are mediated by specific changes in taste preferences for
carbohydrates is less conclusive. There have been several reports of current smokers
showing increased sucrose preferences [31,32], while other studies have shown that current
smokers have a reduced preference for sweet solutions [33]. Examinations of sucrose
preference ratings during withdrawal have been limited, with one investigation showing that
quitting smoking increases pleasantness ratings for sucrose solutions [27], while a separate
study failed to show a change in sucrose preferences [34].

Animal models can be useful for clarifying the role of nicotine in smoking’s effects on body
weight and food intake in several ways. First, they can isolate the direct effects of nicotine
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on ingestive behaviors from other tobacco constituents. Second, they allow for the study of
central nervous system mechanisms underlying nicotine’s effects on food intake independent
of the potential effects of smoke exposure on peripheral gustatory and olfactory receptor
function and taste thresholds. Third, they allow for the preclinical evaluation of novel
pharmacotherapies for smoking cessation and weight control.

Unfortunately, animal models have not consistently replicated the specific changes in food
intake and body weights observed in human smokers and have differed between studies
depending on the route of administration used. Nicotine administration in animal models has
occurred primarily through continuous subcutaneous infusions [15,35] or multiple systemic
injections [17,36]. Only transient decreases in food intake over time have been seen during
continuous [37] and intermittent nicotine administration [19,38,39], with decreases in body
weight throughout the administration period. Increases in food intake and body weight have
not been observed following withdrawal from i.p. nicotine injections [19,39], whereas
withdrawal from continuous nicotine delivery has produced increases in food intake above
control levels and increases in weight gain back to control levels [17,37]. These studies
contrast with the human research suggesting that weight gain is greatest in the first three
months after quitting smoking [9] and that ex-smokers weigh more than nonsmokers [16].

Such discrepancies between the human and animal literature may be due to differences in
the level and pattern of nicotine exposure. These routes of administration fail to emulate the
episodic changes in plasma nicotine levels associated with cigarette smoking [40-43]
producing fewer and larger spikes (multiple injections) or no fluctuations (continuous
delivery) in plasma nicotine levels [44], compared to smoking. In contrast to multiple
injections and continuous infusions, intraveous (i.v.) administration of nicotine can produce
a pattern of plasma nicotine concentrations that are more consistent with that of smoke
inhalation, with persistent decreases in weight gain and food intake during nicotine
administration and increases during withdrawal [45,46]. However, in Grebenstein et al.
2013, withdrawal-mediated increases in weight gain and food intake following
noncontingent i.v. nicotine administration were delayed, despite evidence in smokers that
suggests increases in appetite occur within days of a quit attempt [30,47].

Although considerable human research has examined the selective effects of smoking on the
intake of different types of foods, animal research on this issue is limited. To our knowledge,
Grunberg and colleagues conducted the only studies examining the effects of nicotine on the
intake of multiple types of concurrently available foods. In these studies, males showed a
significant reduction in consumption of a sweetened solution, without any change in chow
intake during nicotine administration [48] and a slight reduction in sweet low calorie food
following high doses of nicotine delivered via minipumps [35]. Given the aforementioned
limitations of continuous infusions, the purpose of the present study was to evaluate the
generality of the findings of Grundberg and colleagues by examining the effects of nicotine
self-administration on the intake of different concurrently available foods to better model the
nature of nicotine exposure associated with smoking. A 23-h extended access model of i.v.
nicotine self-administration (NSA) was used, with chow pellets, sucrose pellets, and nicotine
all made concurrently available. In addition to its similarity to nicotine exposure in human
smokers, the i.v. NSA model was also selected for other reasons. First, it allows animals to
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consume food and nicotine together, without any experimenter-imposed regulations on food
or drug availability. Thus, as in smokers, the effects of nicotine on food intake are a function
of what’s been self-administered by (i.e., is reinforcing to) the animal rather than an
arbitrary dosing regimen that may have aversive or toxic side effects. Second, concurrent
availability allows nicotine to serve as a competing, alternative reinforcer, thereby modeling
the economic context of drug and food intake. Third, NSA produces a disruption of the
circadian regulation of food intake [46], which is unaccounted for in noncontingent studies
where nicotine is administered through continuous infusions or multiple i.p. injections.
Third, NSA eliminates the potential confounds of stress effects of noncontingent
administration on food intake (see [49]).

Material and methods

2.1. Animals

Twenty-five male Holtzman rats (Harlan, Indianapolis, IN) weighing 300-350 g at arrival
were used in this study. Upon arrival, all rats were individually housed in a temperature- and
humidity- controlled colony room with unlimited access to food and water under a reversed
12-h light/dark cycle (lights off at 11:00 h) for approximately one week. Rats were then
moved to operant conditioning chambers in a separate room under the same light/dark cycle
following recovery from catheter implantation for NSA (see section 2.4). Concurrent access
to chow pellets, sucrose pellets, and water was available within the operant chambers on a
fixed-ratio 1 (FR1) schedule. Protocols were approved by the Institutional Animal Care and
Use Committee of the Minneapolis Medical Research Foundation in accordance with the
2013 NIH guide for the Care and Use of Mammals in Neuroscience and Behavioral
Research.

2.2. Apparatus

Each operant conditioning chamber (29 cm x 26 cm x 33 cm; Coulbourn Instruments,
Allentown, PA) was made of aluminum and Plexiglas walls, an aluminum ceiling, and a
stainless steel grid floor. Two standard response levers (ENV-110RM, Med Associates) were
located on the front wall 7 cm above the chamber floor and a third response lever was
located on the back wall 7 cm above the chamber floor, for the delivery of nicotine. Standard
grain pellets: 45 mg Rodent Dustless Precision Pellets (formula PJAI, TestDiet, Richmond,
IN, USA, total Kcal/g: 3.303; breakdown: 0.796 protein, 0.345 fat, and 2.162 carbohydrate)
were dispensed via a feeder (ENV-203M-45, Med Associates) into a food receptacle on the
front wall located between two levers. Sucrose pellets: 45 mg Rodent Dustless Precision
Pellets (formula PJFSC, TestDiet, Richmond, IN, USA; 45g; total Kcal/g: 3.404;
breakdown: 3.404 carbohydrate) were dispensed via a feeder into a food receptacle on the
back wall between a water bottle and another lever. Stimulus lights were located 2 cm above
all three levers. At the start of the experiment, the nicotine lever was not present. Water was
continuously available via a spout mounted on the back wall of the chamber, to the left of
the food receptacle. Each chamber was placed inside a sound-attenuating cubicle equipped
with an exhaust fan that provided masking noise, and was equipped with a fluorescent light
that provided ambient illumination during the light-on phase of the light cycle. Infusion
pumps (Model RHSY, Fluid Metering, Syosset, NY) placed outside each cubicle delivered
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infusions through tygon tubing connected to a fluid swivel mounted above the chamber, and
from the swivel through the spring leash connected to a guide cannula mounted in a harness
assembly on the back of the rat. Med-PC 1V (Med Associated, St Albans, VVT) software was
used for operating the apparatus and recording data.

Nicotine bitartrate (Sigma Chemical Co., St. Louis, MO) was dissolved into sterile saline.
The pH of the solution was adjusted to 7.4 with dilute NaOH, and heparin (30 units/ml) was
added to help maintain catheter patency. Nicotine doses are expressed as the base.
Methohexital (Sigma Chemical Co., St. Louis, MO) was dissolved in sterile saline (0.1ml,
10 mg/ml, i.v.) and used to assess catheter patency.

Each rat was implanted with a chronic indwelling catheter into the right jugular or femoral
vein under ketamine (100.00 mg/kg, i.m.)/dexmedetomidine (0.25 mg/kg, i.m.) anesthesia,
with atipamezole (1.00 mg/kg, s.c.) for reversal following surgery. The catheter was
externalized between the scapulae and attached to a vascular-access harness (VAH95AB,
Instech Laboratories, Plymouth Meeting, PA) that allowed connection to a fluid swivel via a
tether for nicotine administration. Animals were allowed to recover for at least four days
after surgery, during which time they received daily i.v. infusions of ceftriaxone (5.00 mg/
day) and buprenorphine (0.10 mg/kg, s.c.; first 2 days only) for analgesia. When necessary,
catheter patency was verified using methohexital (1.50 mg, i.v.). Catheter occlusion, as seen
by failure to exhibit signs of anesthesia, resulted in the implantation of a new catheter in the
left femoral vein or exclusion from the study if the second catheter failed. The total number
of animals that received a femoral implant during the course of the investigation was 4, out
of 25.

2.5. Food intake and drug self-administration procedure

The experimental protocol was divided into three phases that each lasted at least 10 days and
until behavior stabilized (see below). Sessions were 23-h/day, and body weights were
measured daily during the final 1 hour period of the light cycle, when housekeeping duties
were performed. During the baseline phase, standard grain pellets (hereafter referred to as
‘chow’ pellets) and sucrose pellets were each available under an FR1 schedule of
reinforcement on separate levers (described in section 2.2). Each lever press for chow and
sucrose was accompanied by a 1 second presentation of a white cue light directly above the
food lever(s). Heparinized saline (see section 2.3) was administered daily via programmed
infusions (30/inf/day) during baseline to maintain catheter patency. Total food intake, chow
intake, and sucrose intake were measured daily. Following stable chow and sucrose intake,
defined as <20% coefficient of variance over five consecutive days without any trends, the
treatment phase began. Stability criteria for food intake were determined based on the
observed variability in sucrose intake across days, particularly for those animals that
consumed less than 100 pellets per day of sucrose. At the start of the treatment phase, the
nicotine lever was introduced into the chambers and nicotine was available under an FR1
schedule of reinforcement. Following each lever press, the stimulus light above the nicotine
lever was illuminated for 7 seconds and nicotine (0.06 mg/kg/inf) was infused in a volume of
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100 pl/kg at a rate of 50 pl/s. This training dose was chosen because it is readily self-
administered and has been shown in previous studies to produce reliable decreases in weight
gain and food intake [45,46]. Acquisition of NSA was defined as a minimum of 10 infusions
per day, and was considered stable when the coefficient of variance was less than 15% and
there were no obvious trends over five consecutive days. Following stable NSA, the
extinction phase began, and nicotine was replaced with saline. Stable extinction of NSA was
defined as a >50% decrease in infusions per day and no visible trends over five consecutive
days.

Prior to the start of the experiment, rats were randomly assigned to one of three groups that
differed in food and drug availability. The Nicotine C+S group (n = 9) had concurrent access
to chow, sucrose, and nicotine during the treatment phase (described above). The Saline C+S
group (n = 8) had concurrent access to chow, sucrose, and saline. To control for changes in
food intake and weight gain over time, each Saline C+S control animal was yoked to a
Nicotine C+S rat, such that when a Nicotine C+S rat achieved stability and moved on to the
next phase, so did its yoked Saline C+S rat. The final group, Nicotine C-Only, had
concurrent access to chow only and nicotine. This group was included as a control for the
potential for sucrose availability to decrease drug self-administration and therefore attenuate
the expected decrease in body weight and food intake. Responses on the third (inactive)
lever for this group were recorded but had no programmed consequences. Stability was
defined as at least 10 infusions, with a coefficient of variance <20%, no visible trends, and a
2:1 active:inactive lever response rate.

2.6. Data Analysis

2.6.1. Nicotine self-administration—The mean number of infusions during the first 10
days and the last day of the treatment phase were analyzed using a two-way ANOVA,
followed by Holm-Sidak multiple comparisons tests to analyze differences between the three
groups on each day. The same approach was used to analyze changes in the mean number of
infusions between the three groups during the extinction phase.

2.6.2. Body weight—Stable body weight was recorded over the final five consecutive
days of baseline. Changes in body weight during the final four days of baseline were
expressed as a percent change of body weight on the first stable baseline day to measure the
rate of weight gain at baseline. During the treatment phase, daily changes in body weight
over the first 10 days were calculated relative to the last five stable days of the baseline
phase and plotted as percent change in body weight (g) over time. Body weight change
during the extinction phase was calculated similarly, with body weight during the first 10
days of extinction expressed as a percent change of the final five stable days of the treatment
phase. Linear regression analyses were used to determine if the rate of weight gain (i.e.,
slope) between the three groups differed. A two-way ANOVA was then used to compare the
percent change in body weight between groups, followed by Holm-Sidak post-hoc tests with
each phase analyzed separately, to compare groups at each of the first 10 days of baseline,
treatment, and extinction.
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2.6.3. Daily time course of absolute chow and sucrose intake—Mean absolute
chow intake over the final five days of baseline and the first 10 days of each phase was
analyzed using two-way ANOVAs. Post-hoc tests with Dunnett’s corrections for multiple
comparisons were used for daily within group comparisons of chow intake relative to the
mean of the final five days of the previous phase. Post-hoc tests with Holm-Sidak
corrections for multiple comparisons were used to determine differences between all three
groups. Absolute sucrose intake was analyzed similarly.

2.6.5. Total food intake at stability during each phase—The mean total food intake
across the last five sessions of each phase (i.e., stability) was compared between the Nicotine
C+S, Nicotine C-Only, and Saline C+S groups, using a two-way ANOVA, with phase and
group as factors. Holm-Sidak post-hoc tests were used to analyze differences in total food
intake between the three groups at each phase and Dunnet’s post-hoc tests were used to
compare the baseline phase to each other phase, within each group.

2.6.6. Chow and sucrose intake at stability during each phase—Absolute chow
and sucrose intake were analyzed the same as total food intake (see section 2.6.5.). In
addition, stable chow and sucrose intake within the Nicotine C+S group, during the
extinction phase, was expressed as a percentage of intake during the treatment phase. These
data were not normally distributed; therefore a Wilcoxon test was used to compare the
percent change in chow and sucrose intake within the Nicotine C+S group during stable
extinction.

2.6.7. Dietary preference during each phase—Stable sucrose intake during baseling,
treatment and extinction was calculated as a proportion of total food intake during each
phase. A two-way ANOVA was used to analyze differences in the relative proportion of
sucrose pellets during stability for each of the three phases between the Nicotine C+S and
Saline C+S groups. Holm-Sidak post-hoc tests were used to compare the sucrose proportion
of total food intake between the two groups for each phase and Dunnett’s post-hoc tests
were used to compare phases within the groups.

2.6.8. Nicotine C-Only—Because total food intake, weight gain, and nicotine self-
administration were similar between the Nicotine C+S and Nicotine C-Only groups (see
supplementary materials), only the Nicotine C+S and Saline C+S groups are shown in most
figures for clarity.

self-administration

Figure 1 shows the mean number of infusions earned throughout the treatment and
extinction phases for all three groups. During the first 10 days of treatment, there was a main
effect of group (F(2, 22) = 7.6; p < 0.01) and day (F(10, 220) = 7.7; p < 0.01) on mean
number of infusions. There was no significant group x day interaction. Post-hoc tests
revealed that the mean number of infusions obtained between the two nicotine groups did
not differ. Both the Nicotine C+S and Nicotine C-Only groups earned more infusions
compared to the Saline C+S group. There was no difference in the mean £ SEM number of
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days it took to acquire NSA (defined as the number of days until stable) between the
Nicotine C+S (22.6 + 2.5) and Nicotine C-Only (19.5 + 3.2) groups.

During the first 10 days of extinction (Figure 1), there was a main effect of group (F(2, 22) =
13.8; p < 0.01) and day (F(10, 220) = 11.6; p < 0.01) on the mean number of infusions, and a
significant group x day interaction (F(20, 220) = 3.1; P < 0.01). Post-hoc tests revealed that
the mean number of infusions obtained between the two nicotine groups did not differ at any
time point. The Nicotine C+S and Nicotine C-Only groups obtained more infusions
compared to the Saline C+S group. There were no differences between the nicotine groups
and the Saline C+S group on the final day of extinction, verifying extinction of lever
pressing in the nicotine groups.

3.2. Body weight

Figure 2 shows the percent change in body weight over the first 10 days of treatment (Figure
2a) and extinction (Figure 2b). The rate of weight gain over the final four days of the
baseline period (data not shown) did not differ between the three groups, although the
Nicotine C-Only group gained more weight on the final day of the baseline phase compared
to the Nicotine C-S and Saline C-S groups. Mean weight gain (+ SEM) was 3.2% + 1.1,
3.1% £ 1.1, and 5.4% £ 1.7, for the Saline C+S, Nicotine C+S, and Nicotine C-Only groups,
respectively. During the first 10 days of treatment (Figure 2a), there was a significant main
effect of group (F(2, 22) = 19.1; p < 0.01) and day (F(10, 220) = 11.5; p < 0.01) on weight
gain, and a significant group x day interaction (F(20, 220) = 5.8; p < 0.01). Post-hoc tests
revealed that there was no significant difference in weight gain between the two nicotine
groups at any time point. There was a significant decrease in weight gain on all but the first
day of the treatment phase in the Nicotine C+S group compared to the Saline C+S group,
and decreased weight gain on all but the first two days of treatment in the Nicotine C-Only
group compared with the Saline C+S, indicating a decrease in daily weight gain during
NSA. In addition, linear regression analyses showed a significant difference in slope
between the Saline C+S group and the Nicotine C+S (F(1, 183) = 34.1; p < 0.01) and
Nicotine C-Only (F(1, 172) = 31.1; p < 0.01) groups during the first 10 days of the treatment
phase, indicating that NSA decreased the overall rate of weight gain.

During the first 10 days of extinction (Figure 2b), there was a significant main effect of
group (F(2, 22) = 10.7; p < 0.01) and day (F(10, 220) = 127.5; p < 0.01) on daily weight
gain, and a significant group x day interaction (F(20, 220) = 6.2; p < 0.01). Post-hoc tests
revealed that there was no significant difference in weight gain between the two nicotine
groups during this period. There was a significant increase in daily weight gain between the
Nicotine C+S group and the Saline C+S group after day two, and increased daily weight
gain in the Nicotine C-Only group compared with the Saline C+S group after day three,
indicating that withdrawal from nicotine increased daily weight gain. In addition, linear
regression analyses between the groups revealed a significant difference in slope between
the Saline C+S group and the Nicotine C+S (F(1, 183) = 28.5; p < 0.01) and Nicotine C-
Only (F(1, 172) = 18.6; p < 0.01) groups during the extinction phase, indicating that NSA
withdrawal increased the overall rate of weight gain.

Physiol Behav. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bunney et al. Page 9

3.3. Food intake

3.3.1. Daily time course of total food intake—Figure 3a shows the mean total food
intake for the Nicotine C+S and Saline C+S groups at baseline and during each of the first
10 days and the final day of the treatment and extinction phases. There was a significant
main effect of group (F(2,22) = 28.78; p < 0.01) and day (F(12,264) = 9.27; p <0.01) on
total food intake during the treatment phase, and a significant group by day interaction
(F(24,262) = 3.22; p < 0.01). There was no significant difference in total food intake in the
Saline C+S group on any of the treatment days relative to baseline. In contrast, total food
intake in the Nicotine C+S group was decreased throughout the treatment phase, relative to
baseline. There were significant group differences in total food intake during the treatment
phase, indicating that nicotine self-administration reduced total food intake.

There was a significant main effect of day (F(12,264) = 10.86; p < 0.01), but not group, on
total food intake during the extinction phase. There was also a significant group by day
interaction (F(24,264) = 2.26; p <0.01) during the extinction phase. Compared to total food
intake at the end of the treatment phase, there were no significant differences in total food
intake in the Saline C+S group. In contrast, the Nicotine C+S group consumed more total
food throughout the extinction phase, relative to the treatment phase. There were significant
group differences on only the first two days of the extinction phase, indicating that total food
intake returned back to control levels.

3.3.2. Daily time course of absolute chow and sucrose intake—Figure 3b shows
absolute chow intake at baseline and during each of the first 10 days and final day of the
treatment and extinction phases. There was a significant main effect of group (F(2,22) =
11.03; p < 0.01) and day (F(12,264) = 7.42; p < 0.01) on chow intake during the treatment
phase, and a significant group by day interaction (F(24,262) = 2.81; p < 0.01). Absolute
chow intake in the Nicotine C+S group was decreased on all days of the treatment phase,
relative to baseline. Significant group differences in chow intake were evident in the first
week of the treatment phase. During the extinction phase, there was a significant main effect
of group (F(2,22) = 18.10; p < 0.01) and day (F(12,264) = 7.60; p < 0.01) on chow intake,
and a significant group by day interaction (F(24,262) = 2.01; p < 0.01). Compared to the
treatment phase, chow intake was increased on all days of the extinction. However, there was
no significant difference in chow intake between groups, indicating that chow intake
returned to saline controls levels.

Figure 3c shows the mean absolute sucrose intake at the same points as Figure 3a. There was
a significant main effect of day (F(11,165) = 2.89; p < 0.01), but not group, on sucrose
intake during the treatment phase, and a significant group by day interaction (F(11,165) =
2.01; p < 0.01). There was a significant difference in the Saline C+S group on the final day
of the treatment phase, relative to the final five days of baseline, indicating a natural rise in
sucrose intake over time in the control group. Compared to baseline, absolute sucrose intake
in the Nicotine C+S group was transiently decreased during the first week, but not during the
final days of the treatment phase, suggesting tolerance or resistance to nicotine’s suppressant
effects on sucrose intake. There were no significant differences in daily sucrose intake
between the Nicotine C+S and Saline C+S groups during the treatment phase. There was a
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significant main effect of day (F(11,165) = 2.14; p < 0.05), but not group, on sucrose intake
during the extinction phase, and a significant group by day interaction (F(11,165) = 2.94; p <
0.01). Sucrose intake did not change during extinction in the Saline C+S Group, relative to
intake during treatment, on any day. Compared to the treatment phase, absolute sucrose
intake was increased during all but the first day of the extinction phase in the Nicotine C+S
group. There were no significant differences in daily sucrose intake between groups during
treatment.

3.3.2. Total food intake at stability during each phase—Figure 4 shows the mean
total food intake at the end of each phase in the Saline C+S and Nicotine C+S groups. There
was a significant main effect of phase (F(2, 44) = 23.0; p < 0.01), but not group, and a
significant group x phase interaction (F(4, 44) = 5.8; p < 0.01). Post-hoc tests revealed there
were no differences in total food intake across phases in the Saline C+S group. Within group
comparisons indicated a significant decrease in total food intake during treatment compared
to baseline and extinction in the Nicotine C+S group, and a persistent decrease in food
intake during extinction relative to baseline, indicating that total food intake did not return to
baseline levels. There was a significant difference in total food intake during the treatment
phase between the Nicotine C+S and Saline C+S groups. There was no difference between
groups in total food intake during the baseline and extinction phases.

3.3.3. Absolute chow and sucrose intake at stability during each phase—Figure
5a shows absolute chow and sucrose intake for the Nicotine C+S and Saline C+S groups
during the final five days of each phase. There was a significant main effect of phase (F(2,
44) = 29.3; p < 0.01) and group (F(2, 22) = 11.1; p < 0.01), on absolute chow intake. There
was also a significant phase x group interaction (F(4, 4) = 3.0; p < 0.05). Post-hoc tests
revealed there was no difference in chow intake in the Saline C+S group for any of the
phases. There was a significant decrease in chow intake during the treatment and extinction
phases compared to the baseline phase in the Nicotine C+S group, and a significant increase
in chow intake during extinction compared to treatment. There was no significant difference
in chow intake between the Nicotine C+S and Saline C+S groups for any of the phases.

There was a significant main effect of phase (F(2, 30) = 6.0; p < 0.01), but not group, on
absolute sucrose intake, and a significant phase x group interaction (F(2, 30) = 6.4; p <
0.01). Post-hoc tests revealed there was no change in sucrose intake across phases in the
Saline C+S group. There was no significant difference in sucrose intake in the Nicotine C+S
group between the baseline and treatment phases. There was a significant increase in sucrose
intake in the Nicotine C+S group during extinction relative to baseline and during treatment.
There was no difference in sucrose intake between groups during any phase.

Figure 5b shows the percent change in sucrose and chow intake during extinction relative to
the treatment phase for the Nicotine C+S group. The percent increase in sucrose intake
(Median: 150.9%; Range: 94.7 — 782.3%) during extinction was significantly greater than
the percent increase in chow intake (Median: 124.9%; Range: 85.9 — 227.1%) during this
time (W = 43.00; p < 0.01), indicating a preferential increase in sucrose intake following
withdrawal from nicotine.
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3.3.4. Dietary preference during each phase—Figure 6 shows stable sucrose intake
during each phase, expressed as a proportion of total food intake, in each group. There was a
significant main effect of phase (2, 30) = 6.5; p < 0.01), but not of group, on the proportion
of sucrose pellets during each phase. There was no significant phase x group interaction.
There was no change in the proportion of sucrose pellets consumed between any of the
phases for the Saline C+S group. There was no significant change in the proportion of
sucrose pellets in the Nicotine C+S group during the treatment phase. However, there was a
significant increase in the proportion of sucrose pellets consumed during the extinction
phase, compared to baseline in the Nicotine C+S group. There was no difference in the
proportion of sucrose pellets between the groups for any phase.

Discussion

To our knowledge, this is the first study to examine the differential effects of self-
administered nicotine on concurrent intake of different food types. In summary, the present
study found that NSA reduced food intake, whereas extinction of NSA (i.e., nicotine
withdrawal) increased food intake. Compared to chow intake, sucrose intake was more
resistant to the effects of NSA, but more sensitive to the effects of withdrawal, such that the
percent increase in sucrose intake was greater than the percent increase in chow intake
during withdrawal. In addition, a larger proportion of calories were consumed from sucrose
during nicotine withdrawal than were consumed prior to nicotine administration. Consistent
with these changes in food intake, weight gain was slower during NSA and faster during
withdrawal.

4.1. Nicotine self-administration

4.1.1. Effects of food availability on NSA—The Nicotine C+S and Nicotine C-Only
groups earned a similar number of infusions during the treatment phase, indicating that
concurrent free access to an alternative reinforcer does not reduce NSA. This is consistent
with other studies demonstrating that concurrent access to sucrose and nicotine in limited
access sessions does not decrease rates of NSA [50,51], unless sucrose availability is
contingent upon abstaining from nicotine [50]. Moreover, rats in the present study showed
robust NSA despite having ad /ibitum access to food, which is consistent with other studies
showing that food deprivation is not required for nicotine to serve as a reinforce [52,53].

4.1.2. Effects of NSA on total food intake and body weight—O’Dell et al. (2007)
was the first study to characterize the effects of self-administered nicotine on changes in
food intake. Similar to what was described that study, NSA in the present study resulted in a
decrease in bland food intake. However, the time course of daily changes in weight gain
were not compared against a saline control group and withdrawal effects were not examined
in that study. The present study extends the findings from O’Dell et al. (2007) by showing
that both daily body-weight gain and food intake decrease during NSA and increase
following withdrawal from nicotine. In addition, the present study shows that the effects of
NSA and withdrawal are moderated by the availability of multiple food types (see sections
4.13.and 4.2.2)).
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The decrease in body weight produced by NSA in the present study is similar to that
produced by noncontingent nicotine administration reported in other studies [17,35,39,45].
However, the effects of NSA on total food intake differed somewhat from previous studies
using noncontingent systemic nicotine administration. Although the reduction in total food
intake in the present study was similar to what’s been seen during the first few days of
noncontingent intermittent i.p. or continuous s.c. nicotine administration [17,39], the lack of
tolerance in both nicotine groups in the present study contrasts with these previous studies.
The different routes of administration may account for these discrepancies. The effective
level of nicotine exposure in the present study and a previous noncontingent i.v. nicotine
administration study (~1.5 mg/kg/day; [45]) was significantly lower than the daily nicotine
exposure required to induce changes in food intake during noncontingent continuous
infusion or multiple, daily i.p. injections (12.00 or 4.00 mg/kg, respectively; [35,39]). Thus,
because the degree of tolerance is usually greater with more continuous exposure to higher
doses [54], the lower tolerance in the present study would be expected. However, serum and
brain nicotine concentrations were not measured in the present study, and such
concentrations following i.v. infusions could be similar to that achieved with higher daily
doses from continuous or intermittent s.c. administration [41,55].

Several other factors may contribute to discrepancies between the present and previous
studies. First, because total food intake in prior investigations was measured as changes in
chow intake only (i.e., it was the only food available), it is possible that tolerance to
nicotine’s effects depends upon the number of available foods. However, the lack of
tolerance effects in both nicotine self-administration groups in the present study (see also:
supplementary materials) does not support such interpretation. Second, the contingency of
drug administration may be an important factor. Noncontingent nicotine administration
produces an enhanced stress response, as seen by persistent elevations of corticosterone [49].
Thus, because it can alter levels of feeding neuropeptides [56] and suppress food intake [57],
stress may contribute to the effects of noncontingent nicotine administration. Furthermore,
because smoking tends to reduce stress in humans [58,59], nicotine dosing regimens that can
induce stress are less desirable for studying food intake. Third, compared to prior studies,
the effort to consume food was somewhat greater in the present study because of an imposed
operant response requirement, which might lead to a slower rate of food consumption
compared to that when food is available en mass. Because effort and reinforcement rate or
delay can modulate tolerance to drug effects on food maintained behavior [60-62], this may
account for differences in the degree of tolerance across studies. Finally, differences in rat
strain and age between studies may also be important factors.

4.1.3. Effects of NSA on chow and sucrose intake—The present study extends
O’Dell et al. (2007) and our previous study [63], by describing the effects of self-
administered nicotine on concurrent intake of different types of food. Because human
smokers have concurrent access to different freely available foods, the present study
improves the ecological validity of animal models to examine factors that mediate the
relationship between nicotine and food intake. Total food intake and weight gain during the
baseline and treatment phases did not differ between the two nicotine groups, indicating that
total caloric intake was not influenced by sucrose availability. The proportion of food intake
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from sucrose at baseline in the Nicotine C+S and Saline C+S groups was 26% and 27%,
respectively. This falls within the percentage of calories from sugar consumed by humans,
which is around 15% in adults [64,65] and as high as 40% in children and adolescents [66].
These findings support the external validity of the present model.

The duration of nicotine’s effects on food intake was dependent upon the type of food
available, in that tolerance developed to a greater degree for sucrose intake compared to
chow intake. The resistance of sweet food intake to nicotine’s anorectic effects suggests that
decreased weight gain in smokers may be attributable, in part, to a selective decrease in non-
sweet food intake. In addition, the trend for the proportion of sucrose intake to increase
during NSA and further increase during withdrawal, suggests that increased sugar preference
is a potential mechanism for the increased risk of insulin resistance seen in human smokers
[67-69]. This has important implications for understanding the development and treatment
of health problems associated with post-cessation weight gain. Specifically, that
interventions targeting carbohydrate intake may be important.

Few studies have examined the effects of noncontingent nicotine on the intake of multiples
food types using an animal model, and our findings bare some similarities and differences to
them. In Grunberg et al. (1985), male rats were given ad /ibitum access to nonsweet chow
and sweetened chow. Nicotine was administered via minipumps and food intake and body
weight was averaged over a stable period of intake and within the first six days after the
pump was removed. Whereas weight gain decreased in animals with concurrent access to
nonsweet and sweet foods in the present study, weight gain was largely unchanged in
Grunberg et al. (1985). The relative resistance of sweet food intake to nicotine was
consistent with the transient decrease in sweet food intake in the present study. However, in
Grunberg et al. (1985), bland chow intake during nicotine administration was not decreased
at all. Similar to the differences in total intake between this and other studies, the differences
in sucrose intake and weight gain may be due to differences in the nicotine dosing regimen
(high dose continuous infusion v. low dose self-administration) and the route of
administration (subcutaneous v. intravenous), which may have led to differences in serum
nicotine levels and stress hormones. For example, chronic stress has been shown to produce
distinct changes in carbohydrate metabolism and weight gain [70,71]. Another difference
between the studies was the composition of the diet. The sweet food in Grunberg et al.
(1985) was identical in composition to the nonsweet food, except for the addition of
saccharin to increase sweetness. In contrast, the current study used sucrose pellets, and it is
possible that the relative palatability of the alternative foods differed between studies.
Finally, access to food also differed somewhat between the studies. In the current study, an
operant response requirement was imposed for animals to obtain food, whereas unlimited
food was presented all at once in the Grunberg et al. (1985) experiment. These differences in
protocols could account for the differences in food intake between the two studies.

4.2. Nicotine Withdrawal

4.2.1. Effects of extinction on total food intake and body weight—Both nicotine
groups gained weight at a faster rate during nicotine withdrawal, compared to the saline
group. This change was also reflected in the absolute mean weight gain from the last day of
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the treatment phase to the last day of extinction for the Nicotine C+S and Nicotine C-Only
groups that gained an average of 69g and 78g, respectively, compared to ~41g in the Saline
C+S group during this period. While the absolute body weights (mean + SEM) for the
Nicotine C+S (4069 * 6.5g) and Nicotine C-Only (4129 £ 6.0g) groups at the end of
extinction were not back up to or above saline control levels (518g + 4.0g), as has been
reported within the human literature [16], this is not unexpected. Rodents, as opposed to
humans, continue to grow well into adulthood [72]. Therefore, weight gain was analyzed as
a rate of weight change in the present study.

The observed increase in total food intake during extinction in the present study provides
further support for the notion that increased weight gain following smoking cessation is
largely attributable to increased food intake. Withdrawal mediated increases in food intake in
the present study were generally similar to previous investigations in which nicotine was
administered noncontingently [17,37,45]. Withdrawal from both self-administration and
noncontingent administration produced increases in total food intake back to control levels
[17,19,37,39,45,63]. However, weight gain was not increased relative to controls during
nicotine withdrawal following i.p. injections, despite food intake returning back to baseline
levels [39]. Withdrawal-mediated increases in total food intake and weight gain more closely
resembling the effects described in the present study, have been seen in investigations where
nicotine was administered continuously through minipumps [37]. As previously discussed,
discrepancies in route or contingency of administration could influence changes in nicotine
metabolism and stress that may lead to differential effects once treatment is stopped.
Likewise, nicotine dose may play an important role in post-cessation weight gain, as
increases in weight gain during withdrawal in previous studies were seen only when very
high doses of nicotine were administered continuously (9 mg/kg/day; [37]).

4.2.2. Effects of extinction on chow and sucrose intake—In the present study,
there was an increase in both chow and sucrose intake during withdrawal from NSA. In
contrast, Grunberg et al. (1985) failed to show an increase in bland chow intake alongside
the increase in sweet food intake during the first six days of withdrawal. It is unknown
whether these changes would have persisted, as withdrawal effects were not measured
beyond this period. Nevertheless, both studies suggest that withdrawal from nicotine
produces a greater increase in sweet food consumption, suggesting the selective effect of
nicotine withdrawal on sucrose intake generalizes across different models of nicotine
exposure.

Although both chow and sucrose intake was increased during withdrawal, the proportion of
sucrose consumed was greater relative to chow. This increase in the proportion of sucrose in
the diet may have important clinical implications. Meta-analyses have shown an association
between increased sugar intake and increased body weight (and vice versa), and an increased
odds ratio (1.55) of becoming obese in individuals who consume high amounts of sugar-
sweetened beverages [73]. The proportion of sucrose intake consumed in the present study
increased from baseline by 10% (from 26% to 36%), a particularly large increase for such a
short period of time and twice the increase compared to the Saline C+S group (5%; from
27% to 32%). It is possible that a similar increase in ex-smokers could limit or delay the
benefits of quitting smoking by increasing their risk for obesity-related diseases [74,75]. For
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example, it may take ex-smokers >10 years to decrease their risk for diabetes [76,77]
coronary heart disease [78], hypertension [79,80], and impaired lung function [81], because
the beneficial effect of quitting smoking decreases proportionally for every kilogram of
weight gained [82,83]. The animal model in the present study provides a means for
investigating potential mechanisms underlying the selective changes in carbohydrate intake
associated with nicotine withdrawal and treatments targeting this aspect of food intake to
reduce post-cessation weight gain.

4.3. Potential mechanisms

4.3.1. Reinforcement enhancement—The findings from the present study are
seemingly inconsistent with previous research demonstrating that nicotine enhances the
reinforcing efficacy of sucrose and that withdrawal from nicotine leads to reward
devaluation. Numerous studies have shown that acute noncontingent nicotine administration
increases responding for sucrose under fixed-ratio [84] and progressive-ratio schedules
during limited access to nicotine [85-87]. In contrast, NSA in the present study only
produced a transient decrease in sucrose intake. One reason for this discrepancy may be that
unlimited food intake is relatively insensitive to increases in reinforcer efficacy because it
allows satiation to occur, which decreases the reinforcing efficacy of food. Reinforcement
enhancement per se is best studied when access is limited enough to avoid confounding
effects of satiation. Therefore, the present findings may better reflect the effects of nicotine
on homeostatic mechanisms regulating food intake (e.g., satiety and related feeding
neuropeptides).

4.3.2. Central nervous system mechanisms—In human smokers, the direct effects of
nicotine per se on food reinforcement are confounded by the effects of cigarette smoke on
taste thresholds via interaction with taste receptors in the mouth. For example,
electrophysiological studies have found that a majority of smokers have elevated taste
thresholds and fewer and flatter papillae compared to nonsmokers [88]. Furthermore, dose
pack years are positively correlated with taste thresholds [34] and negatively correlated with
the ability to correctly identify odors in current and past smokers [89]. However, switching
to reduced nicotine content cigarettes lowers taste thresholds and increases self-reported
eating, suggesting that the central effects of nicotine can influence food intake [31,90,91].
The present study provides further support for this notion. Because nicotine was
administered intravenously, changes in sucrose intake were due to the central effects of
nicotine, independent of peripheral effects on gustatory receptors.

The observed changes in total food intake in the present study may be mediated through
nicotine’s actions on feeding-related central or peripheral neural mechanisms. For example,
nicotine may act on nicotinic acetylcholine receptors (nAChRs) located on trigeminal
afferents in the oral cavity, the nucleus of the solitary tract (NTS), or on Neuropeptide-Y
(NPY) and proopiomelanacortin (POMC) neurons within the hypothalamus. (For a
comprehensive review on the role of nicotine and nAChRs in energy homeostasis, see [92]
and [93].) Studies evaluating the effects of self-administered nicotine could help clarify
nicotine’s specific effects on these systems, while minimizing its effects on stress-related
systems. Following nicotine cessation, a potential target for the specific changes in
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carbohydrate intake seen in the present study are withdrawal-mediated decreases in
serotonin. Because nAChR’s are located on serotonergic neurons and their activation
increases serotonin release [94] and inhibits the production of NPY [95], removal of this
inhibition following smoking cessation may lead to a compensatory increase in carbohydrate
intake. Finally, orexin signaling in arcuate nucleus may be of interest, given the increase in
orexin A mRNA that has been observed after NSA [96]. Future studies will be helpful for
clarifying the relative contribution of these systems.

4.3.3. Relief of withdrawal—Nicotine may also alter carbohydrate intake through
behavioral mechanisms. For example carbohydrates may serve as a substitute for nicotine
during withdrawal. The loss of one reinforcer (e.g., nicotine) could increase responding for
another available reinforcer (e.g., sucrose), depending on the extent to which the two
reinforcers were economic substitutes for one another [97]. The increase in sucrose
preference during withdrawal suggests that sweet foods may be better able to substitute for
nicotine. The increase in sucrose preference in the present study is also similar to human
studies showing that carbohydrate intake is positively correlated with withdrawal symptoms
during smoking abstinence [30,34,47], suggesting that individuals may attempt to mitigate
withdrawal symptoms by increasing their carbohydrate intake. Consistent with this notion,
human clinical data have shown that chewing glucose tablets can increase abstinence from
smoking when combined with traditional pharmacotherapies [98] and reduce the severity of
withdrawal symptoms [99]. Animal models of nicotine self-administration can be used to
determine the extent to which nicotine and sucrose are economic substitutes for one another
and the underlying neural mechanisms of this relationship.

4.4. Limitations

There are several limitations of the present study. First, because animals in the Nicotine C+S
group were underweight, it is unknown to what extent the increase in sucrose preference was
driven by withdrawal from nicotine per se or the history of reduced food intake and body
weight. Although there was no pair-fed or weight matched group to control for this
possibility, this seems unlikely. Food restriction has been shown to increase preference for
palatable non-sweet nutrients (e.g., starch, fat) over iso-caloric sweet nutrients (e.g.,
[100,101]). Therefore, since chow was a relatively non-sweet nutrient and the only source of
fat in the present study, preference for sucrose would be expected to be lower in food-
restricted pair-fed controls. However, it will be important to examine whether other means of
reducing food intake and body weight (e.g., noncontingent of self-administered exposure to
other stimulants) might modulate sucrose preference to determine whether the present
findings are specific to nicotine.

Second, these results cannot be generalized to nicotine’s effects on more calorically dense
foods. Providing access to sucrose pellets that were calorically similar to chow pellets in the
present study allowed for the examination of nicotine’s effects on intake of sweet tasting
food per se, by controlling for the potential confound of increased caloric content. However,
it is likely that the sweet foods consumed by humans are higher in calories, and this is not
accounted for in the present model. Second, although concurrent access to two different
types of food was arranged, we cannot rule out that changes in food intake, body weight, and
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NSA would be differentially affected had we provided access to highly palatable, high fat
foods in addition to or instead of sucrose. Further increasing the variety of available food
would more accurately simulate the vast array of food choices available to human smokers.

Third, because only one dose of nicotine was self-administered in the current study, the dose
response relationship between self-administered nicotine and sucrose intake is unknown. In
light of potential FDA-mandated reductions in the nicotine content of tobacco products
[102-104], characterizing the effects of low doses of nicotine on food intake and weight gain
will be particularly important. Given the well-documented relationship between quitting
smoking and weight gain [5,13,16], it is possible that reductions in the content of nicotine in
cigarettes could produce population-wide increases in obesity and obesity-related disease.

Fourth, the rates of self-administration in the present study are comparable to the upper limit
of what has been reported in individual smokers (up to 1.38 mg/kg; [105]). Because the
human literature suggests that nicotine’s effects on body weight are dose dependent
[12,27,106], the results from the present study may most relevant to changes in body weight
and food intake in heavier smokers.

Lastly, sex differences in NSA, food intake, and weight gain were not examined. It has been
well documented in smokers that post-cessation weight gain is the largest in females and that
fear of weight gain is a significant barrier to quitting in females. Studying females in this
area will be critical to a comprehensive assessment of the individual variability in the effects
of nicotine and withdrawal on food intake and weight gain and their underlying mechanisms.

Conclusions

Despite its limitations, the present study advances animal models of smoking’s effects on
food intake and body weight. Primary advantages of the model include a) allowing nicotine
to be self-administered concurrently with multiple types of food, as it is in smokers, b)
achieving doses and patterns of nicotine administration and resulting serum and brain
nicotine concentrations that are more comparable to smoking, and c¢) avoiding confounding
stress effects of noncontingent nicotine administration. The decreased food intake and
weight gain during nicotine administration and increased intake and weight gain during
withdrawal observed in the present model more consistently replicates findings from the
human literature, compared to noncontingent delivery models. The observation of
differential effects of NSA withdrawal on sucrose intake supports the notion that weight gain
prevention and treatment options should focus on the mechanisms underlying increases in
carbohydrate intake.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

Nicotine’s effects on body weight, chow, and sucrose intake were modeled
in rats

Nicotine self-administration decreased body weight and chow intake

Tolerance to nicotine’s effects on food intake developed for sucrose, but not
chow

Withdrawal from nicotine resulted in increased weight gain and food intake

Withdrawal-mediated increases in sucrose were greater than increases in
chow
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Fig. 1.

Mgean (xSEM) number of infusions earned during the treatment and extinction phases for
rats in the Saline C+S, Nicotine C+S, and Nicotine C-Only groups. The left halfdepicts the
mean +/— SEM number of infusions earned during the first 10 days of the treatment phase
and the last day of the treatment phase (F). 7he right half depicts the mean £ SEM number
of infusions earned during the first 10 days of the extinction phase and the last day of the
extinction phase (F). *p< 0.05 difference between Nicotine C+S and Saline C+S on the
indicated day(s). #p < 0.05 difference between Nicotine C Only and Saline C+S on the
indicated day(s).
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Fig. 2.

Mean (= SEM) percent change in body weight over the first 10 days of the treatment phase
(panel A) and the first 10 days of the extinction phase (panel B) for rats in the Saline C+S,
Nicotine C+S, and Nicotine C-Only groups. Values were calculated relative to the mean
body weight during the final five days of the previous phase: treatment weight gain was
calculated relative to body weight in the final five days of the baseline phase and extinction
weight gain was calculated relative to body weight during the final five days of the treatment
phase. *p < 0.05, **p < 0.01 difference in % change weight gain between Nicotine C+S and
Saline C+S. #p < 0.05, ##p < 0.01 difference in % change weight gain between Nicotine C
Only and Saline C+S.
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Fig. 3.

M?aan (= SEM) of total food intake over the treatment and extinction phases for rats in the
Saline C+S and Nicotine C+S groups. Shown is the mean = SEM total food intake (panel
A), chow intake (panel B), and sucrose intake (panel C) during the last day of the baseline
phase (BL) and the first 10 days and the last day (F) of the treatment and extinction phases.
*p < 0.05, **p < 0.01 difference between Nicotine C+S and Saline C+S on the indicated
day(s). # p < 0.05, ##p < 0.01 difference from baseline in the Nicotine C+S group. +p <
0.05; ++p < 0.01 difference from final treatment days. @p < 0.05 difference from baseline in
the Saline C+S group.
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Fig. 4.

Saline C+S

Nicotine C+S

Mean (= SEM) total pellets earned during the final five days of the baseline, treatment, and
extinction phases for the Saline C+S and the Nicotine C+S groups. *p < 0.05, **p < 0.01
difference between phases within the Nicotine C+S group. #p < 0.05 difference between the

Nicotine C+S and saline C+S groups for the indicate phase.
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Fig. 5.
Mean (£ SEM) chow and sucrose pellets earned during the final five days of the baseline,

treatment, and extinction phases for the Nicotine C+S and Saline C+S (panel A) groups.
Also shown is the mean + SEM percent change in chow and sucrose intake in the Nicotine C
+S group during the final five days of the extinction phase. Percent change was calculated
relative to the mean intake during the final five days of the treatment phase. *p < 0.05, **p <
0.01 difference in intake between the indicated phases.
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Mean (= SEM) sucrose intake during the final five days of baseline, treatment, and
extinction for the Saline C+S and Nicotine C+S groups, expressed as a proportion of total
intake. **p < 0.01 difference between indicated phases for the Nicotine C+S group.
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