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Abstract

Introduction: The action of nicotine to suppress body weight is often cited as a factor impacting smok-
ing initiation and the failure to quit. Despite the weight-suppressant effects of nicotine, smokers and
nonsmokers report equal daily caloric intake.The weight-suppressive effects of nicotine in animal mod-
els of smoking are poorly understood. Furthermore, the Food and Drug Administration has authority
to implement a policy markedly reducing nicotine levels in cigarettes; such a reduction could reduce
smoking behavior, but have detrimental effects on body weight. The aim of this investigation was to
examine the effects of self-administered nicotine on body weight and food intake in rats.

Methods: In Experiment 1, rats with ad libitum access to chow responded for intravenous infu-
sions of nicotine (60 pg/kg/infusion) or saline in daily 1-hour sessions; body weight and 24-hour
food intake were measured. Experiment 2 tested the effects of subcutaneous injections of nicotine
on food intake. In Experiment 3, rats were food restricted and self-administered nicotine across a
range of doses (3.75-60 ng/kg/infusion) while body weight was measured. In Experiment 4, rats
self-administered 60 pg/kg/infusion nicotine before reduction to one of several doses (1.875-15 ng/
kg/infusion) for 50 days.

Results: Self-administered nicotine suppressed weight gain independent of food intake. In food
restricted rats, self-administered nicotine dose-dependently suppressed body weight gain. In rats
self-administering 60 pg/kg/infusion nicotine, dose reduction increased body weight.
Conclusions: Self-administered nicotine, even at low doses, suppressed body independent of food
intake; this may have important implications for nicotine reduction policy.

Implications: The results of the present studies demonstrate that self-administered nicotine sup-
presses body weight independent of food intake in rats. Further, the present studies establish that self-
administered nicotine suppresses body weight even at very low doses and that reduction of nicotine
dose results in weight gain. These results have important implications for nicotine reduction policy.

Introduction weight loss as a primary reason for smoking and weight gain for the

. . . . . i inability to quit.>
There is an inverse relationship between smoking and body weight,

Nicotine is the primary psychoactive constituent in cigarettes and

such that smokers weigh less than nonsmokers but gain an average researchers have suggested that nicotine in cigarettes is most likely

of 10 pounds in the first year of abstinence.'? Many smokers cite responsible for the body weight suppression observed in smokers.*!!
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Studies utilizing rodent models have generally reported that nico-
tine exposure, primarily via subcutaneous continuous infusion or
repeated daily injections, results in a dose-dependent suppression of

body weight®!? and decreased food intake.!*

14 Despite reports that
nicotine delivery can increase physical activity'>'¢ and metabolic
rate,!” the body weight-suppressant effects of nicotine are generally
discussed as secondary to a suppression of caloric intake.!! This con-
clusion, however, is at odds with data from the clinical literature
suggesting that smokers and nonsmokers have equal daily caloric
intake.'®!” The vast majority of experiments examining the effects of
nicotine on food intake and body weight have utilized experimenter-
administered nicotine, which can produce different effects than self-
administered nicotine.” However, few investigators have utilized
self-administration procedures to examine the impact of nicotine on
food intake or body weight.

The current experiments evaluated the impact of self-administered
nicotine, across a range of doses, on body weight and food intake
in adult male rats. Results demonstrated that self-administered nico-
tine suppressed body weight gain independent of food intake and this
effect was observed at very low doses. An additional experiment inves-
tigated the impact of reducing nicotine dose on body weight; results
revealed that reduction of nicotine dose from a large self-administered
dose to very low doses resulted in substantial weight gain. These data
are important in the context of a reduction of nicotine content in ciga-
rettes, a potential approach to reducing the abuse potential of ciga-
rettes.?! The current data provide novel insight into the consequences
of nicotine on body weight and offer important implications for the
impact of nicotine reduction policy on body weight regulation.

Methods

Subjects

Male Sprague-Dawley rats (Harlan Farms, IN, weighing between
200 and 300g upon arrival; approximately 7-9 weeks old) were
housed individually in hanging-wire cages on a reverse light-
dark 12:12 hour cycle (lights off at 07:00 AM) in a temperature-
controlled facility (between 68 and 70°F). Rats had free access to
standard rodent chow (Purina Rat chow 5001) and water, unless
noted otherwise. All procedures were approved by the University of
Pittsburgh Institutional Animal Care and Use Committee.

Drugs
Nicotine hydrogen tartrate salt (Sigma, St Louis, MO) was dissolved
in 0.9% saline. Doses of nicotine used for self-administration were
1.875, 3.75, 7.5, 15, and 60 pg/kg/infusion, and for subcutaneous
injection, the doses were 0.3 and 1.0 mg/kg (expressed as freebase).

In a subset of experiments (Experiments 3 and 4), a cocktail of
cigarette constituents was included in the intravenous nicotine solu-
tion. The selected doses of the cocktail of cigarette constituents were
based on previous studies,?>* and/or were indexed to a standard
dose of nicotine, based on their relative concentrations in cigarette
smoke, that supports robust self-administration behavior (30 pg/kg/
infusion). The doses used in select self-administration studies were
as follows: acetaldehyde (16 pg/kg/infusion), harman (0.1 pg/kg/
infusion), norharman (0.3 pg/kg/infusion), anabasine and norni-
cotine (0.9 pg/kg/infusion), and anatabine, myosmine, and cotinine
(0.09 pg/kg/infusion).

The pH of solutions was adjusted to 7.0 (x0.2) using a dilute
sodium hydroxide solution. All solutions used in self-administra-
tion studies were passed through a 0.22 pm filter to ensure sterility.

All intravenous infusions were delivered in approximately 1 second
(0.1 ml/kg/infusion). Subcutaneous injections were delivered at 1 ml/kg.

Procedures

Surgery

After at least 7 days of habituation post-arrival, rats were anesthe-
tized with isoflurane (2%-3% in 100% O,) and implanted with
catheters into the right jugular vein, as described previously.?*
Rats were allowed to recover for a minimum of 5 days before self-
administration procedures. During the surgical recovery period,
catheters were flushed once daily with 0.1ml sterile saline contain-
ing heparin (30U/ml), timentin (66.67 mg/ml), and streptokinase
(9.333 U/ml). Thereafter, catheters were flushed with 0.1 ml heparin-
ized saline (10U/ml) and heparinized saline (30U/ml) containing
timentin (66.67 mg/ml) prior to and following the self-administra-
tion sessions, respectively.

Self-Administration

Thirty-eight operant chambers (30.5cm x 24.1 cmx21.0cm; ENV-
008CT; Med-Associates) enclosed inside sound-attenuating cham-
bers, equipped with two nose-poke holes located on the same wall
(2.5cm in diameter and 5cm above the floor), two white stimulus
lights (3.5cm in diameter, located 6.5cm above each nose-poke
hole), a houselight, and a fan were used in the current studies. An
infusion pump was located outside of each chamber, which delivered
intravenous infusions during self-administration sessions through
tubing connected to each rat’s catheter. This tubing was protected in
a metal encasing, attached to a swivel system that allowed relatively
unrestricted movement.

During daily (7 d/wk) 1-hour self-administration sessions, fulfill-
ing the required nose-poke responses into the active portal resulted in
one infusion of nicotine. Infusions were accompanied by a 15-second
cue light illuminated above the active nose-poke portal and an unsig-
naled 1-minute timeout, where responses were recorded but had no
scheduled consequence. Throughout the 1-hour sessions, responses
into the inactive nose-poke portal were recorded but had no conse-
quences. In experiments that used food restriction (Experiments 2
and 3) the allotted food amount (20 g/d) was in the home cage when
the rat returned from its self-administration session. For self-admin-
istration studies, rats in nicotine groups included in analyses passed
a patency test, which required displaying physical signs of ataxia
within 5 seconds of intravenous injections of chloral hydrate (up
to 60 mg/rat) or methohexital (5 mg/kg). In all experiments, baseline
body weights were counterbalanced across drug groups.

Experiment 1: The Effect of Self-Administered Nicotine on Body
Weight and Food Intake

Rats were implanted with intravenous catheters and assigned to self-
administer nicotine (60 pg/kg/infusion, 7 = 11) or saline (z = 8). Rats
weighed 316.6+2.1g at the start of self-administration. Rats were
allowed to respond for drug infusions on a fixed-ratio (FR) 2 schedule
of reinforcement for 20 consecutive days. Body weight was measured
daily before the self-administration session. Food intake was measured
daily over the 23-hour period in the home cage, accounting for spillage.

Experiment 2: The Effect of Subcutaneous Nicotine Injection on
Food Intake

Given that the results of Experiment 1 are unexpected, the effect
of subcutaneous injection of nicotine on food intake was measured
in a separate group of rats to replicate previous reports.'>'* Rats
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weighing on average 362.8+2.7g were assigned to a group and
injected with nicotine (0, 0.3, or 1.0 mg/kg, s.c.; 7 = 8 per group) at
the onset of the dark cycle. Food intake was measured 1, 3, 6, and 24
hours post-injection, accounting for spillage.

Experiment 3: The Effect of a Range of Self-Administered

Nicotine Doses on Body Weight Under Mild Food Restriction
Given the results of Experiment 1, and that the majority of self-
administration studies are performed in rats under mild food restric-
tion,? the effect of self-administered nicotine on body weight was
analyzed from a previously reported experiment.?” All rats were food
restricted to ~80% of their ad libitum intake (20g/d) at least 5 days
before self-administration procedures began. Rats were randomly
assigned to self-administer nicotine at one of five doses: 60 pg/kg/
infusion (7 = 65), 15 pg/kg/infusion (n = 17), 7.5 pg/kg/infusion
(n=15), 3.75 pg/kg/infusion (7 = 12), or 0 pg/kg/infusion (7 = 17). In
this experiment, the nicotine solution contained a cocktail of constit-
uents found in cigarette smoke. Each drug group differed by nicotine
concentration, but the cocktail concentrations remained consistent
across different nicotine doses. Rats weighed 268.7+1.5g on the
first day of the experimental period. Rats acquired self-administra-
tion of nicotine on a FR1 for 1 day, FR2 for 7 days, and escalated
to FRS for the remainder of the study.?” Body weight was measured
daily and evaluated for 20 days of self-administration.

To test the possibility that the addition of cigarette constitu-
ents could impact body weight regulation, a separate group of rats
were food restricted (20g/d) and responded on an FR2 schedule of
reinforcement for infusions of nicotine (60 pg/kg/infusion) without
(n = 8) or with (7 = 11) the cocktail described above, with one minor
change. Examination of dosages selected in papers cited by Clemens
et al.,”? the paper on which the original cocktail solutions were
based, suggested that the concentrations of the anatabine and ana-
basine should be reversed.?* Thus, the cocktail solution contained
0.9 pg/kg/infusion of anatabine and 0.09 pg/kg/infusion anabasine,
along with the other constituents. Average body weight at the start
of self-administration was 298.1+4.9¢g. Body weight was measured
daily and evaluated for 10 days of self-administration.

Experiment 4: The Effect of Nicotine Dose Reduction on Body
Weight Gain

Body weight regulation following nicotine dose reduction was
evaluated post hoc from a previously published study from our
laboratory.?® Food restricted (20g/d) rats learned to self-adminis-
ter infusions of nicotine (60 pg/kg/infusion + cocktail) for 17 days
before immediate reduction of nicotine dose, with cocktail doses
remaining constant, to one of the following doses: 15 (7 = 10), 7.5
(n=11),3.75 (n = 11), 1.875 (n = 10), or 0 (n = 13) pg/kg/infusion.
Rats responded on an FRS schedule of reinforcement for the reduc-
tion phase of the experiment. Rats weighed 279.6 £2.2 g at the start
of dose reduction. The control group remained on 60 pg/kg/infusion
nicotine with cocktail, which is referred to as “Maintained” (7 = 11).

Statistics

Data for each experiment were analyzed separately and are expressed
as means = SEM. All statistical analyses were performed using SPSS.
Comparisons between drug group and session (self-administration
experiments) or day (feeding experiments) were analyzed by mixed-
design and repeated measures analysis of variance (ANOVA) tests
to account for the within-subjects design of the experiments while
testing for between-subjects effects of nicotine dose groups. In tests

of repeated measures where Mauchly’s Sphericity tests were signifi-
cant, the data were Greenhouse-Geisser corrected; degrees of free-
dom reflect this correction where appropriate. Correlations were
assessed using a two-tailed Pearson’s correlation. The a-level for all
tests was set at 0.05. Where appropriate, a Bonferroni adjustment
was made to account for the comparison of saline control to many
nicotine dose groups. The a-levels were adjusted to 0.0125 and 0.01
for Experiments 3 and 4, respectively, resulting in an overall type
I error rate of 0.05.

Results

Experiment 1: Self-Administered Nicotine Suppressed
Body Weight Gain but not Food Intake

Rats self-administering 60 pg/kg/infusion nicotine earned sig-
nificantly more infusions (8.3x1.0; F, , = 26.776, P < .001) than
the saline group (1.9+0.3), averaged over the final 3 days of self-
administration (Supplementary Figure 1). Self-administered 60 pg/
kg/infusion nicotine suppressed body weight gain compared to
intravenous infusions of saline (Figure 1). An ANOVA comparing
groups on every fifth day revealed significant differences between
groups on Days 10, 15, and 20 (Fs, ; > 12.535, Ps < .003). There
were no significant differences in food intake (expressed as a per-
centage of body weight) between nicotine and saline groups across
days (P = .831, Figure 1). There were no differences in grams of
food consumed between groups (P = .627; saline = 26.3 0.7 g; nico-
tine = 24.5+0.7g on Day 20). Additionally, camulative food intake
during the 20 days of self-administration did not differ between
groups when expressed as a percentage of body weight (Figure 1) or
in total grams consumed (P = .105).

Experiment 2: Subcutaneously Administered

Nicotine Suppressed Food Intake

The highest dose of nicotine tested, 1.0mg/kg, s.c., significantly
suppressed food intake by approximately 10% at 3, 6, and 24
hours post-injection (Supplementary Figure 2). Repeated measures
ANOVA revealed a significant effect of time (F ., = 908.890,
P < .001) with no significant interaction between time and drug
group (P = .071); post hoc tests revealed significant differences
between saline and 1.0 mg/kg nicotine at 3, 6, and 24 hours (Ps <
.006). There was no significant impact of 0.3 mg/kg nicotine on food
intake at any time point.

Experiment 3: Self-Administered Nicotine

Suppressed Body Weight Gain When Food was Held
Constant and Restricted
Self-administered nicotine dose-dependently suppressed body
weight gain when food was held constant and restricted (Figure 2).
Repeated measures ANOVA revealed a significant main effect of day
(F 2.78,1
interaction (F

= 430.846, P < .001) and significant nicotine group by day
11e = 3-702, P < .001). Comparisons between groups
on every fifth day showed significant effects of nicotine group on Days
5,10,15,and 20 (Ps < .008). Analyses further revealed that saline was
significantly different from: 60 pg/kg/infusion on Days 5, 10, 15, and
20; 15 pg/kg/infusion on days 10, 15, and 20; 7.5 pg/kg/infusion on
Days 10 and 20; and 3.75 pg/kg/infusion on Day 10 (all Ps < .0125).
Additionally, on Day 20, body weight gain in the 60 pg/kg/infusion
group was significantly different from 0, 3.75, and 7.5 pg/kg/infusion
groups (all Ps < .017). There was a significant negative correlation
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Figure 1. Effects of self-administered nicotine on body weight and food intake. Body weight gain and food intake in rats that self-administered 0 (n = 11) or 60
(n = 8) ng/kg/infusion nicotine. Self-administered 60 pg/kg/infusion nicotine significantly suppressed cumulative body weight gain, but not 24-hour food intake,

expressed as a percentage of body weight.There was no impact of self-administered nicotine cumulative food intake over the 20-day self-administration period.

* indicate P < .05, between 0 and 60 pg/kg/infusion nicotine.

Nicotine dose (per infusion)
0 1 -0-60 pg’kg

Bys | -@-15 pg/kg =
= -B-7.5 pg/kg =
'S 40 =-3.75 pg/kg 0 S
o -00-0 pgrkg -
235 - 5
'S 30 g
> 25 '§'
320 =
[ > s
2 15 1 = =
£ 5
S 10 - 3 R
E 5] 3" 'S ¢
8 o " ® o ¢
0 A ; . : . , - ‘ - : : -
Baseline Day1 Day5 Day10 Day15 Day 20 0\ 5000 *10000 '15000¢ 120000. 25000

Cumulative Nicotine Intake (ug)

Figure 2. Effects of a range of self-administered nicotine doses on body weight gain. Body weight gain in rats that self-administered 0 (n = 17), 3.75 (n = 12),
75 (n = 15), 15 (n = 17), or 60 (n = 65) pg/kg/infusion nicotine. In rats whose food intake was held restricted and constant, self-administered nicotine dose-
dependently suppressed body weight gain. Across all doses, there was a negative correlation between cumulative nicotine intake and cumulative body weight
gain on Day 20. # indicates 0 pg/kg/infusion different from 60 pg/kg/infusion, * indicates 0 pg/kg/infusion different from all nicotine doses, ¢ indicates 0 pg/kg/
infusion different from 15 and 60 ng/kg/infusion, and + indicates 0 pg/kg/infusion different from 7.5, 15, and 60 pg/kg/infusion; all Ps <.0125.

between cumulative nicotine intake and cumulative body weight
gain (Figure 2; P < .001). It is noteworthy that total nicotine intake
in this experiment is much higher than total nicotine intake reported
in Experiment 1, which is likely explained by the differences in feed-
ing status.?” Rats under food restriction acquire self-administration
behavior more quickly and respond at higher rates.”® In a separate
group of rats testing the impact of the addition of constituent chemi-
cals on body weight regulation, there was no significant difference
in body weight gain between no cocktail (25.8+8.5¢g) and cocktail
groups (28.4+5.1g) after 10 days of self-administration (P = .99).

Experiment 4: Reduction of Nicotine Dose Results in
Body Weight Gain Independent of Food Intake

Reduction of nicotine dose from 60 pg/kg/infusion caused significant
weight gain compared to Maintained group (60 pg/kg/infusion) self-
administration (Figure 3). Infusions earned in the 7.5 and 15 pg/kg/
infusion were similar to the Maintained group following the reduc-
tion, but there was a significant reduction of infusions earned in all
other groups, such that the 3.75 and 1.875 pg/kg/infusion groups
responded similarly to saline.?® Repeated measures ANOVA revealed

a main effect of day (F = 145.818, P < .001) and a significant

2.753,1



Nicotine & Tobacco Research, 2016, Vol. 18, No. 9

1873

@
=}
-

INicotine dose (per infusion)

=8-Maintained - 60 pg/kg 1
~o-15 pg/kg * )
50 1 —e-7.5pgkg 5
3.75 uglkg
O 1.875 uglkg T

N
o

1 =0=0pgkg

Cumulative body weight gain (g)
5 3 8

[=]
+

Baseline Day 10 Day 20 Day 30 Day 40 Day 50

-10 -

Figure 3. Effects of nicotine dose reduction on body weight gain. Body weight
gain in rats where dose was reduced from 60 pg/kg/infusion to: Maintained
at 60 (n=11), 15 (n=10), 75 (n=11), 3.75 (n = 11), 1.875 (n = 10), or 0 (n = 13)
ng/kg/infusion nicotine. Reduction of nicotine dose resulted in significant
increases in body weight gain compared to constant self-adminstration of
60 pg/kg/infusion nicotine. * indicates 60 pg/kg/infusion different from 3.75
and 1.875 pg/kg/infusion. All Ps < .01.

interaction between day and dose group (F,, ,, ; = 2.802, P = .001).
Planned comparisons to identify differences between groups every
10th day revealed significant effects of groups on days 30, 40, and
50 (Ps < .002). Post hoc analyses showed that the Maintained group
was significantly different from 1.875 and 3.75 pg/kg/infusion on
Days 30, 40, and 50.

Discussion

The present data are the first to demonstrate that self-administered
nicotine, across a range of doses, suppresses body weight independ-
ent of food intake. These data have important implications for the
understanding of the impact of nicotine on body weight and for
nicotine regulatory policy. The negative correlation between nico-
tine intake and body weight gain indicates that total nicotine expo-
sure directly impacts body weight regulation. While it has been
reported that smokers and nonsmokers have equal daily caloric
intake,'® this is the first report to our knowledge of nicotine sup-
pressing body weight independent of changes in food intake in a rat
self-administration model.

The current data support the view that nicotine, at least when
self-administered by adult male rats in daily 1-hour sessions, sup-
presses body weight without simultaneous decreases in food intake.
These data differ from a large body of work demonstrating that
nicotine suppresses body weight, with the common conclusion made
that this is primarily driven by a reduction in food intake.!>** Nearly
all of these studies have used subcutaneous or intraperitoneal injec-
tion or continuous subcutaneous infusion of large doses of nicotine,
beyond the range that rats would self-administer.’ It is typical that
subcutaneous delivery of nicotine at a dose of 1.0-1.5 mg/kg sup-
presses food intake.'>'* However, seminal work by Grunberg and
colleagues® reported that large doses of nicotine delivered via con-
stant subcutaneous infusion in osmotic minipumps (4-12 mg/kg/d)
had no impact on food intake, though resulted in large, dose-depend-
ent suppression of body weight. Furthermore, it is noteworthy that
rats develop tolerance to the anorectic effects of daily subcutane-
ous injections of nicotine.’’ While blood and brain nicotine levels
and the time course of absorption differs between intravenous and

subcutaneous delivery,* the total amount of nicotine delivered may
directly affect feeding behavior. Indeed, it is worth noting that the
lowest dose of experimenter-administered nicotine that significantly
suppressed food intake (1.0mg/kg, s.c.) is larger than the total
amount of nicotine self-administered in a 1-hour session by rats fed
ad libitum standard rodent chow (ranging from 0.2 to 0.8 mg/kg
daily). Additionally, noncontingent nicotine increases corticosterone
(CORT) levels compared to self-administered nicotine.?’ Elevation
of CORT results in the suppression of food intake.’*** Therefore,
it is possible that increased CORT levels caused by noncontingent
nicotine administration contributes to suppression of food intake,
and the absence of this increased CORT during nicotine self-admin-
istration allows for the suppression of body weight with no effect
on food intake.

To our knowledge, there are few reports on the effects of intra-
venously infused nicotine on feeding behavior. In contrast with the
data presented here, the published studies used 23-hour extended
access self-administration sessions in which rats were trained to
respond for food (45 mg pellets) in the operant chamber. In a report
from Grebenstein et al.,** noncontingent delivery of 60 pg/kg/infu-
sion nicotine during extended access sessions suppressed body
weight gain by ~50% and reduced the number of pellets consumed
by approximately 20% over 23 hours. The suppression of food
intake by noncontingent nicotine delivery may be directly related to
the elevation of CORT following experimenter-administered nico-
tine, as mentioned above. In a more recent study, however, Bunney
(née Grebenstein) et al.** extended these results by demonstrating
that self-administration of 60 pg/kg/infusion nicotine in 23-hour ses-
sions suppressed chow pellet intake, replicating work by O’Dell and
colleagues.*

The differences between the effects of self-administered nicotine
on food intake in 1-hour limited access and 23-hour extended access
sessions could be due to several reasons. First, total nicotine intake
in 23-hour sessions is typically greater than in 1-hour sessions. In
the extended access experiments described above, nicotine intake
ranged from ~1.0 to 2.0 mg/kg per day.’*3¢ It is possible that total
nicotine exposure of at least 1.0 mg/kg causes a suppression of food
intake, as noted with the current subcutaneous experiment described
above. Second, repeated nicotine infusions over 23-hour expose
rats to many spikes in plasma nicotine levels over a prolonged time
course each day. Feeding may be suppressed following each infu-
sion only when plasma nicotine levels are high. Therefore, a sup-
pression of daily food intake by intravenous nicotine is detectable in
an extended access procedure, when plasma nicotine levels remain
elevated for a longer time period and can contribute to a large
cumulative reduction in food intake. However, in these 23-hour
sessions, rats take the majority of their daily infusions during the
active, dark phase.’® Grebenstein et al.** report that the reduction
in 23-hour food intake by nicotine is largely driven by suppression
of food intake during the light cycle, making the possibility that
spikes in nicotine plasma levels contribute to food intake suppres-
sion unlikely. Regardless, the magnitude of nicotine-induced food
intake suppression reported**** cannot account for total amount of
body weight gain suppression, indicating that intravenous nicotine
exposure suppresses body weight gain independent of food intake, at
least in part, in an extended access procedure.

There are several advantages of the use of limited access self-
administration procedures. First, these procedures allow for the
examination of the effects of self-administered nicotine on body
weight and food intake in the absence of nicotine dependence and
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withdrawal. The current data are the first to demonstrate an impact
of self-administered nicotine on body weight using a procedure
that does not result in nicotine dependence. This is important, as
it emphasizes that the effects of nicotine, and potentially nicotine
reduction, on body weight will likely be observed in nondepend-
ent smokers. Second, utilization of the 1-hour self-administration
procedure allows for examining the impact of nicotine on energy
expenditure in the absence of changes in food intake. While it is
clear a combination of changes in metabolism,!” physical activity,'>
and potentially food intake,'?*3%3 contribute to nicotine-induced
suppression of body weight, no other procedure removes the sup-
pression of food intake as a confound; this is critical as clinical lit-
erature indicates food intake of human smokers does not differ from
nonsmokers.!” Third, the use of limited access procedures further
demonstrates that the effects of self-administered nicotine are likely
dependent upon the daily cumulative effects of nicotine and not sin-
gular, isolated spikes in plasma nicotine levels.

When food intake was restricted and held constant, as is stand-
ard in most self-administration procedures, self-administered nico-
tine resulted in a dose-dependent suppression of body weight. These
data further emphasize that the body weight-suppressant effects of
self-administered nicotine can occur independent of changes in food
intake. Across all nicotine doses, there was a negative correlation
between nicotine intake and body weight gain, indicating that nico-
tine exposure directly contributes to the magnitude of body weight
suppression. We have previously reported that 3.75 pg/kg/infusion
nicotine is subthreshold for reinforcement (ie, rats respond at a simi-
lar rate for 0 and 3.75 pg/kg/infusion) and that 7.5 pg/kg/infusion
nicotine is at threshold, such that only approximately 60% of rats
will acquire stable self-administration behavior.?” In rats that did
not meet standard self-administration criteria at these low doses of
nicotine, the nicotine delivered in the few infusions they received
suppressed body weight gain. Rats in these groups received very low
total daily doses of nicotine (ranging from 8.5 to 15 pg/kg daily),
likely as a result of general exploratory behavior and not as a result
of primary reinforcement. Therefore, it is likely that the threshold
for body weight suppression by nicotine is lower than for reinforce-
ment. These data suggest that doses below the threshold for primary
reinforcement may still function to suppress body weight, potentially
motivating continued use in weight-concerned smokers following
the implementation of a nicotine reduction policy. These results are
particularly important regarding the initiation of smoking, as such
data from human smokers would become available following the
implementation of FDA-mandated nicotine product standards.

Although it is generally accepted that nicotine is the primary con-
stituent in cigarettes responsible for weight loss,!! we conducted an
additional experiment to rule out the possibility that a cocktail of
select constituents in cigarette smoke may have impacted the results
of Experiments 3 and 4. This experiment compared weight gain in
rats self-administering nicotine alone and nicotine in the presence of
the additional constituents. There was no impact of the addition of
the other cigarette constituents on body weight gain, indicating that
nicotine, and not the other chemicals, contributes to the body weight
suppression reported here.

Body weight can be regulated by changes in energy intake (calorie
consumption) and energy output (energy expenditure). In the current
studies, self-administered nicotine suppressed body weight gain inde-
pendent of food intake, indicating that nicotine likely regulates body
weight through increased energy expenditure. This notion is consist-
ent with reports that acute and chronic experimenter-administered

injections of nicotine have been shown to increase physical activ-
ity'¥” and basal metabolism."” In rodents, the doses of nicotine used
in studies reporting increased energy expenditure are within the
range that suppresses food intake, making it difficult to establish an
independent role for suppression of food intake or increased energy
expenditure in the effect of nicotine on body weight regulation.
Nonetheless, it is clear that at moderate experimenter-administered
doses, nicotine can increase energy expenditure, which likely con-
tributes to the body weight-suppressant effects reported here. Future
experiments monitoring metabolism in a self-administration model
are warranted. Data from smokers suggest that nicotine can increase
metabolic rate,®® further supporting for the idea that self-admin-
istered nicotine (via intravenous infusions in rats or via cigarette
smoke in humans) may suppress body weight through increased
energy expenditure.

The FDA has authority to regulate the nicotine content of cigarettes
to a low level,”” which may have unintended consequences on body
weight.** Smoking cessation results in weight gain,*! and rodents gain
weight following the cessation of chronic subcutaneous** and intra-
venous* nicotine exposures. However, whether reduction of nicotine
to a dose below a reinforcing threshold results in body weight gain
in rodents was previously unexplored. Reduction of nicotine dose
resulted in significant increases in body weight gain in food restricted
rats. These data indicate that reduction of nicotine exposure by reduc-
ing the dose available in each infusion results in body weight gain
independent of food intake, suggesting that the reduction of nicotine
content in cigarettes (thereby reducing total nicotine exposure per
cigarette) may result in weight gain in current smokers following a
potential mandated reduction of nicotine content in cigarettes.

The results of these experiments provide new insight into the
understanding of the body weight suppressant effects of nicotine.
In a rodent self-administration model of human smoking, nicotine
robustly suppressed body weight gain without concurrent reduc-
tions in food intake. These data align with reports from smokers
suggesting that the observed body weight differences in smokers and
nonsmokers are independent of changes in daily caloric intake. The
ability of self-administered nicotine to suppress body weight gain
independent of food intake is dose-dependent and occurs at very
low doses below the threshold for reinforcing behavior. Reduction of
nicotine dose results in body weight gain independent of food intake.
These data have important implications for nicotine reduction pol-
icy, as they suggest that reduction of nicotine in cigarettes to a level
that will not maintain smoking will likely cause significant weight
gain in current smokers. However, in new smokers low nicotine lev-
els may still reduce body weight, possibly motivating continued use
and maintaining exposure to harmful chemicals in cigarette smoke.

Supplementary Material

Supplementary Figures 1 and 2 can be found online at http:/www.
ntr.oxfordjournals.org
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