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Abstract

Previously we observed in male rats that intermittent administration of nicotine (NIC) during the dark phase reduces food intake (FI) by

initially decreasing only dark phase meal size. This was followed several days later by an increase in dark phase meal frequency such that FI

returned to normal, while body weight remained suppressed. Termination of NIC treatment resulted in a modest dark phase hyperphagia.

Since some human females use NIC as a weight control drug, the present study investigated changes in FI and body weight regulation in

adult female rats treated for five estrous cycles with saline or a 1.40 mg/kg/day (free base) dose of NIC, which was given in four equal i.p.

doses during the dark phase. The rats were followed for 15 days after cessation of NIC. Initially both dark and light phase FI were reduced

and this was caused by an immediate decrease in dark and light phase meal size; the attenuation of meal size continued after cessation of NIC.

On day 7 of NIC, the rats compensated by significantly increasing the number of dark, but not light, phase meals they took. This resulted in a

normal 24-h FI, which was caused by a dark phase increase in FI coupled with a continued decrease in light phase FI. Importantly, these

changes in meal patterns persisted for some time after termination of NIC. Upon NIC cessation, the NIC group showed no hyperphagia even

though their body weight was significantly decreased. These results document that administration of NIC during the dark phase resulted in a

reorganization of the microstructure of FI in females rats that resembles, but does not exactly duplicate, that observed in male rats. Like

males, long lasting alterations in the microstructure of FI (e.g., meal size and meal number), were noted in female rats for up to 2 weeks after

cessation of NIC. These results differ from studies in which NIC was given continuously 24-h per day and indicate that dark phase NIC

administration in rats may represent an appropriate model to study the impact of NIC on meal patterns.

D 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Smoking is a major health risk in the world and in

particular with young adults (Giovino, 2002). Obesity is

also a major health concern of epidemic proportions in the

United States and especially with the younger members of

society (Mokdad et al., 1999). Still many young adults are

concerned about their body weight (Pomerleau and Kurth,
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1996). Nicotine from smoking promotes body weight loss

and cessation of nicotine causes body weight gain in

animal models (Grunberg et al., 1986; Levin et al., 1987)

and humans (Flegal et al., 1995;). Many young adults and

in particular females use smoking as an effective means of

body weight control (Delnevo et al., 2003; Stice and Shaw,

2003) and in many instances are more sensitive to

psychostimulants such as nicotine (Benowitz and Hatsu-

kami, 1998). Disturbingly, 75% of all women smokers said

they would not quit smoking if they gained more than 5

lbs. and of even greater concern 60% of women less than

25 years of age said they would not stop smoking if they

gained any weight (Pomerleau and Kurth, 1996). This
Behavior 80 (2005) 437–444



L.L. Bellinger et al. / Pharmacology, Biochemistry and Behavior 80 (2005) 437–444438
unwillingness to stop smoking (Perkins, 2001) because of

body weight gain is endemic and calls for a better

understanding of how nicotine lowers body weight and

how its withdrawal promotes body weight gain. This is

especially true since currently used body weight manage-

ment programs are not successful in preventing the body

weight gain associated with cessation of smoking (Perkins

et al., 1997).

Surprisingly, the literature to date has mainly described

that nicotine and its withdrawal do affect food intake and

body weight, and only a few studies have tried to discern

how smoking and withdrawal from nicotine alter meal

patterns. Blaha et al. (1998) reported that in male and

female rats, a constant 7-day infusion of nicotine (2.1 mg/

kg/day, free base) reduced food intake as a result of a

decrease in meal size, while meal number remained

unchanged. After cessation of nicotine, meal size quickly

returned to normal and there was no rebound hyperphagia.

In a second study using female rats, Miyata et al. (2001)

reported that a constant 7-day infusion of nicotine (1.74

mg/kg/day free base) reduced food intake. The reduced

food intake was mainly caused by a short-term decrease in

meal size. However, while meal number remained

unchanged on the first 2 days of nicotine infusion, it

was reduced on day 3. Body weight was significantly

reduced by the third day of nicotine infusion and remained

significantly less than the controls 1 day after cessation of

nicotine. In this study, nicotine cessation led to a 4-day

period of hyperphagia that was caused by an increase in

meal size that was accompanied by a decrease in meal

number. However, even the aforementioned important

studies have design flaws. First, the dose of nicotine used

exceeded that obtained by heavy smokers, i.e., N1.41 mg/

kg/day free base, (Murrin and Ferrer, 1987; Li et al.,

2000). Second, nicotine was administered chronically 24-h

a day using pumps, whereas humans use it intermittently

during their awake period. The latter is especially

important, since a constant supply of nicotine into the

rat’s system may have affected sleep patterns or may

down-regulate nicotine receptors (Pauly et al., 1990).

Lastly, nicotine was administered for a relatively short

period of time in these studies, i.e., 7 days. These concerns

were addressed in two recent studies (Bellinger et al.,

2003a,b) where male rats were given nicotine (1.4 mg/kg/

day, free base) in five equal doses administered only in the

dark phase for 14 days. Nicotine-treated male rats

decreased their dark phase food intake on the first day

of treatment and this was caused by a significant reduction

in meal size (Bellinger et al., 2003a). There was no

compensation during the light phase, when nicotine was

not administered. On day 5, the rats compensated for the

nicotine induced decrease in meal size by increasing their

dark phase meal number such that 24-h food intake

normalized by day 10. Upon cessation of nicotine treat-

ment, the rats experienced a brief period of dark phase

hyperphagia. The rats were monitored for 14 days after
stopping nicotine treatment and during most of this period,

dark phase meal size continued to be reduced, whereas

dark phase meal number continued to be increased. Body

weight was significantly reduced by day 6 of treatment and

was still attenuated 14 days after cessation of nicotine.

These differences in meal patterns are more pronounced

and different than that found in the male rats of the Blaha

et al. (1998) study. The present study, using the earlier

(Bellinger et al., 2003a) more physiological paradigm,

determined the effect of nicotine administration on meal

patterns and body weight of female rats.
2. Methods

2.1. Animals

Adult female (~225 g) Sprague–Dawley out-bred rats

(Harlan Industries, Houston, TX) were housed in individual

cages in a temperature-controlled (23 8C) room under a 12/

12 light–dark cycle (lights out at 0830 h). This work was

reviewed and approved by the Baylor College of Dentistry’s

Institutional Animal Care and Use Committee. Sprague–

Dawley rats were chosen for meal pattern analysis because

this strain shows consistent day to day meal patterns

(Glendinning and Smith, 1994).

2.2. Drugs

The nicotine solution was prepared by dissolving

nicotine hydrogen tartrate ([�]-1-methyl-2-(3-pyridyl)pyr-

rolidine, Sigma, St. Louis, MO) into 0.9% NaCl. Starting at

the beginning of the dark phase (0830 h), the rats were

injected intraperitoneally (i.p.) with four equally spaced

(every 3 h during the dark phase) doses of nicotine (total

daily dose of 1.40 mg/kg, free base) or saline (volume

~0.23–27 ml/injection). The dose for each rat was based on

the highest body weight for that rat during the injection

period (Bellinger et al., 2003a). Our choice of a 1.40 mg/kg

nicotine dose was based on a number of considerations.

Humans smoking one to three packs of cigarettes per day

take a total daily dose of approximately 0.3–0.5 mg/kg/day

of nicotine through their lungs (Benowitz and Jacob, 1984;

Perez-Stable et al., 1998). When rats self administer

nicotine, 0.18–1.38 mg/kg/day of nicotine is injected

through jugular cannulas (Valentine et al., 1997) and a

somewhat greater portion of the nicotine taken this way

would be available to the brain, because it would reach the

brain without passing through the liver. It should be noted

that 70–75% of nicotine given by the i.p. route used in the

present study would be removed by the liver during a single

pass (Svensson, 1987) and thus would not reach the brain.

Therefore the effective nicotine dose used in the present

study that would reach the brain would be about ~0.42 mg/

kg/day and is in the range of that used spontaneously by

both humans and rats.
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2.3. Apparatus

Each of 16 sound attenuated meal pattern analysis

feeding modules is equipped with a photo beam computer

activated pellet feeder (Med Assoc. East Fairfield, VT).

The rats were presented with precision-made 45 mg rodent

chow pellets (Product No. FO 165, Bio-Serv, Frenchtown,

NJ). This pellet diet consists of 20.9% protein, 4% fat, and

59.5% carbohydrate (3.58 kcal/g). When a rat removed a

pellet from the trough of the feeder, a photo beam

positioned at the bottom of the trough was no longer

blocked, signaling the computer to drop another pellet, and

to record the time of each pellet delivery. Analysis of the

electronic record of taking pellets from the trough over

time was used to determine meal patterns (Bellinger et al,

1994; Castonguay et al., 1986). Spillage of food pellets

was not a problem, as the rats dropped less than five

pellets a day (b225 mg/day). Water intake was measured to

the nearest milliliter using spill-proof water bottles (Bio-

Serv, Frenchtown, NJ).

2.4. Procedure

Upon arrival in the vivarium the rats were handled and

adapted to laboratory conditions for 12 days. The rats were

then placed into one of the feeding modules (for details

consult Bellinger and Mendel, 1995; Bellinger et al., 1997)

for at least 3 days of additional adaptation. During the last 2

days of adaptation, the rats were injected i.p. four times a

day with 0.25 ml of saline to desensitize the animals to the

injection procedures.

Prior to experimentation, the rats also received daily

vaginal smears at 0800 h using a 200 Al lavage of sterile

phosphate-buffered saline. The lavage was placed on a slide,

dried and then stained with eosin followed by a methylene

blue stain. The stage of the estrous cycle, i.e., diestrus-1,

diestrus-2, proestrus, estrus or metestrus, was determined

using the criteria of Long and Evans (1922). In the present

study, nicotine injections started on the estrus day of the

cycle. Food intake and meal patterns of female rats vary

with their estrous cycle (Brobeck et al., 1947; Drewett,

1974; Eckel et al., 2000) with meal size being attenuated

during estrus.

The rats were given either saline (control, n=8) or

nicotine (n=8) starting at 0830 h for five estrous cycles, i.e.,

25 days. Meal pattern analysis was conducted during

nicotine administration and for 15 days after cessation of

nicotine. Body weights were recorded daily and were

234.0F2.9 and 228.9F2.5 g for the control and nicotine

groups, respectively, at the start of experimental injections.

2.5. Data analyses

Meal patterns were analyzed using proprietary computer

programs (Bellinger et al., 1997) that were updated for this

study. In these analyses, a meal was defined (Castonguay
et al., 1986) using a 10-min end of meal criterion (i.e., no

pellets consumed for 10 min denotes the end of a meal)

and the minimum meal size was set at 135 mg [i.e., 3

pellets]. The 15 standard components of meal patterns

determined in this system were: 1. Total 24-h food intake,

2. Total 24-h number of meals consumed, 3. Total 24-h

meal size, 4. Total 24-h meal duration, 5. Total 24-h-inter-

meal interval, 6. Dark phase total food intake, 7. Dark

phase total number of meals consumed, 8. Dark phase

meal size, 9. Dark phase meal duration, 10. Dark phase

inter-meal interval, 11. Light phase total food intake, 12.

Light phase total number of meals consumed, 13. Light

phase meal size, 14. Light phase meal duration, and 15.

Light phase inter-meal interval.

Data were analyzed by one- and two-way analysis of

variance (ANOVA) using the between-group factor of

nicotine dose and the within-group factor of experiment

day. Preliminary analyses indicated that there were no

significant differences among the groups in any meal

parameter during the 2 days prior to start of experimenta-

tion. Significant main effects were further analyzed using

Duncan’s multiple range test (for k=2 means). Differences in

P that were less than 0.05 were deemed to be statistically

significant.
3. Results

3.1. Food intake

The average total daily food intake (g/24-h) of the

nicotine group was suppressed significantly, group�days

interaction, F(40,560)=2.23, Pb0.001, relative to the saline

control group, starting on day 1 and extending through the

first 5 days of the 25 day treatment period (Fig. 1A). Upon

cessation of nicotine, the nicotine-treated rats failed to

increase 24-h food intake, despite having significantly lower

body weights.

The dark phase food intake values for the nicotine group

were suppressed significantly, group�days interaction,

F(40,560)=2.24, Pb0.001, relative to the saline control

group, starting on day 1 and extending through day 2 (Fig.

1B). Interestingly, on days 9, 11, 15, 18 and 23, the nicotine-

injected rats ate significantly more than the saline treated

rats. Upon cessation of nicotine treatment, the nicotine

group did not increase 24-h food intake. The light phase

food intake of the nicotine group was suppressed signifi-

cantly, group�days interaction, F(40,560)=1.56, Pb0.02,

relative to saline control group, starting on day 1 and on

various days during nicotine treatment (Fig. 1C). These data

show that the nicotine effect carries over into the light

phase, when nicotine was not being administered. No

compensatory rebound effect was observed. Upon nicotine

cessation, the light phase food intake of the nicotine-injected

group was significantly lower than that of the control group

on days 26, 30, and 31.



Fig. 2. Panel A: Mean group 24-h meal size (g) recorded prior to, during,

and after daily administration of saline vehicle or 1.4 mg/kg/day nicotine.

SEM range=0.04–0.22. Panel B similarly depicts mean group dark phase

meal size. SEM range=0.07–0.25. Panel C depicts mean group meal size

during the light phase. SEM range=0.05–0.58. Significant differences

between saline and nicotine groups are denoted by a letter (a=pb0.05;

b=pb0.01).

Fig. 1. Panel A: Mean group 24-h food intake (g) recorded prior to, during,

and after daily administration of saline vehicle or 1.4 mg/kg/day nicotine

(free base). SEM range=0.31–2.61. Panel B: Mean group dark phase food

intake recorded prior to, during, and after daily administration of saline

vehicle or 1.4 mg/kg/day nicotine. SEM range=0.3–2.57. Panel C: Mean

group light phase food intake recorded prior to, during, and after daily

administration of saline vehicle or 1.4 mg/kg/day nicotine. SEM

range=0.17–1.23. Significant differences between saline and nicotine

groups are denoted by a letter (a=pb0.05; b=pb0.01).
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3.2. Meal size

The nicotine-treated group reduced 24-h meal size on

the first day of treatment and throughout the treatment

period, as revealed by a significant [ANOVA group effect,

F(1,14)=6.09, Pb0.03], reduction in 24-h meal size on the
first day of treatment and it remained below that of the

saline group throughout the treatment period (Fig. 2A).

Meal size was decreased starting on day 1 in the dark

phase, group effect, F(1,14)=6.58, Pb0.03, and continued

to be decreased thereafter (Fig. 2B). Meal size was

significantly, group effect, F(1,14)=7.43, Pb0.02, reduced
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in the light phase starting on day 10 (Fig. 2C) and

various days, i.e., 13, 14, 18, 19, 20, 22, 25, 26 and 37,

thereafter; even after cessation of nicotine. These data

show that the nicotine administered during the dark phase

can carry over into the light phase when nicotine is not

being administered and demonstrates there is no compen-

satory rebound effect during the light phase. Following

cessation of nicotine, there was no rebound increase in

meal size.

3.3. Meal number

The total number of meals taken by the nicotine group

over 24-h was significantly, group�days interaction,

F(40,560)=3.03, Pb0.001, increased starting on day 13

and continued throughout the remaining treatment period

(Fig. 3A). Moreover, this increase in meal number

continued after cessation of nicotine treatment. The

number of meals taken by the nicotine group during the

dark phase was also significantly increased, group�days

interaction, F(40,560)=2.81, Pb0.001, the effect started on

day 7 of treatment and continuing throughout the remain-

ing treatment period (Fig. 3B). Notably, after cessation of
Fig. 3. Panel A: Mean group 24-h meal number recorded prior to, during,

and after daily administration of saline vehicle or 1.4 mg/kg/day nicotine.

SEM range=0.49–2.22. Panel B: Mean group dark phase meal number.

SEM range=0.4–1.96. Significant differences between saline and nicotine

groups are denoted by a letter (a=pb0.05; b=pb0.01).
nicotine treatment, the nicotine group continued to take

more meals during the dark phase than did the saline

treated group on various days over the next 15 days. In

contrast, there was no significant between-group differ-

ences, F(1,14)=0.09, PN0.76, in the number of meals

consumed during the light phase either during the nicotine

administration period or after cessation of nicotine. Thus,

there was no evidence of compensation (i.e., reduced meal

number) in the nicotine group during the light phase over

the 25-day period when nicotine was administered during

the dark phase or even after cessation of nicotine. The

profile of these results indicate that while meal size and

food intake are suppressed on day one of nicotine

treatment, a 7-day delay is evident before there is a

compensatory increase in meal number and this effect

persists for as long as 2 weeks after cessation of nicotine.

Complementary to the meal frequency data the 24-h, dark

phase and light phase inter-meal intervals following

nicotine treatment were significant decreased (data not

shown).

3.4. Meal duration

In accord with nicotine reducing 24-h, dark phase and

light phase meal size, the 24-h [group effect, F(1,14)=4.91,

Pb0.05], dark phase [group effect, F(1,14)=5.65, Pb0.05]

and light phase [group�days effect, F(40,560)=1.68,

Pb0.01] meal duration was reduced in the nicotine-treated

group on various days during treatment when compared to

the control group.

3.5. Estrous cycle effect

To determine if nicotine interacted with the various

stages of the estrous cycle to enhance or reduce its effect,

the individual rat data of nicotine group’s 24-h and dark

phase food intake, 24-h and dark phase meal size and 24-h

and dark phase meal number were converted into a

percentages of the control data for that day. For each

parameter an average value was calculated for each rat

across the five estrous cycles and those percentages of

control data from diestrus-1, diestrus-2, proestrus, estrus and

metestrus were compared using a one-way ANOVA.

Nicotine had a similar effect at each stage of the estrous

cycle for 24-h [group effect, F(4,35)=1.82, ns] and dark

phase [group effect, F(4,35)=0.83, ns] food intake; 24-h

[group effect, F(4,35)=2.10, ns] and dark phase [group

effect, F(4,35)=0.34, ns] meal size; and 24-h [group effect,

F(4,35)=0.46, ns] and dark phase [group effect, F(4,35)=

1.17, ns] meal number.

3.6. Water intake

Nicotine treatment or its withdrawal did not significantly

affect 24-h water intake, F(1,14)=0.01, PN0.95, relative to

that of the saline control group.



Fig. 4. Mean group daily body weight change (g) recorded from the start of

daily administration of saline vehicle or 1.4 mg/kg/day nicotine. At the start

of injections, the body weights of saline and nicotine groups were

234.6F2.0 g and 237.4F2.7 g, respectively. SEM range=1.22–3.59.

Significant differences between saline and nicotine groups are denoted by

a letter (a=pb0.05; b=pb0.01).
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3.7. Body weight

The body weight gains of the nicotine-treated group,

relative to that of the control group, were significantly,

group effect, F(1,14)=7.52, Pb0.02, suppressed after 1 day

of nicotine treatment (Fig. 4). The weight of the nicotine

group remained significantly suppressed during the rest of

the nicotine treatment period and for 11 days after cessation

of nicotine. The reduced weight gain noted in the nicotine

group corresponds to the reduction in 24-h food intake

noted in Fig. 1A during nicotine administration. However,

body weight remained significantly below the control group

even after food intake normalized on the seventh day of

nicotine treatment and this continued for 9 days after

cessation of nicotine.
4. Discussion

In the present study, female rats exhibited a complicated

and dynamic pattern of changes in meal parameters, food

intake, and body weight during intermittent administration

of 1.4 mg/kg/day nicotine (free base) in the dark phase

(over five estrous cycles, i.e., 25 days) and for 15 days

after the cessation of nicotine. The immediate effect of

nicotine and the pattern of administration were to reduce

24-h food intake on the first day of treatment. When male

rats were given the same dose in the dark phase, they also

showed a significant suppression of 24-h food intake

starting on the first day of nicotine treatment, but the

magnitude of the decrease of intake on the first day of

treatment was much less than that observed in the females

(Bellinger et al., 2003a). Daily food intake was signifi-

cantly suppressed for 5 days in the females, whereas in the

males their 24-h food intake remained significantly sup-

pressed for 9 days (Bellinger et al., 2003a). Thus, the
females were initially more sensitive to the food intake

suppressing effects of nicotine than the males (see

Grunberg et al., 1986), whereas they recover their normal

food intake more rapidly. The latter may be related to the

observation that female rats defend their body weight

better than do male rats (Nance et al., 1997; Westerterp,

1994). If this were the case, the attempt was not successful

as the overall effect of nicotine was to suppress body

weight more in females than in males (Grunberg et al.,

1986; Bellinger et al., 2003a).

Analysis of the microstructure of feeding of the female

rats revealed that their daily food intake was reduced by an

immediate (i.e., day 1) attenuation of meal size and of meal

duration. Thus, the difference between the female nicotine

and control groups’ 24-h food intake was mainly attributed

to an immediate decrease in meal size during the dark phase

that persisted throughout the nicotine treatment and for

several days after nicotine treatment stopped. After 9 days

of nicotine treatment, meal size was intermittently attenu-

ated during the light phase and this continued for several

days post nicotine treatment. This finding of meal size being

attenuated in the light phase of female rats contrasts with the

finding that light phase meal size was not decreased in

similarly treated male rats (Bellinger et al., 2003a). In male

rats (Bellinger et al., 2003a), intermittent administration of

nicotine during the dark phase only attenuated dark phase

total food intake, whereas in female rats nicotine adminis-

tered in a similar design and dose attenuated both dark and

light phase total intake. The data show in female rats that

nicotine had a carryover effect during the non-injected light

phase on meal size, whereas this did not occur in male rats

(Bellinger et al., 2003a). In both genders the food intake

suppression during the dark phase did not result in

compensatory increase in meal size during the non-infused

light phase.

By day 7 of treatment, the nicotine rats exhibited an

increase in dark phase meal number, with a complementary

decrease in inter-meal interval that also reached significance

by day 7. Male rats treated similarly showed a significant

increase in dark phase meal number by day 5 (Bellinger et

al., 2003a). However, there was a gender difference in the

magnitude of this response. In male rats the increase in meal

frequency tended to just normalize dark phase food intake

(Bellinger et al., 2003a), whereas the female rats of the

present study showed a much larger dark phase compensa-

tory effect on meal frequency, i.e., an increase in females of

87 vs 56% in males. This resulted in dark phase food intake

being greater in the female nicotine-treated rats than their

controls.

The mechanism(s) that may underlie the increase in meal

number in nicotine-treated rats is uncertain. However, one

may speculate that the rat may be experiencing a homeo-

static compensation for the nicotine induced reduction in

meal size with resultant decrease in food intake. The

compensation to this reduced daily intake is manifested as

an increase in meal frequency. Meal frequency would be
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increased as the rat experiences a decrease in the length of

satiety as a result of reduced size of its preceding meal.

Using this strategy, the rat tries to maintain a normal daily

food intake.

Alternately, nicotine could be directly affecting meal

number, but with a different temporal onset pattern from

that which affects meal size. If the former is true, it

suggests that nicotine works on pathways involved in

determining meal size, without directly affecting pathways

that are involved in determination of meal number. An

additional question arises as to why it took 7 days in the

case of females and 5 days in males for this hypothesized

compensation to be manifested (Bellinger et al., 2003a).

The body weight of the present females was reduced

significantly after the first day of nicotine treatment,

whereas it was decreased significantly on day 6 in male

rats (Bellinger et al., 2003a). It is possible that the drive to

increase meal number as a means of food intake

compensation may be tied to a signal related to the

reduced body weight in male rats (Bellinger et al., 2003a).

However, this does not seem to be a valid possible

explanation in female rats whose body weight was

significantly reduced after 1 day of nicotine treatment,

whereas meal frequency was not increased until day 7 of

nicotine treatment. On the other hand, while not signifi-

cant, inspection of the dark phase meal frequency figure

show a trend for meal frequency to be elevated starting on

the second day of nicotine treatment in the female rats.

The central mechanism of nicotine’s action is unknown,

but a recent study by Guan et al. (2004), suggests that

nicotine acts at cells near the fourth ventricle. The

investigators infused the nicotine receptor antagonist meca-

mylamine into the fourth ventricle followed by nicotine (1.4

mg/kg/day, free base) treatment of male rats. Administration

of the antagonist reversed the normal nicotine induced

suppression of dark phase meal size and normalized food

intake. This study is complementary to the study by

Zarrindast and Oveisi (1997).

In the present study, cessation of nicotine did not result in

a period of overeating in the nicotine-treated female rats

despite the fact they had reduced body weight compared to

the controls. This result contrasts with an earlier study in

male rats (Bellinger et al., 2003a) using a similar design that

resulted in a short period of hyperphagia following cessation

of nicotine treatment. A recent study (Bellinger et al.,

2003b) suggested an attenuation of the a-MSH satiety

system may be, in part, responsible for the modest hyper-

phagia observed following nicotine withdrawal in male rats

(Bellinger et al., 2003a).

In both the present study and earlier study (Bellinger et

al., 2003a) body weight was significantly suppressed for

almost 2 weeks after cessation of nicotine. These data are

consistent with many earlier reports (Levin et al., 1987,

1993; Miyata et al., 1999, 2001) in which nicotine

treatment suppressed body weight gain during the treat-

ment period and for several days thereafter. However, only
part of the suppression of body weight can be attributed to

nicotine decreasing food intake. In the present study 24-h

food intake returned to normal by day 6 in the nicotine-

treated group and remained normal for the next 34 days.

Body weight was suppressed starting on day 1 and

through the next 25 days of nicotine administration and

for 11 days thereafter. Therefore, during 31 days the food

intake of the nicotine group was not significantly less than

the saline group yet during this same time period the

nicotine group’s body weight remained significantly

attenuated. This demonstrates that factors other than food

intake must be involved in either weight loss or

prevention of regaining the lost body weight. It is well

known (Bellinger and Mendel, 1995) that rats subjected to

food restriction have a decreased energy expenditure that

allows them to quickly regain lost body weight even when

food intake is only returned to pre-restriction levels. The

present data indicate that nicotine treatment did not

produce the normal decrease in energy expenditure

associated with reduced food consumption, but may have

actually enhanced energy expenditure during administra-

tion and even after drug withdrawal. It is known, for

example that nicotine can acutely elevate basal metabolic

rate in humans and rats (Perkins, 1992; Grunberg et al.,

1988), stimulate brown adipose tissue thermogenesis

(Lupien and Bray, 1988) and alter fat metabolism (Bishop

et al., 2004). These changes would act to limit gains in body

weight.

In agreement with early studies (Grunberg et al., 1986;

Booze et al., 1999) the nicotine-treated rats appeared to have

normal estrous cycles. In addition the present data, i.e., 24-h

food intake, 24-h meal size, and 24-h meal frequency,

indicate that nicotine’s effects and/or the response to

nicotine were similar across the five stages of the estrous

cycle. Therefore, there was apparently no interaction of the

stage of the estrous cycle with nicotine’s action on the

measured feeding parameters.

In summary, these results document that administration

of nicotine to female rats during the dark phase resulted in

a reorganization of the microstructure of food intake, i.e.,

initially nicotine induced a decrease in meal size followed

by a possible compensatory increase in meal frequency

that finally normalized 24-h intake. These data suggest

that the primary effect of nicotine may be in affecting

meal size, without compromising the pathways that affect

meal frequency. The reason for the long lasting alterations

in the microstructure of food intake for up to 2 weeks

after cessation of nicotine is uncertain and awaits further

study. Finally, these results are complimentary, but not

entirely identical to male rats given similar nicotine

treatment (Bellinger et al., 2003a). However, the present

results differs from studies in which nicotine was given

continuously 24-h per day and indicate that dark phase

nicotine administration in rats may represent an appro-

priate model to study the impact of nicotine on meal

patterns.
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