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Summary: The appetite suppressing effect of tobacco products, via the main pharmacological agent nicotine, is a major re-
ason for its usage both by woman and man. Food intake (FI) could be changed by altering either meal size (MZ) or meal
number (MN), which are regulated dependently in a reciprocal manner. The present study investigated the effect of sys-
temic nicotine administration on the rat feeding pattern. Because of gender differences in the effects of nicotine, both male
and female rats were studied. Alzet mini-osmotic pumps (Model 2001) and the automated rat eatometer were used to eva-
luate the feeding pattern of male and female Fischer 344 rats during seven days of systemic nicotine infusion (6mg/kg b.w.
s.c.). The main findings are: 1) systemic nicotine infusion decreased food intake in both sexes; 2) the decreased food
intake was due to significantly reduced meal sizes while meal numbers were not altered significantly in either males or
females; 3) the cyclical pattern of vaginal smears, food intake, meal number and meal size of female rats was not affected
by nicotine administration. We conclude that the feeding suppressive effect of nicotine, which is due to reduced meal
sizes and thus satiation, is not sex-hormones related.
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Introduction

The appetite suppressing effect of smoking, via its main
pharmacological agent nicotine, is used by both woman
and man to control their food intake and body weight (33).
Chronic nicotine administration has been found in rats and
humans to cause reduced body weight which may also be
accompanied by reduced food intake and water intake
(1,8,9,17,23,33).

Behavioral studies have shown that chronic nicotine ad-
ministration decreased both the time spent investigating the
food and the amount of food consumed (16). Nevertheless,
the effects of nicotine on particular feeding patterns, e.g.
meal number (MN) and meal size (MZ), were rarely studi-
ed in detail. Since food intake (FI) is the product of meal
size (MZ) and meal number (MN) [FI=MZxMN], it has
been shown previously MZ/MN varies in a reciprocal man-
ner in a variety of experimental conditions which affect
food intake (6). Thus under pathological conditions, de-
pending on the stimulus, a decrease in food intake may be
accomplished via a decrease in meal number, meal size, or
both to varying degrees which probably reflect their sepa-
rate hypothalamic control areas (6,20,21,22,39).
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Additionally, some sex differences in the effects of ni-
cotine per se were reported in human studies of smoking
behavior (13) and of sex-dependent metabolism and excre-
tion of nicotine (2,3,28). Animal studies of food consump-
tion during nicotine administration showed contrasting re-
sults, depending not only on the experimental conditions,
dose of nicotine, age, but also on the sex (8,9,16,17,18,23,
37). As has been recently reported, the female estrous cyc-
le significantly affects meal number and meal size in a reci-
procal fashion (14,32). The food intake and feeding pattern
in the female rat is related to the fluctuations in the circu-
lating titers of sex-linked hormones (4). Low food intake
during proestrous phase matched the smallest MZ and the
highest MN during the late proestrous and early estrous
phase (4). Therefore, the sex difference in nicotine sensiti-
vity and its effect on feeding may result from endocrinolo-
gical differences; other possibilities include receptor-bin-
ding differences, drug transport differences, differencies in
feeding-related neurotransmission or, most probably, com-
bination of several mechanisms (reviewed in 31).

Based on these observations, the present study was de-
signed using an osmotic mini-osmotic pump implant tech-
nique: (i) to investigate the manner whereby systemic
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nicotine acts on the rat feeding pattern to suppress appeti-
te; (ii) to study gender differences, if any, whereby nicoti-
ne influences the feeding pattern in male and female rats;
(iii) to see whether nicotine decreases FI by affecting post-
prandial satiety and hunger via decreasing MN, or by int-
roducing premature satiation thereby decreasing MZ, or
both.

Material and methods

Subjects

Adult male and female Fischer-344 rats (Taconic Farm
Co., Germantown, NY, male weighing 250-270g; female
weighing 140-160 g; 10 wks old) were housed in holding
cages for 1 wk after purchase to acclimate them to the
constant study environmental conditions: 12-h light-dark
cycle (lights on at 0600), 26 £ 1°C room temperature, and
45% humidity. Tap water and standard rat chow (diet
5008, Ralston Purina, St. Louis, MO) were available ad li-
bitum.

After initial acclimation, rats were placed in individual
cages equipped with an automated computerized rat eater
meter (ACREM), previously described in detail (19).

Measurement of feeding pattern

Food intake and feeding-related indexes were measured
continuously and expressed per 24 h study period. The fol-
lowing indexes were measured: food intake (FI;, g) =
amount of food consumed per study period; meal number
= total number of meals in each study period (MN); and
meal size (MZ; g/meal) = total amount of food consumed
per total meal number in each study period. Food intake
comprised a series of bites. A bite was defined as an access
to the food dish that resulted in food consumption>80 mg.
Consequently, a meal was defined as a bite or a series of bi-
tes preceded and followed by at least 5 min of feeding inac-
tivity (19,20).

Vaginal smears

Female rats, showing regular 5 days cycling, were used
in the study. Female estrous cycles were monitored by dai-
ly vaginal smears, done between 0800 and 1000 AM. After
being stained, smears were observed under light microsco-
py, and the phase of the estrous cycle was determined.
Briefly, metestrous phase was identified by the presence of
pavement cells only; diestrous phase was identified by the
presence of mostly polymorphonuclear leukocytes present
with little or no mucus; proestrous phase was identified by
the presence of polymorphonucleated leukocytes, nuclea-
ted cells and a few cornified epithelial cells present together
with stringy mucus, and on late proestrous only with nucle-
ated cells present; and estrous phase was identified when
cornified epithelial cells were only present, except in the
very early stages when a few irregularly shaped nucleated
cells may also be seen (35).
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Nicotine administration

Alzet mini-osmotic pumps (Model 2001) were implan-
ted subcutaneously to deliver nicotine solutions or saline
at a constant rate of 1 pl/h for 7 days. Physiological saline
was used to prepare the nicotine solutions and was the
control solution. Animals received 6mg of nicotine ([-]-
Nicotine Hydrogen Tartrate Salt, Sigma, St. Louis, MO)
per kg body weight per day (nicotine group) or saline (con-
trol group).

Experimental Design

After an initial acclimatization period, daily measure-
ments of food intake and feeding patterns were done using
the ACREM (19). Body weights were recorded daily.

The rats were randomly assigned to the four experi-
mental groups: controls infused with saline (male control,
n=4; female control, n=8) or nicotine infused rats (male ni-
cotine, n=5; female nicotine, n=8). Because of cycling in fe-
males, control data were collected from Day -6 to Day -1.

On Day 0, the rats had Alzet mini-osmotic pumps im-
planted under Fenthrane inhalation anaesthesia. Each of
the female rat was operated upon at the day of metestrous,
to synchronize its estrous-cycle dependent food intake,
meal number and meal size. The skin in the operation area
was shaved and prepared with Povidone-lodine 10%
(Betadine®). Mini-osmotic pumps were placed subcutane-
ously in the nape of the neck by making a small incision
(roughly 1 cm), inserting the pump, and closing the incisi-
on with 9 mm wound clips. Food intake, feeding patterns
and body weights were recorded for the following seven
days during nicotine or saline infusion (Day 1 to Day 7).

On Day 8, the minipumps were removed under light
anesthesia (similar procedure to pump implantation) and
the data were collected for another period after cessation of
nicotine or saline administration (Day 9 to Day 14).

Experimental protocol has been approved by local
Ethical Committee.

Statistical Analysis

Because infusions in females were all started on a parti-
cular day of their 5-days estrous cycle (metestrous - see abo-
ve), the data are expressed as related to cycle-synchronized
days.

To describe the data from the period of nicotine infusi-
on (Day 1 to Day 7), means + SE were calculated for body
weight, food intake, meal number and meal size.
Furthermore, the means were expressed as the percentage
of control data (Table 1).

The data in female rats are presented per complete four
estrous cycles (Day -6 to Day 14), to demonstrate their par-
ticular cyclical feeding pattern, while the data in naturally
non-cycling males are shown from Day -1 to Day 11.

All data are expressed as mean = SE. The two-tailed
Student’s t-test was used to compare control vs. nicotine
rats.



Table 1: Body weight, food intake, meal number and meal
size during nicotine administration. Data are presented as
average = SE for the total of 7 d period of nicotine infusion
(Day 1 to Day 7). The percentage change in nicotine trea-
ted animals, assuming the values in control rats being
100%, is also indicated.

Daily mean (£ SE) of body weight, food intake, meal number and
meal size during nicotine or saline infusion (Day 1 - Day 7)

Body | Food Meal Meal
weight | intake | number size
(2) (2) (2)
Nicotine 274+7 | 14.0£0.7 | 14.0£1.3 | 1.04£0.10
Mal Control 286+4 [ 15.9+0.8 | 13.5£1.3 | 1.23+0.16
ale
Nicotine as ratio 96% 88% 104% 85%
of 100% Control
Nicotine 17442 | 9.240.5 | 19.3+2.1|0.5240.05
Control 180+2 |10.6+0.4 | 17.4+2.1|0.6520.08
Female[—/—— -
Nicotine as ratio 97% 87% 110% 80%
of 100% Control

Results

Body weight

The body weights in male (284 = 3g in control vs. 283
+ 8g in nicotine group) and female (177 = 2g in control vs.
178 + 2g in nicotine group) did not differ significantly be-
fore nicotine administration on Day 0. During the period
of nicotine administration there was an inverse relations-
hip between nicotine administration and body weight.
Both sexes gained significantly less body weight compared
to the controls. The daily average weight gain was 97 % of
control values in female and 96 % in male nicotine-treated
rats (Table 1). After cessation of nicotine administration,
all rats increased the body weight gain. In spite of this, the
body weight in nicotine-administered vs. control rats was
still significantly lower on Day 11 (male rats: 297 * 4g in
control vs. 279 + 7g in nicotine group, p<0.05; female rats:
183 £ 2g in control vs. 177 £ 2g in nicotine group,
p<0.05).

Food Intake

The average daily food intake during nicotine administ-
ration was 88 % of the control values in male and 87 % in fe-
male rats (Table 1). As shown in Figure 1, daily food intake
in the female rats fluctuated. Before nicotine administrati-
on, peak food intake was reached during the metestrous
and diestrous phases, while a nadir occured during late pro-
estrous and estrous phases. Anesthesia and surgery on Day
0 decreased the food intake in both sexes. The female rats
did not lose their cyclical pattern during the period of ni-
cotine infusion from Day 0 - Day 8. The food-depressing ef-
fect of nicotine was significant on Days 1, 2, 3, 4, 6 and 8
in females and/or by Days 1 and 4 in males vs. controls.

The food intake in the male and female rats returned to nor-
mal by Day 9.

Fig. 1: Daily means * SE of food intake in male (top) and
female (bottom) rats before (Day -6 to Day -1), during (Day
1 to Day 7) and after cessation of nicotine administration
(Day 9 to Day 14). The mini-osmotic pumps for nicotine de-
livery were surgically inserted on Day 0 and removed on
Day 8. Statistical significance of the difference at p<0.05 ni-
cotine vs. control is indicated by asterisks above relevant
data points. The period of nicotine administration is indi-
cated by shadow bars. The numbers on X axis indicate the
days from mini-osmotic pumps insertion, and are used both
for male and female. The letters on X axis indicate the pha-
se of the female estrous cycle: M, metestrous; D, diestrous;
P, early or late proestrous; E, estrous.

Effect of Systemic Nicotine Infusion on Food Intake
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In spite of the decreased food intake during nicotine ad-
ministration, the meal number did not change significantly
in either male and female rats, as compared vs. controls
(Figure 2). The average meal number during nicotine ad-
ministration was 104 % of the control values in male and
110 % in female rats (Table 1). In females, daily meal num-
ber fluctuated. Before nicotine administration, peak meal
number was reached during the late proestrous phase, and
this cyclical pattern was not changed during nicotine admi-
nistration.
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Fig. 2: Daily means = SE of meal number in male (top)
and female (bottom) rats before (Day -6 to Day -1), during
(Day 1 to Day 7) and after cessation of nicotine administ-
ration (Day 9 to Day 14). The mini-osmotic pumps for ni-
cotine delivery were surgically inserted on Day 0 and
removed on Day 8. There was no statistical significance of
the differences between means. The period of nicotine ad-
ministration is indicated by shadow bars. The numbers on
X axis indicate the days from mini-osmotic pumps inser ti-
on, and are used both for male and female. The letters on
X axis indicate the phase of the female estrous cycle: M,
metestrous; D, diestrous; P, early or late proestrous; E, est-
rous.

Effect of Systemic Nicotine Infusion on Meal Number

35
—O— Control

—@— Nicotine

Male Rats

(S5
W
T
!

—_
W
T

Meal number (meals/day)

P AR

------- Infusion -------
5 T T T T T T T T T T T T T T T T T T T T T
6-5-4-3-2-1012345¢673891011121314
Female Rats
35

(5]
w

—_
w

Meal number (meals/day)

—O— Control

—&— Nicotine  -...... Infusion -------
5 T T T T T T T T T T T T T T T T T T T T T
EMDPPEMDPPEMDPPEMDPPE
Days
Meal Size

The food-depressing effect of nicotine in both sexes was
due to the significantly decreased meal size (Figure 3) on
Days 1, 3, 4, 5 and 7 in females vs. controls and/or on Days
1 and 4 in males vs. controls. After cessation of nicotine ad-
ministration, the meal size became normal. The average
meal size during nicotine administration was 85 % of the
control values in male and 80 % in female rats (Table 1). In
females, daily meal size fluctuated. Before nicotine admi-
nistration, a nadir was reached during the late proestrous
phase, and this cyclical pattern was not changed during ni-
cotine administration.
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Fig. 3: Daily means + SE of meal size in male (top) and fe-
male (bottom) rats before (Day -6 to Day -1), during (Day
1 to Day 7) and after cessation of nicotine administration
(Day 9 to Day 14). The mini-osmotic pumps for nicotine de-
livery were surgically inserted on Day 0 and removed on
Day 8. Statistical significance of the difference at p<0.05 ni-
cotine vs. control is indicated by asterisks above relevant
data points. The period of nicotine administration is indi-
cated by shadow bars. The numbers on X axis indicate the
days from mini-osmotic pumps insertion, and are used both
for male and female. The letters on X axis indicate the pha-
se of the female estrous cycle: M, metestrous; D, diestrous;
P, early or late proestrous; E, estrous.
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Discussion

In the present study, mini-osmotic pumps and automa-
ted rat eatometer were used to evaluate the feeding pattern
of male and female Fischer 344 rats during seven days of
systemic nicotine infusion. The main findings are: 1) syste-
mic nicotine infusion decreased food intake in both sexes; 2)
the decreased food intake was due to significantly reduced
meal sizes while meal numbers were not altered significant-
ly both in males and females; 3) the cyclical pattern among
vaginal smears, food intake, meal number and meal size of
female rats was not affected by nicotine administration.



The findings of this study indicate that nicotine adminis-
tration decreases food intake via a selective suppression of
meal size, and thus satiation. It has been suggested that sati-
ation of feeding is the principal mechanism of food regulati-
on and is primarily responsible for the adjustment of food
intake to the extent of a nutritional deficit (6). However, our
results did not address the mechanisms that may underlie the
influence of nicotine on meal size. We propose both a perip-
heral and a central interaction: The first possibility is that ni-
cotine affects the brain areas regulating meal size. Thus,
nicotine and its agonists, through an interaction at nicotine
receptors in brain, facilitate the release of many neurotrans-
mitters, including acetylcholine, norepinephrine, dopamine
and serotonin (27,29,36,42). Among the neurotransmitters,
dopamine release in lateral hypothalamic area (LHA) was
significantly increased by eating (40), and the degree of in-
crease correlated with meal size (22). LHA-dopamine is
a potent eating-inhibitory neurotransmitter (15), and consi-
stent evidence indicates that LHA-dopamine controls meal
size via the modulation of gastric motility (26).

The second possibility is that systemic nicotine increa-
ses the brain serotonin release (27,36). Serotonin is a well
established eating-inhibitory neurotransmitter in medial hy-
pothalamus (15). In vivo microdialysis studies report that
setting up satiation during the meal is mediated by sharp se-
rotonin release in this hypothalamic area (24), thus pro-
bably regulating meal size.

The third aspect of the central interaction of systemic
nicotine and meal size regulation comprises the influence
of nicotine upon locomotor activities connected with fee-
ding. High doses of nicotine reduce spontaneous locomotor
activity (11), and decrease food intake, the time spent in-
vestigating the food, and time rearing and grooming, but
increase the time spent resting (16). Moreover, systemic ni-
cotine influences other centrally regulated mechanisms,
which might decrease food intake via reduced meal size, by
decreasing the water ingestion (16,34), by acting as a sub-
stitute for oral behaviors (12), by altering taste perception
(6) or by increasing the metabolic rate (33).

Finally, nicotine influences peripheral bioavailability of
nutrients. Such interaction could decrease meal size by pro-
moting early satiation. Thus gastrointestinal secretion and
motility has been reported to be delayed in individuals who
smoke (30). Since the gastric emptying rate, as reflected by
the number of pellets expelled per time, was reduced in rats
given nicotine (25), this might affect nutrient absorption
and decrease food intake via reduced meal size. How nico-
tine enhances satiation via a suppression of meal size may
include its effect on fat stores (37), or by a significant de-
crease in circulating insulin levels and increase in catecho-
lamines and glucose (10). The resulting hyperglycemia
and/or higher rate of fat catabolism could be associated
with early satiation, and thereby with decrease of individu-
al meal size.

Feeding in female rats is primarily influenced by sex-lin-
ked hormones (32), reflecting their cyclical pattern

(5,14,38). Nicotine induced changes in feeding were sug-
gested to be genderrelated (8,9), and interaction of nicoti-
ne with sex steroids was proposed (18). Evidence from the
present study does not support the hypothesis that the fee-
ding suppressive effect of nicotine in the rat is mediated via
female sex-linked hormones. The average decrease in daily
food intake was similar in both sexes, as shown in Figures
1-3 and Table 1. The feeding suppressive effect of nicotine
was due to the reduced meal size both in male and female
rats. The daily vaginal smears in the females showed regu-
lar 5 days cycling, as did the cyclical feeding pattern. Thus,
nicotine administration did not alter the female estrous cyc-
le, which is regulated via female sex hormones.

The effect of nicotine on regulation of feeding behavior
is a complex process that includes both central and perip-
heral mechanismus, althought our study was not designed
to elucidate the particular mechanismus. A selective effect
of nicotine on satiation via decrease in meal size accounted
for the depressed food intake in our study. Therefore, we hy-
pothesize, that the central feeding suppressive effect of ni-
cotine might be mediated via 1) increased hypothalamic
dopaminergic and/or serotonergic activity, 2) decrease in
locomotor activity, 3) by acting as a substitute for oral be-
haviors or by altering taste perception, or 4) by increasing
the metabolic rate (33). In the periphery, the delayed gast-
rointestinal transit time or the hormonal changes of decre-
ased insulinemia and resulting hyperglycemia or increased
fat catabolism, might account for the reduced meal size du-
ring nicotine administration. The particular role of hypot-
halamic feeding-related centers and their neurotransmitters
in mediating the central feeding suppressive effect of nico-
tine is currently under investigation. Recognition of this
suggests to promise of approaching appetite control by
drugs. Instead of searching for compounds that inhibit food
intake, an alternative strategy would be to consider com-
pounds that intensify the satiating power of food. In other
words, drugs would not work to directly block intake but
would work synergistically or additively with food itself to
create an enhanced satiating efficiency.
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