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Anxiety may play a role in the initiation of smoking and there is evidence to suggest that sex and age may predetermine responses to

nicotine. At present, the greatest increase in smoking is in women and it is often accompanied by dieting. The purpose of the present

study was to investigate how the impact of dietary restriction might modify the effects of nicotine in female adult and adolescent rats. The

effects of nicotine in the elevated plus-maze test of anxiety were compared in free-feeding animals and those subjected to dietary

restriction that reduced body weight to 85% of free-feeding weight. In nondeprived adult females, nicotine (0.05–0.5mg/kg, s.c.) reduced

the percentage of time spent on the open arms, indicating anxiogenic effects. However, the effects of nicotine were dramatically changed

in food-restricted adult females and 0.05mg/kg had a striking anxiolytic effect. No significant effects of nicotine were found in the

adolescent female rats, suggesting a role of circulating sex hormones in modulating nicotine’s effects on anxiety. However, in the

adolescent females, dietary restriction significantly increased the percentages of time spent and entries onto the open arms, without

changing closed arm entries, indicating an anxiolytic effect. These results raise the important possibility that, in prepubertal girls, dietary

restriction may have anxiolytic effects and this might contribute to the onset of anorexia. Circulating female hormones reduce this effect,

but in adult females the combination of dietary restriction and nicotine may have important anxiolytic effects that impact on the initiation

of regular smoking.

Neuropsychopharmacology (2003) 28, 1257–1263, advance online publication, 9 April 2003; doi:10.1038/sj.npp.1300168
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INTRODUCTION

Young women are the most likely group of people to start
smoking and to diet and, in some cases, these two activities
are linked. Smoking in order to lose weight is often reported
by women (Grunberg et al, 1986), and Pomerleau et al
(1993) have identified the female ‘weight-control smoker’ as
a group in which weight loss is a prime motive for smoking.
Nicotine is well established as an appetite suppressant and,
in general, smokers weigh less than nonsmokers (Comstock
and Stone, 1972; Perkins et al, 1992; Crisp et al, 1999).
Female sex hormones may play an important role in this
effect, and Crisp et al (1999) found that smoking resulted in
greater weight loss in schoolgirls only after the onset of
puberty. The results from animal experiments also identify
the prepubertal female as responding differently to the
appetite suppressant effects of nicotine. The adolescent rat

(days 29–42) provides a useful model in which there is
sexual differentiation of the brain, but an absence of
circulating gonadal hormones (Spear and Brake, 1983). The
body weight and food intake of female adolescent rats did
not change in response to a 12mg/kg/day nicotine infusion,
whereas there were significant changes in male adolescents
and male and female adults (Faraday et al, 2001).
There is evidence for other sex differences in the

motivation to smoke. For example, men often nominate
the rewarding effects of cigarettes as their reason for
smoking, whereas women cite anxiety-reducing effects
(Perkins et al, 1999; Crisp et al, 1999). Furthermore, women
are more likely than men to smoke in order to relieve
negative withdrawal symptoms (Stanton, 1995), and women
experience more withdrawal symptoms than men when the
number of cigarettes smoked is matched (Kandel and Chen,
2000). In nonsmokers, nicotine had calming effects in
young women, but increased anxiety and aggression in
young men (File et al, 2001). However, these sex differences
were not found in regular smokers (File et al, 2002), which
suggests that sex differences in nicotine’s effects on anxiety
may be of prime importance in the initiation of smoking.
The results from animal experiments also provide evidence
for sex differences in response to nicotine’s effects on
anxiety. In the open field, nicotine had a greater anxiolytic
effect in adult female rats than in adult male rats (Faraday
et al, 2001).
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In addition, there may be important age differences in
response to nicotine. In females, the subjective benefits of
smoking are higher in adolescents than adults (Crisp et al,
1999). This is particularly important, since early onset of
cigarette use is a robust predictor of dependence in later life
(Taioli and Wynder, 1991; Breslau et al, 1993) and of failure
in smoking cessation (Nides et al, 1995). Adolescents smoke
significantly fewer cigarettes than adults, yet experience
higher rates of dependence at the same levels of use (Kandel
and Chen, 2000). In line with the human findings, much of
the data gathered from animals also reflect a peculiar
vulnerability to nicotine in adolescence (Laviola et al, 1999;
Adriani et al, 2002). In mice, it seems that early adolescence
in particular (during the period just preceding puberty) is
the developmental phase responsible for the pattern of
behaviors constituting sensitivity to nicotine’s effects
(Adriani et al, 2002). During this phase, mice orally
administer a significantly greater volume of nicotine
solution compared to middle or late adolescence. In the
social interaction test of anxiety, female adolescent rats
showed an anxiolytic response to nicotine at a five-fold
lower dose than male adolescent rats (Cheeta et al, 2001a).
While the effects of nicotine have not, so far, been

examined in conjunction with dietary restriction, there is
evidence that food deprivation incurs physiological effects
mediated by the hypothalamic–pituitary axis (HPA). In
male rats, 2 days of total deprivation did not change
corticosterone concentrations, but they were increased after
10 days without food (Yoshihara et al, 1996), and after 8
days of food restriction to ensure a body weight that was
maintained at 80% of that on day 1 they were also increased
(Heiderstadt et al, 2000). However, the same authors did not
find any difference in serum corticosterone levels between
controls and rats maintained at 80% of an ad libitum fed
control rat over 21 days. Even very brief (24 h) food
deprivation can increase plasma corticosterone concentra-
tions in ovariectomized female rats (Chang et al, 2002),
suggesting that food deprivation is stressful in this group, at
least as measured by activation of the HPA. However, what
remains equivocal is the degree of severity of deprivation
required to induce changes in HPA and processes
dependent on the equilibrium of this axis such as
menstruation (Tropp and Markus, 2001).
There is also evidence that circulating gonadal hormones

can influence anxiety. Anxiety levels of female rats are lower
during proestrous than during diestrous, and levels of
estradiol modulate this response (Klein Marcondes et al,
2001). This is evidenced by increases in percentage time
spent on open arms by the proestrous animals than
diestrous. There were no significant differences in the
percentage of entries into the open arms or in the number
of entries into the closed arms among the phases of the
estrous cycle. Further, Frye et al (2000) have evidence to
suggest that proestrous (when estradiol and progesterone
peak) promotes increases in anxiolytic-like behavior in
plus-maze coincident with elevated circulating progestin
concentrations. Since the estrous cycle seems to modulate
performance on anxiety tasks, it is interesting to note that
behaviors dependent on the cycle (such as lordosis) are, in
turn, sensitive to food availablity. Jones et al (2002) showed
that in hamsters food-deprived for 48 h, estrous behavior is
suppressed. This suppression can be delayed by enriching

the animals’ diet with high-calorie macronutrients (Tropp
and Markus, 2001). This is a finding that is mirrored in the
clinical literature on anorexia nervosa in that one of the
most salient features of this disorder is amenorrhea (the
lack of three consecutive menstrual cycles; DSM-IV, 1994).
To date, there is no effective therapy available for anorexia,
but the fact that many periadolescent anorexics ‘grow out
of’ the disorder in adulthood (Herpertz-Dahlmann et al,
1996) hints towards a potential role of post-menarchal
hormones in recovery from the disorder.
The purpose of the present experiment was to examine

the impact of dietary restriction in adolescent and young
adult female rats on the effects of nicotine in the elevated
plus-maze. This test of anxiety has been widely validated
(Pellow et al, 1985; Pellow and File, 1986) and has been used
to test both male and female rats (Johnston and File, 1991;
Steenbergen et al, 1991; Imhof et al, 1993). Brioni et al
(1994) reported an anxiolytic effect of nicotine (0.3mg/kg)
in this test. Others, using adult male hooded Lister rats,
observed no effects of low doses of nicotine while higher
doses (0.1–1.0mg/kg) had anxiogenic effects (Ouagazzal et
al, 1999; Cheeta et al, 2001b). To date, the effects of nicotine
on female rats in the plus-maze have not been examined but
bimodal effects of nicotine in animal tests of anxiety are
now well recognized. Nicotine has been found to have
anxiolytic effects in the potentiated startle test (Vale and
Green, 1996) and at low doses in the social interaction test
(File et al, 1998). In the black–white crossing test in mice,
nicotine has anxiogenic effects (Costall et al, 1989), as it
does at high doses in the social interaction test (File et al,
1998). For a review of these complex effects of nicotine on
anxiety in both animals and humans, see Picciotto et al
(2002).

MATERIALS AND METHODS

Animals and Dietary Restriction

Female hooded Lister rats (Harlan Olac, Bicester, UK) were
housed singly in cages 45� 28� 20 cm3 high. All cages were
in racks that allowed rats to see, hear, and smell other rats.
The room in which the animals were housed was lit with
dim light and maintained at 22oC. Lights were on from
0700–1900 h. The adolescent rats were aged 28 days at the
start of the experiment and were tested at day 35. The adult
rats were approximately 70 days.
At the start of the experiment, half of each group was

randomly allocated to the dietary restriction condition. For
both groups, water was available at all times. Dietary
restriction occurred for 7 days. Each day all animals were
weighed. Based upon a change in the animal’s weight from
the previous day, an individually calculated amount of food
was given to the food-restricted animals once per day, in
order to maintain their weight at 85% of their free-feeding
cohort. On average, about 12 g per day was given to the
adult females and about 10 g per day to the adolescent
females. Feeding took place between 1400 and 1600 h. At the
time of testing (on day 8) the adult female rats weighed
208 g (deprived) and 250 g (nondeprived) and the female
adolescent rats (day 28) weighed 93 g (deprived) and 110 g
(nondeprived). The experimental procedures carried out in
this study were in compliance with the UK Animals
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(Scientific Procedures) Act 1986 (Home Office Project
Licence Number 70/5436).

Apparatus

The elevated plus-maze was made of wood and consisted of
two opposite open arms 50� 10 cm2, and two opposite
equal sized arms enclosed by 40 cm high walls. The arms
were connected by a central 10� 10 cm2, and thus the maze
formed a ‘plus’ shape. The maze was elevated 50 cm from
the floor and lit by dim light. A closed-circuit TV camera
was mounted vertically over the maze, and the behavior was
scored from a monitor in an adjacent room. All scores were
entered directly into an IBM computer. The percentage of
time spent and the percentage of entries onto the open arms
of the maze provide the measures of anxiety, and increases
in these measures indicate an anxiolytic effect whereas
decreases indicate an anxiogenic effect (Pellow et al, 1985;
Pellow and File, 1986). The number of closed arm entries
provides the best measure of locomotor activity in this test
(File, 1992). An arm entry was defined as all four paws
entering the arm and an arm exit was defined as two paws
leaving the arm.

Drug

(�)-Nicotine hydrogen tartrate (Sigma, Poole, UK) was
dissolved in distilled water, and the doses of nicotine were
calculated as the base. All drug injections were given
subcutaneously (s.c.) in a volume of 1ml/kg body weight.
Control animals received equal volume injections of
distilled water. The animals were tested 30min after
injection.

Procedure

Within each dietary condition, female adult rats were
randomly allocated among the following drug groups, with
n¼ 8/group: vehicle, (�)-nicotine (0.05, 0.25, or 0.5mg/kg).
Within each dietary condition, female adolescent rats were
randomly allocated among the following drug groups, with
n¼ 12/group: vehicle, (�)-nicotine (0.05, 0.1, 0.25, or
0.5mg/kg). On the test day, 30min after injection each rat
was placed in the central square of the plus-maze facing the
closed arm, and its behavior was scored for 5min by an
observer blind to the drug treatment and dietary condition.
The number of entries onto the open and closed arms, and
the time spent on the open arms, closed arms, and central
square were scored. The test arena was wiped with a damp
cloth after each trial. The rats were tested between 0900 and
1300 h, in an order randomized for drug treatment and
dietary condition.

Statistics

The data were analyzed by two-way analyses of variance
(Factor 1, drug treatment; Factor 2, dietary condition).
Comparisons between individual groups were then made
with Fisher’s LSD test, and it is the significances of these
comparisons that are shown in Figure 1 and Table 1.

RESULTS

Adult Females

It can be seen from Figure 1 that, in the adult females,
dietary restriction dramatically changed the effects of
nicotine on the percentage of time spent on the open arms
(dietary state� nicotine interaction, F(3,56)¼ 10.14,
po0.01). This was particularly marked for the lowest dose
(0.05mg/kg), which significantly reduced the percentage
time spent on the open arms in the free-feeding group, but
significantly increased it in the food-restricted animals.
Thus, in food-restricted adult females, there was a highly
significant anxiolytic effect of the lowest dose of nicotine,
while the same dose had an anxiogenic effect in free-feeding
adult females. A similar pattern can be seen in the
percentage of open arm entries, but overall the interaction
did not reach significance (nicotine: F(3,56)¼ 0.9, NS),
although there was a main effect of dietary restriction to
increase the percentage of open arm entries (dietary state:
F(1,56)¼ 4.9, po0.05). Neither factor, nor the interaction
between the two factors, had an effect on the number of
closed arm entries (dietary state: F(1,56)¼ 1.05, NS; drug:

Table 1 Mean (7 SEM) Percentage of Open Arm Entries and
Number of Closed Arm Entries in the Plus-Maze on Trial 1 by
Female Adult Rats after s.c. Injection of Vehicle or Nicotine (0.05,
0.25, and 0.5mg/kg)

Percentage of
open arm entries

Number closed
arm entries

Nicotine
(mg/kg) Nondeprived Deprived Nondeprived Deprived

0 24.47 5.7 26.77 5.1 9.67 0.6 9.17 0.5
0.05 19.87 3.1 33.97 3.6* 9.07 0.9 9.17 0.7
0.25 25.77 5.2 27.47 5.2 8.07 0.7 9.67 0.7
0.5 16.47 4.5 25.77 3.9 7.97 1.0 8.87 0.5

*po0.05 compared with the nondeprived group; N¼ 8 per dose group.
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Figure 1 Mean (7 SEM) percentage of time spent on the open arms by
adult female rats tested in the elevated plus-maze after s.c. injection of
vehicle or nicotine (0.05, 0.25, or 0.5mg/kg), N¼ 8 per dose group. Unfilled
bars represent nondeprived animals, and filled bars represent deprived
animals; *po0.05, **po0.01 compared with vehicle control from the
same dietary condition, LSD after ANOVA.
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F(3,56)¼ 0.75; dietary state� nicotine: F(3,56)¼ 0.8, NS);
see Table 1.

Adolescent Females

Effects of nicotine. In contrast with the adult females, in
adolescent females, nicotine was without significant effect
(nicotine: F(4,110)¼ 0.7, 2.1, and 2.0, for percent time, and
percent entries onto open arms, and number of closed arm
entries, respectively, NS in all cases) and dietary restriction
did not modify nicotine’s effects (dietary state� nicotine

interaction, F(4,110)¼ 1.1, 0.8, and 1.9, for percent time,
and percent entries onto open arms, and number of closed
arm entries, respectively, NS in all cases); see Table 2.

Effects of Dietary Restriction

The adolescent females did, however, show striking effects
of dietary restriction on the measures of anxiety; see Figure
2. Dietary restriction had significant anxiolytic effects,
shown by increases in the percentage of time spent on the
open arms (F(1,110)¼ 14.3, po0.001) and in the percentage
of open arm entries (dietary state: F(1,110)¼ 17.0,
po0.0001). Dietary restriction did not change the number
of closed arm entries (dietary state: F(1,110)¼ 0.3, NS).

DISCUSSION

The present experiment is the first to report the effects of
nicotine on the responses of female rats in the elevated plus-
maze. In the free-feeding adult female, nicotine reduced the
percentage of time spent on the open arms, without
changing the number of closed arm entries, thus indicating
a specific anxiogenic effect, rather than a nonspecific
reduction in responding. The decrease in percentage of
time spent on the open arms reached significance at
0.05mg/kg, a lower dose than that previously found to
change this measure in male rats tested under similar
experimental conditions (Ouagazzal et al, 1999; Cheeta et al,
2001b). Cheeta et al (2001b) found that nicotine also
reduced the percentage of open arm entries, but Ouagazzal
et al (1999) found this measure to be decreased only by
1mg/kg, a dose higher than the range investigated in this
study. In neither the male nor the female rats has there been
clear evidence that the anxiogenic effects of nicotine were
dose-related. Rather it seems that a threshold effect has to
be reached in order to trigger an anxiogenic response. We
do not really know the reason for this, but it may relate to
the indirect effects of nicotine, perhaps by acting at
presynaptic receptors to enhance neurotransmitter release.
The neurochemical mechanisms have not been explored in
the plus-maze, but in the social interaction test the evidence
suggests that nicotine exerts its anxiogenic effect by
increasing 5-HT release (see File et al, 2000 for a review).
In the hippocampus, nicotine increases 5-HT release and
has an anxiogenic effect only at a high dose (Kenny et al,
2000a, b).
The evidence from both the present study and from

previous studies in adult male rats is that the effects of

Table 2 Mean (7 SEM) Percentage of Open Arm Entries, Percentage Time on Open Arm and Number of
Closed Arm Entries in the Plus-Maze by Female Adolescent Rats Received s.c. Injection of Vehicle or Nicotine
(0.05, 0.1, 0.25, and 0.5mg/kg)

Percentage of time open arm Percentage of open arm entries Closed arm entries

Nicotine
(mg/kg) Nondeprived Deprived*** Nondeprived Deprived*** Nondeprived Deprived

0 24.47 3.2 30.27 4.5 32.37 2.6 40.77 2.7 11.67 0.6 9.57 0.5
0.05 23.37 2.8 29.87 4.6 33.17 1.5 35.17 2.1 10.757 0.5 10.57 0.5
0.1 16.27 3.0 34.77 4.2 27.27 2.3 38.97 2.5 11.67 0.8 10.67 0.6
0.25 18.67 3.7 29.17 3.6 27.17 3.5 34.57 3.1 11.47 0.7 12.87 0.7
0.5 19.37 3.7 24.27 4.4 25.67 2.6 32.47 4.1 11.57 0.7 12.27 1.1

***po0.001, significant effects of dietary state (see Figure 2); N¼ 12 per dose group.
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Figure 2 Mean (7 SEM) percentage of time spent on the open arms
(top panel), percentage of open arm entries (middle panel), and number of
closed arm entries (bottom panel) in the elevated plus-maze by free-
feeding (nondeprived, unfilled bars) and food-restricted (deprived, filled
bars) adolescent female rats (N¼ 60 per deprivation group) (***po0.001
compared with nondeprived ANOVA).
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nicotine are more marked on the percentage of time than on
the percentage of entries on the open arms. This is similar
to the effects of the estral cycle in the plus-maze, which were
significant only for percentage time. One reason for this is
that the two measures are not equally sensitive and, for this
reason, many studies only report percentage of time. A
factor analysis of the measures in the plus-maze for female
hooded Lister rats (as used in this study) showed that
percentage time loaded more highly on the anxiety factor
than did percentage entries (Fernandes et al, 1999). Further-
more, in rats selectively bred for different levels of anxiety in
the plus-maze, discriminant analysis showed that for both male
and female rats percentage time was the most important
variable for distinguishing between the lines, with percentage
entries not reaching significance (Henniger et al, 2000).
In the adult females, dietary restriction dramatically

changed the direction of nicotine’s effects on the percentage
of time spent on the open arms, without changing nicotine’s
effects on closed arm entries, indicating specific effects on
anxiety. Thus, whereas in the free-feeding situation nicotine
at all doses had anxiogenic effects, in contrast, in the
condition of dietary restriction the lowest dose of nicotine
(0.05mg/kg) had a marked anxiolytic effect. We do not
know whether anxiolytic effects would also have been seen
at even lower doses of nicotine, or whether anxiogenic
effects would have been found after even higher doses than
those we tested. In the adult female rats, it can be seen from
the scores of the vehicle-treated rats that dietary restriction
did not change the percentage of time spent on the open
arms. It is therefore unlikely that the changed pattern of
nicotine’s effects on this measure could have been
secondary to its effects on appetite.
The directional shift in nicotine’s effects on anxiety

caused by dietary restriction was not seen in the adolescent
rats, suggesting that circulating female gonadal hormones
were necessary for the expression of this shift. Circulating
gonadal hormones have previously been found to modify
the anxiolytic effects of chronically administered desipra-
mine (Fernandez-Guasti et al, 1999). The results of reduced
anxiolytic effects in female adolescent rats in the plus-maze
contrast with the enhanced responses previously found in
the social interaction test (Cheeta et al, 2001a). There is
evidence that different neurochemical pathways are im-
portant in behavior in the plus-maze and social interaction
tests (Cheeta et al, 2000; File et al, 1996; Gonzalez et al,
1998, 1996). Thus, the pattern of results seen with nicotine
suggests that the adolescent period may be one in which
there are regional differences in brain 5-HT development.
Xu et al (2001) found that nicotine administration to
adolescent rats resulted in suppression of presynaptic 5-HT
activity. This would normally be followed by a compensa-
tory upregulation of postsynaptic receptors. However, they
found that postsynaptic 5-HT receptor density and their
ability to modulate cell signalling was actually suppressed
by nicotine administration in adolescents (Xu et al, 2002).
The changes in postsynaptic 5-HT receptors were both
brain region and sex dependent, with females showing the
main effects in 5-HT2 receptors. Xu et al (2002) hypothe-
sized that the dysregulatory effects seen in the 5-HT system
as a result of nicotine administration might provide the
biological basis for the emergence of depression during
attempts at smoking cessation. While we cannot yet link our

findings directly with the 5-HT system, this would seem to
be one of the main candidates for mediating our changed
responses to nicotine.
Our results may also have clinical implications for the

onset of regular smoking in young women. They raise the
important possibility that the coincidence of dieting and
smoking may change the emotional impact of nicotine,
enhancing its anxiolytic effects and reducing its anxiogenic
effects. This could further amplify sex differences in the
anxiolytic vs anxiogenic effects of nicotine (Cheeta et al,
2001a; File et al, 2001), and thus contribute to the difference
in motivation underlying smoking onset. On withdrawal
from nicotine and smoking, there is a rebound hyperphagia
and weight gain (Blitzer et al, 1977; Grunberg, 1982; Carney
and Goldberg, 1984), and this may be exacerbated if
nicotine withdrawal is also accompanied by the end of a
previous period of dieting. It would be of great interest to
determine whether termination of dietary restriction would
also exacerbate the anxiogenic response that is detected in
the plus-maze on withdrawal from chronic administration
of nicotine (Irvine et al, 2001).
In the adolescent female rats, dietary restriction signifi-

cantly increased the percentages of open arm entries and
time spent on the open arms, without changing the number
of closed arm entries. This suggests, perhaps surprisingly,
that in this group, dietary restriction had some anxiolytic
effect. Thus we have replicated in a larger sample of animals
the previously reported anxiolytic responses in the plus-
maze following dietary restriction (Genn et al, 2003).
However, no significant effects of food deprivation were
found in the social interaction test (Genn et al, 2003). Factor
analysis has shown that measures from the two tests load on
independent factors of anxiety (File, 1992), and thus it may be
that dieting can differentially affect different anxiety states.
There is clinical evidence to suggest that anxiety disorders

are risk factors for subsequent eating disorders, with 83% of
subjects with anorexia nervosa having at least one lifetime
diagnosis of an anxiety disorder (Bulik et al, 1997; Godart et
al, 2000), particularly panic disorder (Brawman-Mintzer et
al, 1995). Our results raise the intriguing speculation that
dieting may serve to reduce anxiety and this positive
motivational effect may serve as one factor reinforcing
anorexia, particularly before the onset of puberty. Our
results suggest that circulating female hormones in the adult
female inhibit the anxiolytic effects of food restriction seen
in the adolescents. Thus the onset of puberty, and its
incumbent neurochemical changes, may serve to reduce the
positive emotional impact of dieting. This hypothesis is
congruous with the finding that most periadolescent
anorexics ‘grow out of’ the disorder in adulthood (Her-
pertz-Dahlmann et al, 1996).
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