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1 These experiments determined whether the housing conditions of rats in¯uenced the e�ects of
nicotine in two animal tests of anxiety, social interaction and elevated plus-maze tests.

2 In animals housed singly for 7 days, (7)nicotine (0.025 mg kg71 s.c.) was ine�ective, but 0.05,
0.1 and 0.25 mg kg71 (s.c.) signi®cantly increased the time spent in social interaction, without
changing locomotor activity, thus indicating anxiolytic actions. (7)Nicotine (0.45 mg kg71 s.c.)
signi®cantly reduced social interaction, indicating an anxiogenic e�ect.

3 However, in group-housed animals, (7)nicotine (0.025 mg kg71 s.c.) had a signi®cant anxiolytic
e�ect in the social interaction test, but 0.01, 0.05, 0.1, 0.25 and 0.45 mg kg71 were ine�ective.
(7)Nicotine (1 mg kg71) reduced motor activity and social interaction in the group-housed animals.

4 In the elevated plus-maze, the time-course and the dose-response curve to nicotine were
investigated. In both singly- and group-housed rats, (7) nicotine (0.1 ± 0.45 mg kg71 s.c.) decreased
the per cent entries into, and per cent time spent on, the open arms, indicating anxiogenic e�ects.

5 The housing condition in¯uenced the time course, with signi®cant e�ects at 5 and 30 min after
injection in group-housed rats, and signi®cant e�ects at 30 and 60 min in singly-housed rats.

6 In the social interaction test there was no di�erence in the scores of the ®rst and last rats
removed from group cages, whereas the order of removal from the cages did a�ect the scores in the
elevated plus-maze.

7 These results provide further evidence that the two animal tests model distinct states of anxiety,
and show how social isolation powerfully modi®es both anxiolytic and anxiogenic e�ects of nicotine.
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Introduction

Calming and anxiety-reducing e�ects are frequently cited by

smokers as reasons for their smoking, and this is particularly
prevalent amongst teenage girls (Royal College of Physicians,
2000). However, some have queried whether nicotine really

does have anxiolytic e�ects, and there is evidence that under
some circumstances nicotine can actually increase stress and
anxiety (Netter et al., 1998; Newhouse et al., 1990; Parrott et
al., 1996). The data from animal studies suggest that even

following acute administration, nicotine has complex e�ects
on anxiety.
Anxiolytic e�ects of acute administration of nicotine have

been reported in several experimental models of anxiety in
both mice (Cao et al., 1993; Brioni et al., 1993), and rats
(Brioni et al., 1994; Vale & Green, 1986), but these have been

restricted to a narrow dose range. In the social interaction
test of anxiety, it has been shown that the e�ects of nicotine
in rats are dose-dependent, with low doses having anxiolytic

and high doses anxiogenic e�ects (File et al., 1998). The
e�ects are also dependent on the time between injection and
testing and Irvine et al. (1999) found that nicotine
(0.1 mg kg71 s.c.) had an anxiogenic e�ect 5 and 60 min

after administration, but an anxiolytic e�ect at 30 min. Both
anxiolytic and anxiogenic e�ects have also been found in rats
tested in the elevated plus-maze. However, it is less clear in

this test that the e�ects are dependent on dose. Ouagazzal et

al. (1999a) found low doses (0.001 ± 0.1 mg kg71 i.p) were
ine�ective, but high doses had an anxiogenic e�ect (0.5 ±
1 mg kg71 i.p.). In contrast, Brioni et al. (1994) reported an

anxiolytic action with 0.3 mg kg71 nicotine. It is possible that
this discrepancy can be explained by intrinsic di�erences
between the rat strains that were used in these two studies. It
is also possible that di�erences in the housing conditions can

explain some of the discrepancies in the literature, especially
between the ®ndings in rats and mice. Anxiolytic e�ects have
been universally reported in mice, where group housing has

always been used (Cao et al., 1993; Costall et al., 1989; Brioni
et al., 1993), whereas anxiogenic e�ects have tended to
dominate in rat studies which have used single housing.

Social isolation has been shown to modify the e�ects of
acutely administered drugs. In the elevated plus-maze, an
anxiogenic pro®le and a greater sensitivity to the anxiolytic

e�ects of diazepam was seen in rats that were reared in
isolation from weaning (Fone et al., 1996; Morinan & Parker,
1985; Wright et al., 1991; Lopes da Silva et al., 1996).
Isolation-reared rats have also been found to be more

sensitive to the e�ects of amphetamine, cocaine and ethanol
(Jones et al., 1990; Smith et al., 1997; Fowler et al., 1993;
Hall et al., 1998). The e�ects of a short period of isolation

housing in adult rats have not been extensively investigated.
Singly-housed rats showed greater locomotor stimulation in
response to amphetamine (Ahmed et al., 1995) and enhanced
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chloride uptake in response to GABA and ¯unitrazepam
(Thielen et al., 1993). In contrast, pair-housed adult rats were
more sensitive than singly-housed rats to the anxiolytic e�ects

of diazepam in the social interaction test of anxiety (Gardner
& Guy, 1984). The purpose of the present experiments was
therefore to determine whether the housing conditions of
adult rats would modify the e�ects of nicotine in two animal

tests of anxiety, the social interaction test and the elevated
plus-maze. The time-course of nicotine's e�ects on the plus-
maze was also examined in the isolated and socially grouped

animals, because this has not been previously studied. The
times selected were based on those previously investigated in
the social interaction test (Irvine et al., 1999). The dose-range

of nicotine was selected on the basis of the doses previously
found e�ective in these two tests (File et al., 1998; Ouagazzal
et al., 1999a).

Methods

Animals

A total of 447 male Lister hooded rats (Charles River,

Margate, Kent, U.K.) weighing between 250 ± 300 g were
used. Rats were housed either in isolation or in social groups
of ®ve for 7 days prior to the start of behavioural testing.

The duration of isolation housing was chosen to be the same
as that used in previous studies (File et al., 1998; Ouagazzal
et al., 1999a). Isolation housed rats were housed singly in a

cage, 45 cm628 cm620 cm high. The group housed cages
were 56 cm638 cm620 cm high. All the cages were in racks
that allowed the rats to see, hear and smell other rats. Food
and water were freely available to all the animals. The room

in which animals were housed was lit with dim light and
maintained at 228C. Lights were on from 0700 ± 1900. The
experimental procedures carried out in this study were in

compliance with the U.K. Animals (Scienti®c Procedures)
Act 1986 (Home O�ce Project License Number 70/4041).

Apparatus

The social interaction test arena was a wooden box
60660 cm, with 35 cm walls, and was lit by high light (300

lux). A camera was mounted vertically above the arena and
the rats were observed on a monitor in an adjacent room.
The time spent in social interaction (sni�ng, following,

grooming the partner, boxing and wrestling) provided the
measure of anxiety and was scored by an observer who was
blind to the drug treatment. The interruption of infrared

beams from photocells mounted in the walls 3.5 cm from the
¯oor provided an automated measure of locomotor activity
(for details see File & Hyde, 1978; File, 1980, 1997).

The elevated plus-maze was made of wood and consisted
of two opposite open arms 50610 cm, and two opposite
equal sized arms enclosed by 40 cm high walls. The arms
were connected by a central 10610 cm square, and thus the

maze formed a `plus' shape. The maze was elevated 50 cm
from the ¯oor and lit by dim light. A closed-circuit TV
camera was mounted vertically over the maze, and the

behaviour 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 measure of anxiety,
and the number of closed arm entries provides the best
measure of locomotor activity in this test (Pellow et al., 1985;

File, 1992; Fernandes & File, 1996).

Drug

(7)-Nicotine hydrogen tartrate (Sigma, Poole, U.K.) was
dissolved in distilled water, and doses of nicotine were
calculated as the base. All drug injections were given

subcutaneously (s.c.), in a volume of 1 ml kg71 body weight.
Control animals received equal volume injections of distilled
water.

Procedure

Social interaction In the social interaction test, the light
level and familiarity of the test arena can be varied in order
to modify the level of anxiety generated by the test. A
moderate level of anxiety is generated by testing in a brightly

lit arena with which rats have been familiarized. This is the
test condition selected for this experiment, since it had proved
sensitive to both the anxiolytic and anxiogenic e�ects of

nicotine (File et al., 1998; Irvine et al., 1999). Therefore, each
rat was placed individually in the test arena for a 5 min
familiarization trial on the day prior to the social interaction

test. Rats were allocated to test partners on the basis of
weight, so they did not di�er by more than 10 g. For the
group-housed rats, the test partner was always taken from a

di�erent cage. After testing, the rats were returned to their
home cages, so that group-housed animals always remained
in a group of at least four. In the main study, 48 pairs of
singly-housed rats and 42 pairs of group-housed rats were

randomly allocated among the six drug groups (vehicle or
(7) nicotine 0.025, 0.05, 0.1, 0.25 or 0.45 mg kg71). On the
basis of the results, a further 21 pairs of animals were housed

in social groups for 7 days and then tested with vehicle or
(7) nicotine (0.01 or 1 mg kg71 s.c.). In all experiments, both
members of a test pair received the same dose of nicotine on

the test day. On the test days, 30 min after injection, pairs of
rats were placed in the centre of the arena and their
behaviour scored for 4.5 min from a monitor in the adjacent
room, by an observer with no knowledge of the drug

treatment. The scores that were analysed were the total times
spent interacting by each pair of rats (i.e. a single score for
each pair of rats). This is because the behaviour of one rat

cannot be considered to be independent of its partner's
behaviour. At the end of the trial any faeces were removed
and the arena wiped with a damp cloth. Rats were tested

between 0900 ± 1300 h.

Elevated plus-maze For the plus-maze experiments, 119

singly-housed rats and 106 group-housed rats were randomly
allocated among the ®ve drug groups (vehicle or nicotine
0.05, 0.1, 0.25 or 0.45 mg kg71 s.c.). On test days, the rats
receiving each drug treatment were further sub-divided into

three groups, and were tested either 5, 30 or 60 min after
their injection. Each rat was placed individually in the central
square of the plus maze facing the closed arm, and its

behaviour was scored for 5 min by an observer blind to the
drug treatment. The number of entries onto the open and
closed arms, and the time spent on the open arms, closed
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arms and in the central square was scored. Testing took place
between 0900 and 1300 h in an order randomized for drug
treatment. The arena was wiped with a damp tissue after each

trial. After testing each rat was returned to its home cage.

Statistics

Data for the dose-response to nicotine in the social
interaction test were analysed by a two-factor parametric
analysis of variance (Factor 1, housing; Factor 2, drug

treatment). A signi®cant housing6drug interaction would
show that the housing condition signi®cantly in¯uenced the
drug e�ect. The data for the additional doses investigated

only in the group-housed rats were analysed in a one-way
analysis of variance. The plus-maze data were analysed by a
three-factor analysis of variance (Factor 1, housing; Factor 2,

drug treatment; Factor 3, pre-treatment time.) After the
analyses of variance, comparisons between individual groups
were made with Fisher's post-hoc tests and it is the
signi®cances of these that are shown in the ®gures and tables.

A subsidiary analysis was conducted in order to determine
whether the order of removal from the group in¯uenced the
scores in the two tests. The scores of the ®rst and last rats to

be removed from each cage were compared in all the groups
in which nicotine had no e�ect. Thus, in the social interaction
test the comparison included all groups, except for

0.025 mg kg71 nicotine, and in the plus-maze the comparison
included all the groups tested at the 60 min time-point.

Results

Social interaction

Overall, the group-housed rats spent signi®cantly less time in
social interaction than did those that were singly housed

[F(1,78)=188.6, P50.00001]. There were dose-dependent
e�ects of nicotine, but these varied signi®cantly in the two
housing conditions [housing6drug interaction, F(5,78)=18.7,

P50.00001]. In the singly-housed rats, nicotine (0.05, 0.1,
0.25 mg kg71) signi®cantly increased social interaction,
whereas 0.45 mg kg71 signi®cantly decreased it, see Figure
1. In comparison, in the group-housed rats, only

0.025 mg kg71 nicotine signi®cantly increased social interac-
tion, see Figure 1. In the group-housed rats, the lowest dose
of nicotine (0.01 mg kg71) non-signi®cantly increased, and

the highest dose (1 mg kg71) signi®cantly decreased, social
interaction (see Table 1).
Overall, the group-housed rats had lower locomotor

activity than the singly-housed rats (Table 2: F(1,78)=7.5,
P50.01). Nicotine produced a dose-related decrease in
locomotor activity (F(5,78)=2.8, P50.05), that reached

signi®cance in both housing conditions at the 0.45 mg kg71

dose and in the singly housed rats also at the 0.25 mg kg71

dose (Table 2). There was no signi®cant housing6nicotine
interaction on locomotor activity (F51.0).

Elevated plus-maze

In the elevated plus-maze there was no overall e�ect of the
housing conditions on any of the measures (F51.4 in all
cases). However, the e�ects of nicotine on the measures of

anxiety depended on both the housing conditions and the
pre-treatment time (drug6housing6pre-treatment time,
F(8,195)=2.4, P50.05 for per cent time on open arms and

F(8,195)=2.6, P50.01 for per cent open arm entries). It can
be seen from Figure 2 and Table 3 that in both singly- and
group-housed rats the doses 0.1 ± 0.45 mg kg71 nicotine
signi®cantly decreased the percentage of time spent on the

open arms and the percentage of open arm entries. However,
these anxiogenic e�ects of nicotine were time-related and in
the group housed animals were more evident at the 5 and

30 min times of testing, whereas in the singly-housed animals
they were signi®cant at 30 and 60 min. Neither nicotine nor
the housing conditions signi®cantly a�ected the number of

closed arm entries (see Table 3) and therefore nicotine had a
speci®c anxiogenic e�ect in this test.

Effect of order of removal from the group

It can be seen from Table 4 that there was no di�erence in
the time spent in social interaction or in the locomotor scores

between the rats removed ®rst from each cage and those
removed last. However, in the elevated plus-maze the rats
removed ®rst showed an anxiogenic e�ect, indicated by

decreased per cent of open arm entries (F(1,13)=9.8,
P50.01) and per cent time in the open arms (F(1,13)=5.5,
P50.05), see Table 4. There was no e�ect on the number of

closed arm entries.

Discussion

The increased social interaction in the singly-housed rats
con®rmed earlier ®ndings on the e�ects of social isolation in

adulthood (File & Pope, 1974; Niesink & Van Ree, 1982;
Varlinskaya et al., 1999), and since weaning (Wongwitdecha
& Marsden, 1996). The baseline scores of the singly-housed

rats were very similar to those found in previous studies
(File et al., 1998; Irvine et al., 1999). This increased
interaction is the main reason for routinely using singly-

housed rats in this test. However, this test has been used in
group-housed rats (Jones et al., 1988; Dunn et al., 1991;
Costall et al., 1993), and it is possible to detect anxiolytic
e�ects of benzodiazepines in both housing conditions (File &

Hyde, 1978; File, 1980; Dunn et al., 1991; Gardner & Guy,
1984). The present experiment showed that an anxiolytic
e�ect of nicotine can be detected in both group- and singly-

housed rats, but it was manifested at a much wider dose-
range in the singly-housed rats. This is perhaps surprising,
since in general it is easier to detect increases in behaviour

when baseline scores are low (e.g. Crawley & Davis, 1982).
Thus, it would seem to be the stress, or some other e�ect, of
social isolation, rather than the baseline scores per se, that

was enhancing the anxiolytic e�ects of nicotine in this test.
Interestingly, the anxiogenic e�ects of nicotine were also
enhanced in the isolated rats, which perhaps argues against
an interpretation simply in terms of social isolation acting as

a stressor.
Our results also showed that short-term social isolation in

adult rats enhanced locomotor activity, as has been shown

previously for rats reared in social isolation (Smith et al.,
1997; Hall et al., 1998). This raises the possibility that the
increased activity is a response to the current housing
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conditions and not necessarily a consequence of the long-
term e�ects of isolation rearing. However, the current

housing conditions did not modify nicotine's e�ects on
locomotor activity, whereas isolation since weaning did

enhance the locomotor stimulant e�ects of amphetamine
and ethanol (Smith et al., 1997; Hall et al., 1998).

In contrast to the social interaction test, the housing

conditions did not modify behaviour in the elevated plus-
maze, as has been previously found in mice (Rodgers & Cole,
1993). The baseline scores of the singly housed rats were very

similar to those found in previous experiments (Ouagazzal et
al., 1999a). These results are also in general agreement with
previous studies in which other test condition manipulations,

such as extra-maze cues and lighting, were found not to
in¯uence baseline scores (Pellow et al., 1985; Baldwin & File,
1986; Falter et al., 1992; Becker & Grecksh, 1996; Rodgers et

al., 1997). It is therefore even more striking that the order of
removal from the group did seem to a�ect behaviour, with the
rats that were removed ®rst having scores in the plus-maze
that indicated increased anxiety. It is possible that the e�ects

we observed were caused, not by cohort removal, but by the
initial disturbance to the cage, to which the rats habituated
after several disturbances. Further studies are clearly needed in

this area. Another contrast between the two tests of anxiety
was that the housing conditions did not in¯uence the dose-
response to nicotine in the plus-maze and only anxiogenic

e�ects were detected in this test. The housing conditions did,
however, alter the time at which nicotine's e�ects were
detected, with the e�ects being delayed in the singly-housed

rats. Previously, rats reared in isolation have shown an altered
time course of amphetamine-induced locomotor activity
(Jones et al., 1992). The shift in the time course in the present
study does not appear to be dependent on baseline di�erences

between singly- and group-housed rats. There is convincing
evidence that the anxiogenic e�ects of nicotine in the elevated
plus-maze are primarily mediated by 5-HT1A serotonergic

receptors in the lateral septum (Cheeta et al., 2000). The
present results therefore indicate possible alteration of
serotonergic dependent function of the lateral septum

Figure 1 Mean (+s.e.mean) time(s) spent in social interaction by rats housed singly (hatched bars) or in social groups of ®ve
(black bars) for 7 days and then tested 30 min after injection with vehicle or (7) nicotine (0.025 ± 0.45 mg kg71 s.c.). **P50.01
compared with appropriate vehicle control group. ++P50.01 comparing vehicle-injected singly and group housed animals.

Table 1 Social interaction and locomotor activity of
group-housed rats

Drug treatment Social interaction(s) Locomotor activity

Vehicle 31.9+5.8 243+23.9
0.01 45.3+5.7 206+16.7
1 13.2+1.5* 99+17.5**

Mean (+s.e.mean) time spent in social interaction(s) and
locomotor activity (beam breaks) of rats housed in social
groups of ®ve for 7 days and then tested 30 min after
injections of vehicle or (7) nicotine (0.01 or 1 mg kg71 s.c.).
*P50.05, **P50.001 compared with vehicle control group.

Table 2 Locomotor activity of singly and group-housed
rats

Locomotor activity
Drug treatment Single housing Group housing

Vehicle 302+19.6 266+24.3
0.025 255+14.6 241+6.7
0.05 251+21.1 203+11.4
0.1 258+21.1 219+12.5
0.25 226+18.7* 193+40.0*
0.45 223+31.2* 204+21.9

Mean (+s.e.mean) locomotor activity (beam breaks) of rats
housed singly or in social groups of ®ve for 7 days and then
tested 30 mins after injection with vehicle or (7) nicotine
(0.025 ± 0.045 mg kg71 s.c.). *P50.05 compared with vehicle
control group.
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following isolation housing of rats. However, it is also possible
that isolation housing altered the pharmacokinetic e�ects of
nicotine, and that the later onset of nicotine's anxiogenic e�ect

was due to changes in nicotine absorption and metabolism,
although as yet this still has to be determined.
Several factor analysis studies have provided evidence that

di�erent animal tests of anxiety are re¯ecting di�erent
underlying factors, and hence may be modelling di�erent
anxiety disorders (File, 1992; Belzung & Le Pape, 1994;

Ramos et al., 1997; Flaherty et al., 1998). Inbred rat lines
have showed di�erent e�ects in di�erent tests of anxiety
(Chaoulo� et al., 1994) and further di�erences between these

tests have been shown in the e�ects of brain lesions and
central drug administration (Menard & Treit, 1999).
Di�erential e�ects have also been found following systemi-

cally administered drugs (Treit et al., 1993; Fernanez-Guasti
et al., 1999) and after the stress of inescapable shock
(Steenbergen et al., 1990).

Figure 2 Mean (+s.e.m.) per cent time spent on the open arms of the elevated plus maze by rats housed singly or in social groups
of ®ve for 7 days and then tested 5, 30 or 60 min after injection with vehicle or (7) nicotine (0.05 ± 0.45 mg kg71). *P50.05,
**P50.001 compared with appropriate vehicle control group.

Table 3 Performance in elevated plus-maze of singly- and group-housed rats

Per cent open arm entries Closed arm entries
Single housing Group housing Single housing Group housing

5 min
Vehicle 29.1+1.8 33.9+4.8 13.0+2.8 11.2+0.8
0.05 22.2+2.8 34.2+2.4 12.3+1.2 11.7+0.9
0.1 33.6+5.8 23.6+5.2 13.0+0.9 12.5+1.7
0.25 23.6+6.4 11.7+7.0** 10.1+1.7 8.8+2.6
0.45 30.6+8.9 13.9+5.4* 5.3+1.1** 12.0+5.7

30 min
Vehicle 32.0+2.3 36.7+3.1 12.0+0.5 10.0+0.9
0.05 33.1+3.5 21.5+6.1* 9.5+1.1 10.8+0.7
0.1 17.6+2.2** 25.7+2.7 11.4+0.5 10.8+0.8
0.25 22.0+2.9* 16.5+4.8** 9.6+0.8 10.7+1.0
0.45 9.9+2.7** 10.2+4.1** 9.5+0.5 11.0+0.4

60 min
Vehicle 33.5+5.3 26.2+5.2 10.0+1.0 12.8+0.8
0.05 28.5+2.0 26.4+4.4 10.6+0.5 12.7+0.4
0.1 19.8+3.2* 25.2+4.4 12.5+0.7 13.7+0.4
0.25 22.9+3.5 20.8+5.0 13.8+1.2** 12.8+1.1
0.45 12.9+4.2** 25.2+3.8 10.8+0.6 12.1+0.6

Mean (+s.e.mean) per cent entries onto open arms and number of closed arms entries on the elevated plus maze in rats housed singly
or in social groups of ®ve for 7 days and then tested 5, 30 and 60 min after injection with vehicle or (7) nicotine (0.05 ± 0.45 mg kg71

s.c.). *P50.05, *P50.001 compared with appropriate vehicle control group.
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We have found di�erences between the social interaction

test and the elevated plus-maze in the e�ects of nicotine.
Thus, in our strain of rat and test conditions, although low
doses of nicotine were anxiolytic in the social interaction test,
we have only ever found anxiogenic e�ects in the plus-maze

(this experiment and File et al., 1998; Ouagazzal et al.,
1999a). It is perhaps most striking that, in singly-housed rats,
nicotine (0.1 mg kg71 30 min after injection) had an

anxiolytic action in the social interaction test, yet an
anxiogenic e�ect in the plus-maze. (Kenny et al., 2000;
Ouagazzal et al., 1999a). We failed to ®nd any dose of

nicotine that had an anxiolytic e�ect in the plus-maze after

acute administration. The lowest dose investigated in the
present study was 0.025 mg kg71, but Ouagazzal et al.
(1999a) also found no e�ects with doses as low as

0.01 mg kg71. A further di�erence seems to lie in the brain
regions mediating nicotine's anxiogenic e�ects in the two
tests, which implies that di�erent brain regions may be
activated by the two tests. Thus, while both the dorsal

hippocampus and the lateral septum mediate the anxiogenic
e�ects of nicotine in the social interaction test, only the latter
structure mediates e�ects in the plus-maze (Kenny et al.,

2000; Ouagazzal et al., 1999a,b; Cheeta et al., 2000). In all
cases the anxiogenic e�ects were antagonized by co-
administration of the 5HT1A antagonist, WAY 100635

(Kenny et al., 2000; Cheeta et al., 2000). Since the group-
housed rats did not show any anxiogenic e�ects to nicotine in
the social interaction test, this implies that the housing

conditions might have modi®ed the nicotinic cholinergic and/
or serotonergic systems in these brain regions.

In conclusion, our results showed that even a few days of
social isolation in adulthood can profoundly a�ect baseline

responses in tests of anxiety and responses to nicotine.
Singly-housed rats have also shown greater physiological
reactions to stress than did group-housed rats (Baldwin et

al., 1995; Ruis et al., 1999). However, an increased stress
response to the behavioural tests in an insu�cient explana-
tion for the pattern of results that we have found with

nicotine.
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