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Nicotine induces disinhibitory behavior in the rat after subchronic
peripheral nicotinic acetylcholine receptor blockade
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Abstract

The present study investigated the effects of subchronic nicotine, mecamylamine and hexamethonium, alone or in combinations, on
locomotor activity and behavioral inhibition. Rats were divided into groups and tested for locomotor activity after acute nicotine. The

Ž .different groups received vehicle, nicotine, mecamylamine, mecamylamineqnicotine, hexamethonium two different concentrations and
hexamethoniumqnicotine injections once a day for 15 days after which they were tested for nicotine-induced locomotor activity again.
Acutely, nicotine stimulated locomotor activity, and repeated daily nicotine or hexamethoniumqnicotine administration sensitized the

Ž .animals to this nicotine-induced locomotor stimulation locomotor sensitization . Mecamylamine administered subchronically in combina-
tion with nicotine was able to block the induction to locomotor sensitization to nicotine. None of the nicotinic receptor antagonists
induced locomotor sensitization to nicotine by themselves. In the elevated plus-maze, subchronic nicotine treatment demonstrated a
nicotine-induced behavioral disinhibition, measured as an increase of time spent in and entries made into open arms. In contrast to the
findings regarding locomotor sensitization, none of the antagonists counteracted the induction of this nicotine-induced behavioral
disinhibition after subchronic co-treatment with nicotine. In addition, both antagonists by themselves produced a similar effect as
subchronic nicotine, i.e. promoted the development of nicotine-induced disinhibitory behavior. It was concluded that the induction of
locomotor sensitization to nicotine involves stimulation of central nicotinic acetylcholine receptors, whereas the development of
nicotine-induced behavioral disinhibition involves blockade of peripheral nicotinic acetylcholine receptors, and that the latter, but not the
former, phenomenon from a pharmacological point of view appears to be related to the increased ethanol consummatory behavior
observed after subchronic nicotine administration. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The mesocorticolimbic dopamine system, a major part
of the brain reward system, originates in the ventral
tegmental area and projects mainly to the nucleus accum-

Ž .bens and the prefrontal cortex cf. Koob, 1992 . This
system is activated by drugs of abuse and is most likely

Žinvolved in their reinforcing properties Engel, 1977; Wise
.and Rompre, 1989 , which, in turn, are believed to be

connected to their addictive properties. The abuse of nico-
tine and ethanol is a major health problem in many coun-
tries, it is therefore urgent to further investigate the mecha-
nisms involved in the addictive effects of these drugs.
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Nicotine stimulates or depresses locomotor activity in
rats depending on the dose, duration of exposure and
administration procedure. Acute low doses of nicotine

Žincrease locomotor activity e.g. Benwell and Balfour,
. Ž .1992 , whereas after high doses )0.6 mgrkg s.c. loco-

motor activity is initially decreased and a stereotypic be-
Ž .havior may develop Clarke and Kumar, 1983 . The loco-

motor stimulatory effect of low doses of nicotine appears
to involve activation of brain dopamine and noradrenaline

Žsystems Lee, 1985; unpublished results from our labora-
. Ž .tory . When nicotine 0.35 mgrkg s.c. is administered

intermittently over a period of 10–15 days sensitization to
the locomotor stimulatory effects of the drug develops in

Žhabituated animals locomotor sensitization; Ksir et al.,
.1985; Benwell and Balfour, 1992; Johnson et al., 1995a .

The sensitization phenomenon consists of two phases, the
induction of the phenomenon and its expression, which
may involve overlapping but not necessarily identical neu-
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rochemical mechanisms, as exemplified by, e.g. the in-
volvement of glucocorticoids in the induction but not the
expression of nicotine-induced locomotor sensitization
Ž .Johnson et al., 1995b . Behavioral sensitization to drugs
of abuse has been hypothesized to be involved in trans-
forming the wanting of a drug into craving for the drug
Ž .Robinson and Berridge, 1993 and appears to be associ-
ated with long-lasting neurochemical changes in i.a. the

Žmesocorticolimbic dopamine system Kalivas and Stewart,
.1991; Nestler, 1994 .

Several clinical studies have demonstrated a high corre-
Žlation between tobacco and alcohol use Dreher and Fraser,

1967; Crowley et al., 1974; for a review see Bien and
.Burge, 1990 . Thus, 90% of alcoholics smoke and alco-

holism is 10 times more common among smokers than
non-smokers. Moreover, an early smoking debut may be a
predictive factor for future addiction to ethanol. Interest-
ingly, in addition to the possible involvement of socioeco-
nomic or psychological factors recent experimental work
in animals suggests that this correlation may derive from
pharmacodynamic similarities and interactions between
nicotine and ethanol. Thus, both cross-tolerance and
cross-sensitization have been observed between some as-

Žpects of nicotine and ethanol pharmacology Burch et al.,
.1988; Johnson et al., 1995a; Blomqvist et al., 1996 , and a

series of publications from this laboratory indicates that
the dopamine activating and reinforcing properties of
ethanol involve a direct or indirect interaction between
ethanol and nicotinic acetylcholine receptors in the ventral

Žtegmental area Blomqvist et al., 1992, 1996, 1997; Eric-
. Ž .son et al., 1998 . Furthermore, Blomqvist et al. 1996 , and

Ž .others Pothoff et al., 1983; Gauvin et al., 1993 , have
demonstrated that subchronic nicotine administration in-
creases voluntary ethanol intake in rats. It was hypothe-
sized that this increase is due to the development of
cross-sensitization between nicotine and ethanol, and, in-
deed, cross-sensitization as regards the mesolimbic
dopamine activating effects of the drugs was reported
Ž .Blomqvist et al., 1996 .

However, in a recent study subchronic intermittent ad-
ministration of the tertiary nicotinic receptor antagonist
mecamylamine or the quaternary nicotinic receptor antago-
nist hexamethonium, alone or in combination with nico-
tine, increased voluntary ethanol intake and preference to

Žthe same extent as did nicotine by itself Ericson et al.,
.2000 . Based on these and other findings it was hypothe-

sized that blockade of peripheral nicotinic receptors rather
than stimulation of central nicotinic receptors is involved
in nicotine-induced enhancement of ethanol consumption.
Since nicotine-induced locomotor sensitization has been
suggested to involve central rather than peripheral nico-

Ž .tinic receptors Clarke and Kumar, 1983 , these findings
may argue against the idea that the cross-sensitization

Ž .phenomenon between nicotine and ethanol may involve
different levels of interaction depending on the pharmaco-
logical effect studied.

It has recently been demonstrated that subchronic inter-
mittent administration of nicotine to rats is associated with
the development of a nicotine-induced disinhibitory behav-
ior, as measured in Montgomery’s elevated plus-maze
Ž .Olausson et al., 1999 . This disinhibition was counter-
acted by concomitant subchronic treatment with citalo-
pram, a selective serotonin reuptake inhibitor, indicating
that the phenomenon may involve serotonin. The nicotine-
induced disinhibition in this study was interpreted to re-
flect increased impulsivity rather than anxiolysis, since,
based on other findings in the literature, it appeared more
likely that subchronic citalopram would counteract an im-

Žpulsive act than an anxiolytic effect cf. Olausson et al.,
.1999, for discussion . Interestingly, increased impulsivity,

signs of a deficient serotonergic system, and enhanced
Žethanol consumption appear to be linked in the rat see e.g.

.LeMarquand et al., 1994 . Thus, there is a possibility that
this particular disinhibitory effect after subchronic nicotine
is more closely related to the enhanced ethanol consump-
tion observed after such a treatment than is the develop-
ment of nicotine induced locomotor sensitization outlined
above, and, in turn, that these two nicotine-induced effects
may at least partly involve different mechanisms.

The present experiments were performed in order to
investigate whether the induction of nicotine-induced loco-
motor sensitization andror of nicotine-induced behavioral
disinhibition involve subchronic intermittent stimulation or
blockade of central or peripheral nicotinic receptors.

2. Materials and methods

2.1. Animals

Male Wistar rats, weighing approximately 240 g were
Ž .supplied by Beekay Stockholm, Sweden . Upon arrival in

the laboratory, the animals were housed in groups of 4 per
Ž .cage 55=35=20 cm at constant room temperature

Ž . Ž .228C and humidity 65% for 1 week in order to adapt to
the novel environment. The animals were kept under artifi-

Žcial light–dark conditions light on at 7:00 a.m. and off at
.7:00 p.m. and had free access to ‘‘rat and mouse standard

Ž .feed’’ Beekay Feeds and tap water.

2.2. Experiment procedure

The animals were divided into eight groups and treated
Ž .subchronically once a day for 15 days with: 1 vehicle

Ž . Ž . Ž . Ž .s.c. qvehicle i.p. , 2 nicotine 0.35 mgrkg s.c. q
Ž . Ž . Ž . Žvehicle i.p. , 3 vehicle s.c. qmecamylamine 4 mgrkg

. Ž . Ž . Ž .i.p. , 4 vehicle s.c. qhexamethonium 10 mgrkg i.p. ,
Ž . Ž . Ž . Ž .5 vehicle s.c. qhexamethonium 20 mgrkg i.p. , 6

Ž . Žnicotine 0.35 mgrkg s.c. qmecamylamine 4 mgrkg
. Ž . Ž . Ži.p. , 7 nicotine 0.35 mgrkg s.c. qhexamethonium 10

. Ž . Ž .mgrkg, i.p. and 8 nicotine 0.35 mgrkg s.c. q
Ž .hexamethonium 20 mgrkg i.p. . The i.p. injections was

administered approximately 5 min before the s.c. injection.
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2.3. Locomotor actiÕity

Locomotor activity was measured using activity meters
ŽDigiscan animal activity monitor, model RZYCCM Tao,

.Omnitech Electronics, Columbus, OH, USA that were
placed in eight identical sound- and light-attenuating boxes
containing a weak light and a fan. The activity meter was
equipped with two rows of infrared photo sensors, each
row consisting of 16 sensors placed 2.5 cm apart. The
rows were placed in a 908 angle along the front and side of
the floor of the cage. The activity meters were connected

Žto an analyzer system Omnitech Electronics, Columbus,
.OH, USA and the data was collected using an Apple

Macintosh Quadra 650 and the computer software Lab-
Ž .VIEW National Instruments, Austin, TX, USA .

On day 0 the animals were tested for locomotor activ-
ity. After 30 min of habituation all groups except the

Ž .vehicle group received nicotine 0.35 mgrkg s.c. and the
vehicle group received a saline injection. Locomotor activ-
ity was recorded for 60 min. Fifteen days later the animals
were tested again for locomotor activity; after 30 min of

Žhabituation all groups were injected with nicotine 0.35
.mgrkg s.c. and tested for 60 min.

2.4. Studies of behaÕioral inhibition

To evaluate the effects of the present drug treatments on
behavioral inhibition, the performance in Montgomery’s
elevated plus-maze was studied. The experimental appara-
tus consisted of a plus-formed maze with mesh-wire floor,
elevated approximately 0.75 m above the ground in a
semi-illuminated room. The arms of the plus-maze were 40
cm long and 10 cm wide. Two opposing arms were

Ž .surrounded by 10 cm high black walls closed arms , while
Ž .the other arms were devoid of walls open arms . The

contrast between the elevated plus-maze open and closed
arms inhibits the exploratory behavior displayed by rats
placed in a novel environment. The exploration of open
arms is thus suppressed, and, consequently, a non-treated,
normal rat spends only about 15–25% of the total arm
time on open arms.

The day after the locomotor activity test the animals
were allowed to habituate for 1 h to the testing room
before the start of the plus-maze experiment. All of the

Ž .animals received an injection of nicotine 0.35 mgrkg s.c.
and, in order to stimulate the spontaneous exploratory

Žbehavior, were then put into an unfamiliar environment a
dark box with a grid floor for 5 min; see also Pellow et al.,

.1985 , after which they were placed in the center of the
plus-maze facing a closed arm. Entry into one arm was
defined as the animal placing all four paws into the arm.
The investigator was situated 2 m from the center of the
maze. After every tested animal, the maze was carefully
wiped with a wet cloth. The time spent in, and the number
of entries made into, open and closed arms were recorded
during a 5-min test session. The time and number of

entries made into open arms were expressed as percent of
the total time and total entries made into both open and
closed arms.

2.5. Drugs

Žw x w xNicotine ditartrate salt y -1-methyl-2- pyridyl pyr-
w x .rolidine di- q tartrate salt purchased from Sigma was

Ž .dissolved in 0.9% NaCl and administered s.c. in volumes
of 2.0 mlrkg. The dose of nicotine is expressed as free
base throughout. Nicotine was always neutralized with a

Žfew grains of sodiumbicarbonate. Mecamylamine HCl 2-
w xmethylamino isocamphane hydrochloride purchased from

.Sigma , a tertiary nAChR antagonist, was dissolved in
0.9% NaCl and administered i.p. in volumes of 2 mlrkg.

Ž wHexamethonium Cl hexane-1,6-bis trimethyl-ammonium

Ž . Ž .Fig. 1. A Effect of nicotine 0.35 mgrkg s.c. on locomotor activity in
ŽWistar rats treated once a day for 15 days with nicotine 0.35 mgrkg

. Ž . Ž .s.c. , hexamethonium 10 mgrkg i.p. , hexamethonium 20 mgrkg i.p. ,
Ž . Žnicotineqhexamethonium 10 mgrkg , nicotineqhexamethonium 10

.mgrkg or vehicle. On day 0 the vehicle group received an acute saline
injection. Shown are means"S.E.M.; ns15–16. Statistics: Wilcoxons

) ) ) ) ) Ž . Žsigned rank test P F0.01, P F0.001. B Effect of nicotine 0.35
.mgrkg s.c. on locomotor activity in Wistar rats treated once a day for 15

Ž . Ž .days with nicotine 0.35 mgrkg s.c. , mecamylamine 4 mgrkg i.p. ,
nicotineqmecamylamine or vehicle. On day 0 the vehicle group received
an acute saline injection. Shown are means"S.E.M.; ns15–16. Statis-
tics: Wilcoxons signed rank test ) ) P F0.01, ) ) ) P F0.001.
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Ž .Fig. 2. A Effect of acute nicotine on the percent of time spent on open
arms in the elevated plus-maze in Wistar rats previously treated once a

Ž . Žday for 15 days with nicotine 0.35 mgrkg s.c. , hexamethonium 10
. Ž .mgrkg i.p. , hexamethonium 20 mgrkg i.p. , nicotineqhexamethonium

Ž . Ž .10 mgrkg , nicotineqhexamethonium 10 mgrkg or vehicle. Shown
are means"S.E.M.; ns15–16. Statistics: ANOVA followed by Fishers

) ) ) ) ) Ž .PLSD P F0.01, P F0.001. B Effect of acute nicotine on the
percent of time spent on open arms in the elevated plus-maze in Wistar

Žrats previously treated once a day for 15 days with nicotine 0.35 mgrkg
. Ž .s.c. , mecamylamine 4 mgrkg i.p. , nicotineqmecamylamine or vehicle.

On day 0 the vehicle group received an acute saline injection. Shown are
means"S.E.M.; ns15–16. Statistics: ANOVA followed by Fishers
PLSD ) P F0.05, ) ) P F0.01.

x .chloride purchased from Sigma , a quaternary nicotinic
receptors antagonist, was dissolved in 0.9% NaCl and

Ž .administered subcutaneously s.c. in volumes of 2 mlrkg.
Vehicle animals were given 0.9% NaCl in the same vol-
umes.

2.6. Statistics

The elevated plus-maze data were analyzed using a
Ž .factorial analysis of variance ANOVA followed by

Ž .Fisher’s protected least significant difference PLSD . The
locomotor activity data were analyzed using a Wilcoxon’s

Ž .signed rank test. A probability value P less than 0.05
was considered statistically significant. All values are ex-
pressed as means"S.E.M.

3. Results

3.1. Locomotor actiÕity

Ž .Acute nicotine 0.35 mgrkg s.c. challenge on day 16
significantly increased locomotor activity in the nicotine
Ž . Ž .P-0.001 , the nicotineqhexamethonium 10 mgrkg
Ž . ŽP - 0.001 and the nicotine q hexamethonium 20

. Ž .mgrkg Ps0.003 treated groups, as compared to day 0.
Animals receiving the nicotinic receptor antagonists alone
or nicotineqmecamylamine did not significantly alter their
locomotor activity response to nicotine after the sub-
chronic treatment. Animals in the vehicle treated group,
that received a saline injection day 0 and a nicotine
injection day 16, increased their locomotor activity signifi-

Ž .cantly P-0.001 to approximately the same level as did
Žanimals in the nicotine treated group day 0 Fig. 1A and

.B .

Ž .Fig. 3. A Effect of acute nicotine on entries made into open arms in the
elevated plus-maze in Wistar rats previously treated once a day for 15

Ž . Ž .days with nicotine 0.35 mgrkg s.c. , hexamethonium 10 mgrkg i.p. ,
Ž . Ž .hexamethonium 20 mgrkg i.p. , nicotineqhexamethonium 10 mgrkg ,

Ž .nicotineqhexamethonium 10 mgrkg or vehicle. Shown are means"

S.E.M.; ns15–16. Statistics: ANOVA followed by Fishers PLSD ) ) P
) ) ) Ž .F0.01, P F0.001. B Effect of acute nicotine on entries made into

open arms in the elevated plus-maze in Wistar rats previously treated
Ž .once a day for 15 days with nicotine 0.35 mgrkg s.c. , mecamylamine

Ž .4 mgrkg i.p. , nicotineqmecamylamine or vehicle. On day 0 the
vehicle group received an acute saline injection. Shown are means"

S.E.M.; ns15–16. Statistics: ANOVA followed by Fishers PLSD ) P F
0.05, ) ) P F0.01.
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3.2. EleÕated plus-maze

Ž .The acute injection of nicotine 0.35 mgrkg s.c signif-
icantly increased the percentage time spent on the open

Ž .arms Fig. 2A; Ps0.007, Fig. 2B; Ps0.006 in animals
subchronically pre-treated with nicotine, as compared to
the vehicle pre-treated animals. Also rats subchronically
pre-treated with the centrally acting nicotinic receptor an-

Ž .tagonist mecamylamine 4 mgrkg i.p. or with the combi-
nation of mecamylamine and nicotine increased their time

Ž .spent in the open arms Ps0.03; Ps0.01 after acute
Ž .nicotine Fig. 2A . Animals subchronically treated with

Ž .hexamethonium 10 and 20 mgrkg significantly increased
their time spent in open arms on the plus-maze after acute

Ž . Ž .nicotine Ps0.003, Ps0.01 Fig. 2B . The same ap-
plied to the animals that received subchronic injections of

Žnicotine together with hexamethonium P-0.001 and P
. Ž .-0.001 Fig. 2B .

Ž .Fig. 4. A Effect of acute nicotine on the total number of entries made
into any arm in the elevated plus-maze in Wistar rats previously treated

Ž .once a day for 15 days with nicotine 0.35 mgrkg s.c. , hexamethonium
Ž . Ž .10 mgrkg i.p. , hexamethonium 20 mgrkg i.p. , nicotine q

Ž . Ž .hexamethonium 10 mgrkg , nicotineqhexamethonium 10 mgrkg or
vehicle. Shown are means"S.E.M.; ns15–16. Statistics: ANOVA fol-

) ) ) ) Ž .lowed by Fishers PLSD P F0.05, P F0.001. B Effect of acute
nicotine on the total number of entries made into any arm in the elevated
plus-maze in Wistar rats previously treated once a day for 15 days with

Ž . Ž .nicotine 0.35 mgrkg s.c. , mecamylamine 4 mgrkg i.p. , nicotineq
mecamylamine or vehicle. On day 0 the vehicle group received an acute
saline injection. Shown are means"S.E.M.; ns15–16. Statistics:
ANOVA followed by Fishers PLSD ) ) ) P F0.001.

After acute nicotine the percentage of entries made into
the open arms was significantly increased in the rats
subchronically treated with nicotine, hexamethonium and
the combination of nicotine and the antagonists, as com-

Ž Ž .pared to vehicle nicotine Fig. 3A Ps0.01, nicotine
Ž .Fig. 3B Ps0.006, hexamethonium 10 Ps0.009, hex-
amethonium 20 Ps0.02, nicotineqmecamylamine Ps
0.004, nicotineqhexamethonium 10 Ps0.002 and nico-

.tineqhexamethonium P-0.001 . In animals receiving
Ž .mecamylamine alone there was only a tendency Ps0.08

for an enhancement of the percentage of entries made into
the open arms after nicotine challenge.

The total number of entries made into both open and
closed arms after nicotine challenge was significantly in-

Ž Žcreased after most subchronic treatments nicotine Fig.
. Ž .4A P-0.001, nicotine Fig. 4B P-0.001, hexametho-

nium 10 Ps0.03, nicotineqmecamylamine Ps0.001,
nicotineqhexamethonium 10 P-0.001 and nicotineq

.hexamethonium Ps0.001 as compared to vehicle. How-
ever, subchronic treatment with mecamylamine alone or
hexamethonium 20 mgrkg failed to increase the total
number of entries made into both open and closed arms
after nicotine challenge as compared to vehicle.

4. Discussion

Ž .Supporting previous studies nicotine 0.35 mgrkg, s.c.
increased locomotor activity in rats that had been habitu-
ated to the recording chambers and this effect was signifi-
cantly enhanced after subchronic nicotine administration
ŽKsir et al., 1985; Benwell and Balfour, 1992; Johnson et

.al., 1995a . Thus, nicotine-induced locomotor sensitization
developed. Subchronic treatment with the tertiary nicotinic
receptor antagonist mecamylamine together with nicotine
prevented the induction of locomotor sensitization to nico-
tine, whereas subchronic treatment with the antagonist
alone did not alter the locomotor activity response after
nicotine challenge. Subchronic treatment with the quater-

Žnary nicotinic receptor antagonist hexamethonium 10 or
.20 mgrkg together with nicotine failed to block the

induction of nicotine-induced locomotor sensitization and
also did not affect the locomotor response after nicotine
challenge. The vehicle group, that on the first test day
received a saline injection and after 15 days of repeated
saline injections received an acute nicotine challenge, dis-
played a locomotor activity score almost identical to that
observed in the nicotine group on day 0.

Since only the blood brain barrier penetrating nicotinic
Ž .receptor antagonist mecamylamine prevented the sub-

chronic nicotine effect, these results indicate that the in-
duction of locomotor sensitization to nicotine after re-
peated systemic administration of the drug is due to an
intermittent stimulation of central nicotinic receptors. These
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results are in line with previous reports showing that
intermittent intracerebral application of nicotine produces

Žlocomotor sensitization to the drug Kita et al., 1992;
. Ž .Panagis et al., 1996 . In addition, Suemaru et al. 1997

found that mecamylamine blocked the induction of sensiti-
zation to nicotine-induced tail-tremor. By means of a
similar experimental approach as the presently used, that is
co-treatment with the above antagonists, it has previously
been demonstrated that also the expression of the locomo-
tor sensitized response to nicotine most likely is due to

Žactivation of central nicotinic receptors Clarke and Ku-
.mar, 1983 . Taken together, it appears that both the induc-

tion and the expression of nicotine-induced locomotor
sensitization involve stimulation of central nicotinic recep-
tors.

Since evidence supports the contention that acute sys-
temic nicotine produces its mesolimbic dopamine activat-
ing effect, and hence probably at least part of its locomotor

Ž .stimulatory effect Benwell and Balfour, 1992 , through
activation of nicotinic receptors in the ventral tegmental

Žarea, but not in the nucleus accumbens Nisell et al.,
.1994 , it is tempting to speculate that this population of

central nicotinic receptors is involved also in the induction
and the expression of locomotor sensitization to the drug.
This issue has, however, not yet been properly addressed
experimentally. Thus, even though intermittent intracere-
bral application of nicotine in the ventral tegmental area
Ž .Panagis et al., 1996; Kita et al., 1992 or in the nucleus

Ž .accumbens Kita et al., 1992 appears to produce locomo-
tor sensitization to nicotine, these experiments did not take
into consideration the probably considerable intracerebral
spread of this highly lipophilic substance. Experiments
with systemic nicotine injections and concomitant injec-

Žtions of preferably hydrophilic anatagonists e.g. hexam-
.ethonium at different locations in the brain have, to our

knowledge, not yet been performed to address this ques-
tion.

In Montgomery’s elevated plus-maze, rats that had been
subchronically treated with saline and that were acutely
challenged with nicotine spent most of their time on, and
made most of their entries into the closed arms. These rats
thus demonstrated an inhibited exploratory behavior to-
wards the open arms as also been previously demonstrated

Ž .in rats treated with acute vehicle Olausson et al., 1999 . In
Žline with previous results from this group Olausson et al.,

.1999 , nicotine challenge to Wistar rats subchronically
pretreated with nicotine for 15 days significantly increased
the percentage time spent on as well as the percentage
number of entries made into open arms. Thus, subchronic
nicotine treatment disclosed a nicotine-induced disin-
hibitory behavior towards the open arms. Interestingly,
also after subchronic treatment with the nicotinic receptor
antagonists hexamethonium or mecamylamine, alone or in
combination with nicotine, the rats developed a nicotine-
induced disinhibitory behavior to the same extent, or more,
than animals receiving subchronic pre-treatment with nico-

tine alone. The percentage of entries made into the open
arms largely followed the same pattern as the percentage
time spent on the open arms, although pre-treatment with
mecamylamine by itself failed to significantly increase the
percentage of open-arm entries.

Ž .Vale and Balfour 1989 have previously demonstrated
an increase in the total number of entries made on the
elevated plus-maze after chronic administration of nico-
tine. The present study supports these findings. In line with
the results obtained in the locomotor activity studies this
effect was not blocked by co-pretreatment with hexam-
ethonium. However, in contrast to the locomotor activity
experiments above, co-pretreatment with mecamylamine
failed to prevent the subchronic nicotine effect. This find-
ing may be difficult to interpret, but it should be noted that
in the locomotor activity studies, but not in the plus-maze
studies, the animals had been habituated to the recording
chambers for 30 min. In the former study, a stimulatory
behavior is thus evoked in animals that are at rest, whereas
in the latter a drug effect imposed on an active, exploratory

Žbehavior is studied. Moreover, a previous study Olausson
.et al., 1999 demonstrated that the degree of nicotine-in-

duced locomotor sensitization did not correlate with the
total number of entries into the plus-maze arms. This
would then indicate that the intermittent nicotine treatment
induces two parallel phenomena with different neurochem-
ical mechanisms.

Whereas, as discussed above, the induction of locomo-
tor sensitization to nicotine appears to involve intermittent
stimulation of central nicotinic receptors, this appears not
to hold true for the induction of nicotine-induced behav-
ioral disinhibition. In that case neither hexamethonium nor
mecamylamine, nor the combination of mecamylamine and
nicotine, would have been expected to produce an effect
identical to that induced by subchronic nicotine treatment.
These results indicate that the inductions of locomotor
sensitization to nicotine and nicotine-induced behavioral
disinhibition involve different neurochemical mechanisms.
Moreover, since the same pre-treatments that induced nico-
tine-induced behavioral disinhibition also enhanced ethanol

Ž .consumption in a previous study Ericson et al., 2000 , the

Table 1
Effects of subchronic treatment of nicotine, mecamylamine, hexametho-
nium or the combination of nicotine and the antagonists on nicotine-in-
duced sensitization to the locomotor stimulatory effects, nicotine-induced

Ž .disinhibition plus-maze or increased ethanol consumption in low- and
Ž .medium-preferring animals. q denotes effect of treatment and 0 de-

notes no effect of treatment

Veh Nic Mec Mec Hex Hex
qNic qNic

Ž .Behavioral locomotor 0 q 0 0 0 q
sensitization
Increased ethanol 0 q q q q q
consumption
Behavioral disinhibition 0 q q q q q
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Ž .two behaviors may be mechanistically related Table 1 .
The similarities are not so evident, however, with respect
to the induction of locomotor sensitization to nicotine
Ž .Table 1 . Indeed, in a previous study we failed to find a
correlation between the acute locomotor stimulatory re-
sponse to nicotine or the development of sensitization to
this effect of nicotine and the ensuing enhancement of

Ž .ethanol intake or preference Blomqvist et al., 1996 .
In our study regarding the enhancement of ethanol

consumption after the various nicotinic drugs here used we
arrived at the conclusion that the common denominator
between the drugs used is that they all produce an intermit-
tent blockade of peripheral nicotinic receptors. This holds
true probably also for nicotine after the dose here used
Ž .Taylor, 1996 . It was further speculated that an intermit-
tent ganglionic blockade could produce autonomic adapta-
tions that then may contribute to the behavior observed,
and, indeed, some support was obtained for that an in-
creased activity at peripheral muscarinic receptors may be
involved in expressing the enhanced ethanol consumma-

Ž .tory behavior Ericson et al., 2000 . Studies are now
underway to investigate whether peripheral muscarinic re-
ceptors may be involved in expressing also the disin-
hibitory behavior observed here.

Since the doses of hexamethonium used in this and in
Ž .our previous study Ericson et al., 2000 are rather high, it

could be argued that some amount of drug would pass the
blood brain barrier, and hence that the hypothesis of
central contra peripheral nicotinic receptors involvement
was not adequately tested. However, since a clear differen-
tiation was observed between the results obtained with
respect to the two behaviors studied, this possibility ap-
pears highly unlikely. If hexamethonium would have passed
the blood–brain barrier the results obtained would have
indicated that central intermittent nicotinic receptors block-
ade induces the disinhibitory behavior, whereas, at the
same time, hexamethonium, contrary to mecamylamine,
would have failed to block the induction of nicotine-in-
duced locomotor sensitization. This would have been a
contradiction. Also, literature findings argue against this
possibility. Although local perfusion of hexamethonium in
the ventral tegmental area blocked ethanol induced
dopamine overflow in the nucleus accumbens, systemically

Ž .administered hexamethonium 10 mgrkg did not, whereas
Ž . Žsystemic mecamylamine 1 mgrkg did Blomqvist et al.,

. Ž .1997 . Furthermore, hexamethonium 3 mgrkg pre-treat-
ment did not at all alter nicotine self-administration whereas

Žmecamylamine pre-treatment dose-dependently did 1
.mgrkg and 3 mgrkg; Corrigal and Cohen, 1989 .

Disinhibited behavior in the elevated plus-maze is com-
Žmonly interpreted as an alleviation of anxiety Pellow,

.1986; Pellow et al., 1985 . However, it has also been
argued that behavioral disinhibition in experimental animal
models which invoke conflict situations, like the elevated
plus-maze, may rather reflect a loss of impulse control
Ž .Soubrie, 1986 , with or without a concomitant alleviation´

of anxiety. Interestingly, a connection between impulsivity
and self-administration of addictive compounds has repeat-
edly been observed in animal experiments, and impulsivity
was recently advanced as a major component in the behav-
iors underlying the compulsive drug seeking and drug

Ž .intake observed in drug abuse Jentsch and Taylor, 1999 .
In animal studies, manipulations which increase impulsiv-
ity, such as serotonin depletion, also increase the self-ad-

Žministration of various drugs, including ethanol cf. Engel
et al., 1992; Roberts et al., 1994; LeMarquand et al.,

. Ž .1994 . Moreover, Poulos et al. 1995 have demonstrated
that the propensity of rats to consume ethanol correlates to
their impulsivity. Thus, even though the elevated plus-maze
has not been validated as a model for impulsivity it is
possible that the behavioral disinhibition observed in this

Žmodel after repeated treatment with nicotine present study;
. ŽOlausson et al., 1999 , nicotinic receptor antagonists pre-

. Ž .sent study and amphetamine Olausson et al., 2000 is
involved in the elevated ethanol intake observed after these

Žsame treatments Blomqvist et al., 1996; Fahlke et al.,
.1995; Ericson et al., 1998 . Further investigations will be

made to establish whether the increased disinhibited be-
havior after subchronic treatment with nicotine andror
nicotinic receptor antagonist antagonists correlates to the
increased ethanol intake produced by the same treatments.

In conclusion, subchronic administration of nicotine
produces locomotor sensitization and, concomitantly, pro-
motes the development of a nicotine-induced disinhibitory
behavior in the elevated plus-maze. Experiments applying
co-administration of blood–brain barrier or non-blood brain
barrier penetrating nicotinic receptors antagonists, or ad-
ministration of these compounds alone, revealed that the
induction of locomotor sensitization to nicotine may in-
volve intermittent stimulation of central nicotinic recep-
tors, whereas the development of nicotine-induced disinhi-
bition instead most likely is due to intermittent blockade of
peripheral nicotinic receptors. The data obtained further
indicate that the development of nicotine-induced disinhi-
bition, but not the induction of locomotor sensitization,
from a pharmacological point of view appears to be related
to the increased ethanol consummatory behavior observed
after subchronic nicotine administration. The tentative pe-
ripheral mechanisms involved in the development of a
disinhibitory behavior associated with increased ethanol
consumption remain to be established, but, if elucidated,
could provide clues to the development of novel phar-
macological therapies against alcohol abuse.
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