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Abstract 

Behavioural sensitization has been implicated in the development of addictive behaviour, and several studies suggest that 
corticosteroids may be involved in this phenomenon. In the present study, the effects of adrenalectomy and steroid replacement 
treatments on the behavioural sensitization observed after daily injections of nicotine (0.4 mg/kg s.c.) were investigated in the 
rat. Adrenalectomy completely prevented sensitization to the locomotor stimulating effect of nicotine after repeated injections 
but did not influence the acute locomotor activating effect of the drug or an already established sensitization to nicotine. In 
adrenalectomized animals receiving replacement treatment with corticosterone or dexamethasone, but not aldosterone, repeated 
administration of nicotine produced behavioural sensitization. Repeated dexamethasone treatment per se failed, however, to 
sensitize rats to nicotine. Post mortem neurochemical studies showed that repeated administration of nicotine significantly 
increased homovanillic acid (HVA) levels, as well as the dihydroxyphenylacetic acid (DOPAC)/dopamine quotient, in the limbic 
forebrain. Adrenalectomy per se significantly increased HVA levels and tended to elevate the DOPAC/dopamine quotient. 
When repeatedly treated with nicotine, adrenalectomized rats displayed a higher DOPAC/dopamine quotient, but no significant 
difference in HVA levels, compared to nicotine-treated sham-operated controls. In the striatum and the cortex, no significant 
effects of nicotine treatment or adrenalectomy were observed on any of the neurochemical measures. The present results suggest 
that glucocorticoid (type II) receptor activation is required for induction of sensitization to the locomotor stimulatory effect of 
nicotine, whereas corticosteroids are not required for the expression of the behavioural sensitization once established. Provided 
that HVA levels and the DOPAC/dopamine quotient relatively well reflect the presynaptic dopamine activating effect of 
nicotine, it may be suggested that corticosteroid-related mechanisms associated with behavioural sensitization to nicotine are 
post- rather than presynaptically located in relation to mesolimbic dopamine neurons. 
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1. Introduct ion 

Nicotine is a widely abused drug causing enormous 
health problems. The abuse liability of nicotine has 
been suggested to be linked to its rewarding properties 
(for review see Clarke, 1990) although other hypothe- 
ses, e.g. that implicating the anti-anxiety actions of the 
drug, have been advanced (cf. Pomerleau and Pomer- 
leau, 1990). An increasing amount of evidence suggests 
that the reinforcing and associated locomotor stimula- 
tory effects of nicotine, as well as of other psychostimu- 
lants, are exerted by activation of the mesocorticolim- 
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bic dopamine system (e.g. Wise and Bozarth, 1987). 
For instance, nicotinic acetylcholine receptors are pres- 
ent on nigrostriatal and mesolimbic dopaminergic cell 
bodies and terminals (Schwartz et al., 1984; Clarke and 
Pert, 1985), and nicotine increases both the firing of 
dopaminergic neurons (Lichtensteiger et al., 1982) and 
dopamine release, especially in the nucleus accumbens 
(e.g. Imperato et al., 1986). Moreover, microinjection 
of nicotine into the nucleus accumbens or the ventral 
tegmemtal area causes hyperlocomotion (Museo and 
Wise, 1990a,b), and nicotine-induced stimulation of 
locomotor activity is suppressed by depletion of accum- 
bal dopamine (Clarke et al., 1988) or by microinjec- 
tions of dopamine receptor antagonists into the nu- 
cleus accumbens (Museo and Wise, 1990a; Kita et al., 
1992). 
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Tolerance development to several effects of nicotine 
has been observed after repeated administration. How- 
ever, as for other psychostimulants, the locomotor 
stimulating effect of nicotine is enhanced after re- 
peated treatment (e.g. Morrison and Stephenson, 1972). 
This behaviourai sensitization is a long-lasting phe- 
nomenon and has been implicated in the development 
of addictive behaviour (Kalivas et al., 1993, for review). 
For instance, repeated prior drug experience may in- 
crease the probability to self-administer amphetamine 
(Piazza et al., 1990) or cocaine (Horger et al., 1990) in 
laboratory animals. It is also interesting to note that 
cross-sensitization to the reinforcing (e.g. Woolverton 
et al., 1984) and locomotor activating effects (Kalivas et 
al., 1985; Schenk et al., 1991) of psychostimulants may 
develop. As regards nicotine, conflicting results have, 
however, been reported. Thus, repeated nicotine pre- 
disposes rats to self-administer a low dose of cocaine 
(Horger et al., 1992), increases the locomotor response 
to apomorphine and methamphetamine in the rat 
(Suemaro et al., 1993), and enhances ethanol intake 
and preference in the rat (S6derpalm et al., 1993) as 
well as ethanol-induced locomotion in the mouse 
(Johnson et al., 1995). On the other hand, repeated 
nicotine treatment in rats fails to increase the locomo- 
tor activating effect of morphine (Vezina et al., 1992) 
and cocaine (Schenk et al., 1991). In addition, and in 
contrast to the case of other psychostimulants (e.g. 
Vezina et al., 1987), sensitization to nicotine can be 
induced not only after injections into the ventral 
tegmental area but also after application in the nucleus 
accumbens (Kita et al., 1992). Taken together, these 
findings indicate that the neurochemical mechanisms 
involved in sensitization to nicotine may not be identi- 
cal to those mediating sensitization to amphetamine 
and cocaine. 

The neurochemical mechanisms underlying be- 
havioural sensitization to nicotine are not fully under- 
stood. Studies on dopamine neurochemistry in the nu- 
cleus accumbens after repeated treatment with nico- 
tine have shown increased (Clarke et al., 1988), unal- 
tered (Damsma et al., 1989) or decreased dopamine 
turnover (e.g. Lapin et al., 1989) and are thus contra- 
dictory. Both in vivo and in vitro studies have, however, 
indicated that nicotine-induced dopamine release in 
the nucleus accumbens may increase in animals repeat- 
edly exposed to nicotinic agonists (Wonnacott et al., 
1990; Benwell and Balfour, 1992; see however Damsma 
et al., 1989). In addition, the locomotor response to 
both an indirect and a direct dopamine receptor ago- 
nist is enhanced in nicotine-sensitized rats (Suemaro et 
al., 1993), suggesting that both pre- and a post-synaptic 
alterations of the dopaminergic system may be involved 
in behavioural sensitization to nicotine. A nicotine-in- 
duced up-regulation of central nicotinic acetylcholine 
receptors could also be of importance for both the 

behavioural and the neurochemical consequences of 
repeated nicotine administration (Ksir et al., 1985). 

An increasing amount of data implicates the hy- 
pothalamo-pituitary-adrenal axis in sensitization phe- 
nomena (Koob and Cador, 1993), and amphetamine, 
cocaine and nicotine are all stimulators of this axis 
(Knych and Eisenberg, 1979; Morse, 1989; Swerdlow et 
al., 1993). Interestingly, stress and amphetamine may 
be interchangeable in their ability to produce sensitiza- 
tion (Antelman et al., 1980), and stressor-induced sen- 
sitization to morphine and amphetamine is prevented 
in animals in which stress-induced corticosterone re- 
lease is suppressed (Deroche et al., 1992b). Further- 
more, repeated corticosterone administration (Deroche 
et al., 1992a) or implantation of pellets releasing cor- 
ticosterone in levels similar to those produced by 
chronic stress causes sensitization to the locomotor 
stimulatory effects of amphetamine (Cador et al., 
1993a). In addition, adrenalectomy prevents be- 
havioural sensitization to amphetamine, unless the ani- 
mals are treated with the glucocorticoid (type II) re- 
ceptor agonist dexamethasone (Rivet et al., 1989). It 
has also been demonstrated that blockade of the hy- 
pothalamo-pituitary-adrenal axis by means of corti- 
cotropin-releasing factor (CRF) antiserum pretreat- 
ment attenuates d-amphetamine-induced sensitization 
(Cole et al., 1990b), and recent experiments suggest 
that brain CRF systems unrelated to the hypothalamo- 
pituitary-adrenal axis may also be involved in stressor- 
induced sensitization and cross-sensitization phenom- 
ena (Cador et al., 1993b; Cole et al., 1990a). 

In the present study, the effects of adrenalectomy 
and different corticosteroid replacement treatments on 
the locomotor sensitizing effect of nicotine were inves- 
tigated in the rat. Furthermore,  alterations of brain 
dopamine neurochemistry in the limbic forebrain, the 
striatum and the cortex after sensitization to nicotine 
in adrenalectomized or sham-operated animals were 
studied ex vivo by means of high performance liquid 
ch romatography  with e lec t rochemical  detec t ion 
(HPLC-ED). 

2. Materials and methods 

2.1. A n i m a l s  

Adult male Sprague-Dawley rats supplied by Beekay 
(Stockholm, Sweden), weighing between 300 and 420 g, 
were housed in single cages and maintained at a con- 
stant cage temperature (25°C) and humidity (65%). 
The animals were kept under regular light-dark condi- 
tions (light on at 5:00 a.m. and off at 7:00 p.m.) and 
had free access to rat standard feed (Beekay Feeds) 
and tap water. In all experiments drug-naive animals 
were used. An adaptation period of at least 7 days to 
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the animal maintenance facilities of the department 
was allowed prior to the start of the experiments. This 
study was approved by the Ethics Committee for Ani- 
mal Experiments, G6teborg, Sweden. 

2.2. Adrenalectomy 

Animals were anaesthetized with a mixture of ke- 
tamine, 65 m g / k g  (Parke-Davies, Barcelona, Spain) 
and xylazin, 15 m g / k g  (Bayer, Leverkusen, Germany). 
Bilateral adrenalectomy was performed between 9 a.m. 
and 2 p.m. by exposing the kidneys and removing the 
adrenal glands. Sham-operated rats were submitted to 
the same surgical procedure except for removal of the 
adrenal glands. To permit the rats to compensate for 
the salt loss caused by the adrenalectomy, these ani- 
mals were supplied with water containing 0.5% NaC1. 
In all experiments animals were allowed one week of 
recovery after surgery. The rats were weighed at least 
once a week during the course of chronic drug treat- 
ment. The absence of the adrenal glands was verified 
by ocular inspection after the experiments. 

2.3. Drugs 

Corticosterone (Sigma Chemical Co., St. Louis, MO, 
USA), when administered chronically, was dissolved in 
the drinking fluid (25 mg/1000 ml tapwater) presented 
to the animal (approximately 2.6 m g / k g / d a y ;  see 
Akana et al., 1985). When given acutely, corticosterone 
was suspended in distilled water with Tween 80 (0.5%) 
and administered per os (p.o.) in a dose of 2.5 m g / k g  
(2 ml/kg).  Aldosterone (Sigma Chemical Co., St. Louis, 
MO, USA) was dissolved in 0.5% ethanol, gently 
warmed and diluted in 0.9% NaC1 and administered 
subcutaneously (s.c.) in a dose of 0.25 mg/kg.  Dexa- 
methasone (MSD, Haarlem, Netherlands) 0.5 mg /k g  
(s.c.) was diluted in 0.9% NaC1. Aldosterone and dexa- 
methasone were administered once daily between 4 
and 7 p.m. in volumes of 2 ml/kg.  Steroid substitutions 
were started one day post-surgery and were adminis- 
tered to the animals in their home cages. ( - ) -Nico t ine  
ditartrate salt (Sigma Chemical Co., St. Louis, MO) 
was dissolved in 0.9% NaC1 (2 ml /kg)  and adminis- 
tered s.c. in a dose of 0.4 m g / k g  nicotine base (1.0 
m g / k g  of the salt). In all experiments, starting from 
the eighth post-operative day, nicotine or vehicle was 
given once daily for various periods of time, and, when 
applicable, contingent with steroid substitution treat- 
ments. The rats received all nicotine injections in their 
home cages except on locomotor activity testing days. 

2.4. Locomotor actit~ity studies 

Locomotor activity was measured by photocell 
recordings as previously described (S6derpalm et al., 

1991). The instrument ( M / P  40 Electronic Mobility 
Meter, Motron Products, Stockholm, Sweden) was 
equipped with 40 photoconductive sensors (5 rows × 8, 
cen t r e / cen t r e  distance 40 mm) covered by a translu- 
cent floor, upon which a Plexiglas test cage (21 × 32 x 
35 cm) was placed. The number of counts, representing 
all light beam interruptions of any of the sensors, was 
printed by external timer-controlled counters every 5 
min. 

Untreated animals exposed to a novel environment 
display an initially high (exploratory) motor activity 
followed by a decline (Ahlenius et al., 1973), thus 
reflecting a habituation procedure. Consequently, ani- 
mals respond differently to drug treatment depending 
upon their baseline activity (i.e. hyperactivity is more 
easily detected in habituated rats, as is sedation in 
nonhabituated animals). 

Animals were allowed a 60-min habituation period, 
after which they were taken out, injected whith the 
drugs concerned and replaced into the boxes. Locomo- 
tor activity was recorded for 65 min after drug injec- 
tion. The counts obtained during the first 5-rain period 
after injection were excluded in order to avoid influ- 
ence of unspecific injection-induced hypermotility. All 
experiments were run between 9 a.m. and 5 p.m in a 
randomized order. 

2.5. Experimental design 

Experiment No. 1: Twenty-one animals were divided 
into one sham-operated group and one group sub- 
jected to adrenalectomy. One half of the animals in 
each group received daily injections of vehicle for 10 
days and the other half nicotine, thus forming the 
groups: Sham/Vehicle ,  Sham/Nicot ine,  Adrenalec- 
tomy/Vehicle  and Adrenalectomy/Nicot ine  (n = 4-6  
all groups). Locomotor activity was measured on day 1, 
5 and 10. On day 10, after locomotor activity testing, 
the animals were killed and their brains were collected 
for determination of monoamine levels. 

Experiment No. 2: Adrenalectomized animals re- 
ceiving corticosterone replacement treatment in the 
drinking water were subjected to daily injections of 
vehicle or nicotine for 10 days, thus forming the groups: 
Adrenalectomy + Cort icosterone/Vehicle  and Adrena- 
lectomy + C o r t i c o s t e r o n e / N i c o t i n e  (n = 6 both 
groups). Locomotor activity was measured on day 1 
and 10. 

Experiment No. 3: Adrenalectomized animals re- 
ceiving daily injections of aldosterone, dexamethasone 
or vehicle were treated with nicotine once daily for 10 
days, thus forming the groups: Adrenalectomy + 
Vehicle/Nicotine,  Adrenalectomy + Aldosterone/Nic-  
otine, Adrenalectomy + Dexamethasone/Nicot ine  (n 
= 7-8  all groups). Locomotor activity was recorded on 
day 1 and 10. 
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Fig. 1. Effects of adrenalectomy on locomotor activity in rats t reated 
with nicotine (0.4 m g / k g  s.c.) or vehicle daily for 10 days. Shown are 
means+S.E.M. ,  n = 4 - 6  all groups. Statistics: the Friedman test 
followed by Wilcoxon's signed ranks test for paired measures: * P < 
0.05, compared to day 1 value, the Kruskall-Wallis test followed by 
Mann-Whitney U-test for unpaired measures, * P < 0.05, * * P < 

0.01. 

(including the olfactory tubercles, the amygdala, the 
nucleus accumbens and septum), the striatum and the 
cortex were dissected out according to Carlsson and 
Lindqvist (1973) and were stored at -70°C  until ana- 
lyzed by high-performance liquid chromatography with 
electrochemical detection (HPLC-ED) according to 
standard principles (Svensson, 1986). 

2. 7. Statistics 

The locomotor activity data were statistically ana- 
lyzed by using the Friedman test, followed by 
Wilcoxon's signed ranks test for paired measures and 
the Kruskall-Wallis test, followed by the Mann-Whit- 
ney U-test, for unpaired measures. The monoamine 
data were evaluated by using a one-way analysis of 
variance (ANOVA), followed by Fisher's protected 
least-significant difference test (PLSD). A probability 
value (P)  less than 0.05 was considered statistically 
significant. All values are expressed as means _+ S.E.M. 

Experiment No. 4: Sham-operated rats receiving 
daily injections of dexamethasone and adrenalec- 
tomized rats receiving daily dexamethasone or vehicle 
were given vehicle once daily for 10 days, thus forming 
the groups: Sham + Dexamethasone/Vehicle ,  Adre- 
nalectomy + Dexamethasone/Vehic le ,  Adrenalecto- 
my + Vehicle/Vehicle  (n = 6 or 9 all groups). Locomo- 
tor activity was recorded on day 1 and 10. On day 11, 
all animals were challenged with nicotine and locomo- 
tor activity was recorded. 

Experiment No. 5: Adrenalectomized animals were 
given daily nicotine injections for 30 days. Locomotor 
activity was first tested on day 1. On day 10 and 30, one 
half of the animals (Adrenalectomy/Nicot ine + Acute 
corticosterone) were given corticosterone (2.5 mg /k g  
p.o.), 1 and 6 h, respectively, before being tested for 
nicotine-induced locomotor activity. Control animals 
(Adrenalectomy/Nicot ine + Acute vehicle) received 
the corresponding vehicle (n = 6 both groups). 

Experiment No. 6: Animals (n = 10) received daily 
injections of nicotine for 15 days and were tested for 
locomotor activity on day 1 and 15. On day 16 the rats 
were subjected to adrenalectomy and were allowed to 
recover for 10 days (during this period no nicotine 
injections were given). On day 25, the animals were 
challenged with nicotine and locomotor activity was 
recorded. 

2. 6. Biochemical analysis of  brain monoamines 

Sixty-five minutes after drug administration the ani- 
mals were decapitated and the brains were taken out 
and placed on a chilled Petri dish. The limbic forebrain 

3. Results 

3.1. Locomotor activity studies 

As shown in Fig. 1, the locomotor activity of 
adrenalectomized animals did not differ from that of 
sham-operated controls after an acute vehicle injec- 
tion. Acute nicotine treatment (day 1) approximately 
doubled locomotor activity in both sham-operated and 
adrenalectomized rats, and this locomotor activity re- 
sponse to nicotine did not differ between the two 
groups. The nicotine-induced locomotor activity was 
significantly enhanced in sham-operared rats after 10 
daily injections of nicotine, compared to that observed 
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Fig. 2. Effects of daily injections of vehicle or nicotine (0.4 m g / k g  
s.c.) on locomotor activity in adrenalectomized animals receiving 
replacement  t reatment  with corticosterone in their drinking fluid. 
Shown are means + S.E.M., n = 6 both groups. Statistics: Wilcoxon's 
signed ranks test for paired measures: *P  < 0.05, Mann-Whitney 
U-test for unpaired measures, * P < 0.05, * * P < 0.01. 
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Fig. 3. Effects of adrenalectomy and replacement treatments with 
vehicle, dexamethasone (0.5 m g / k g  s.c. once daily) or aldosterone 
(0.25 m g / k g  s.c. once daily) on locomotor activity in rats treated with 
nicotine (0.4 m g / k g  s.c.) daily for 10 days. Shown are means _+ S.E.M., 
n = 7 or 8 all groups. Statistics: Wilcoxon's signed ranks test for 
paired measures: *P  < 0.05, the Kruskall-Wallis test followed by 
Mann-Whitney U-test for unpaired measures, * P < 0.05, * * P < 
0.01. 

on day 1, whereas  in adrenalectomized animals no such 
enhancement  was observed. 

As shown in Fig. 2, repeated administration of  nico- 
tine to adrenalectomized animals receiving cortico- 
sterone replacement treatment in their drinking fluid 
significantly enhanced the locomotor  activity response 
to nicotine on day 10, compared to that observed on 
day 1. Corticosterone replacement treatment by itself 
did not alter the locomotor  activity of  adrenalec- 
tomized animals. 

As shown in Fig. 3, repeated nicotine administration 
to adrenalectomized animals subjected to replacement 
treatment with dexametasone,  but not with aldoste- 
rone, resulted in a significantly increased locomotor  
activity response to nicotine on day 10, compared to 
that observed on day 1. N o  significant difference in 
lococomotor  activity was observed between the groups 
on day 1. 

As shown in Fig. 4, daily injections of  dexametha- 
sone to sham-operated or adrenalectomized animals 
did not affect locomotor  activity after a vehicle chal- 
lenge on day 1 or 10, compared to that observed in 
vehicle-treated adrenalectomized controls. Acute  nico- 
tine administration (day 11) to the dexamethasone-  or 
vehicle-pretreated animals resulted in a significant in- 
crease in locomotor  activity compared to day 10. The 
nicotine-induced locomotor  activity did not differ be- 
tween the groups. 

As  shown in Fig. 5, acute corticosterone treatment, 
1 or 6 h before locomotor  activity testing in adrenalec- 
tomized animals treated daily with nicotine (10 and 30 
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Fig. 4. Lack  o f  ef fect  o f  dexamethasone t rea tmen t  (0.5 m g / k g  s.c. 
once daily) on locomotor activity in sham-operated and adrenalec-  
tomized rats receiving daily injections of vehicle (day 1-10), and an 
acute nicotine challenge (0.4 mg /kg  s.c.) (day 11). Shown are means 
+ S.E.M., n = 6 or 9 all groups. Statistics: Wilcoxon's signed ranks 
test for paired measures: a Sham+Dexamethasone/Vehic le  and 
Adrenalectomy + Vehicle/Vehicle, P < 0.05; Adrenalectomy + Dexa- 
methasone/Vehicle,  P < 0.01, compared to day 10 value, Mann- 
Whitney U-test for unpaired measures; b no significant differences 
were seen between the groups. 

days), failed to alter nicotine-induced locomotor  stimu- 
lation, compared to that observed on day 1. 

As shown in Fig. 6, adrenalectomy in animals al- 
ready sensitized to nicotine by 15 daily injections did 
not alter the sensitized locomotor  activity response to 
an acute nicotine challenge 10 days postoperatively. 

3.2. Brain monoamine studies 

As shown in Figs. 7 and 8, there was a significant 
elevation of  homovanill ic acid (HVA)  levels and a 
tendency for an increase in the dihydroxyphenylacetic 
acid ( D O P A C ) / d o p a m i n e  quotient in the limbic fore- 
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Fig. 5. Lack of effect of acute vehicle or corticosterone (2.5 mg /kg  
p.o.) on locomotor activity in adrenalectomized rats receiving daily 
injections of nicotine (0.4 mg /kg  s.c.). Corticosterone or vehicle was 
given 1 or 6 h before locomotor activity recording on day 10 and 30, 
respectively. Shown are means_+S.E.M., n = 6 both groups. Statis- 
tics: Wilcoxon's signed ranks test for paired measures, Mann-Whit- 
ney U-test for unpaired measures. Locomotor activity did not differ 
significantly between groups or over time throughout the experiment. 
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Fig. 6. Lack of  effect of adrenalectomy on the expression of 
nicotine-induced locomotor activity in animals sensitized to nicotine 
(0.4 m g / k g  s.c.). Shown are means_+S.E.M., n =  10. Statistics: 
Wilcoxon's signed ranks test: **P < 0.01, compared to day 1 value. 
No significant difference was seen between day 15 and 25. 
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Fig. 8. Effects of 10 daily injections of vehicle or nicotine (0.4 m g / k g  
s.c.) in sham-operated and adrenalectomized (ADX)  rats on ho- 
movanillic acid (HVA) levels in the limbic forebrain and the stria- 
tum. Results are expressed as percent of  controls (limbic forebrain: 
126 ng /g ,  striatum: 575 ng/g) .  Shown are means+S.E.M. ,  n = 4 -6  
all groups. Statistics: A N O V A  followed by Fisher's PLSD, F(3,17) = 
6.271,  P = 0 .0046,  * P < 0.05,  ** P < 0 .01,  ,.s. p > 0.05.  

brain of  adrenalectomized rats, compared to that in 
the limbic forebrain of  sham-operated controls. Sham- 
operated rats receiving 10 days of  nicotine treatment, 
compared to vehicle-treated animals, displayed an in- 
creased limbic forebrain H V A  and D O P A C / d o p a m i n e  
quotient after acute nicotine. Nicotine-treated adrenal- 
ectomized rats, as compared to nicotine-treated sham- 
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Fig. 7. Effects of 10 daily injections of vehicle or nicotine (0.4 m g / k g  
s.c.) in sham-operated and adrenalectomized ( A D X )  rats on the 
dihydroxyphenylacetic acid ( D O P A C ) / d o p a m i n e  (DA)  quotient in 
the limbic forebrain, striatum and cortex. Results are expressed as 
percent of controls. Shown are means+S.E.M. ,  n = 4 - 6  all groups. 
Statistics: A N O V A  followed by Fisher's PLSD, F(3,17) = 9.451, P = 
0.0007, * P < 0.05, ** P < 0.01, compared to controls. 

operated animals, showed a significantly higher 
D O P A C / d o p a m i n e  quotient but no difference in H V A  
levels after acute challenge with nicotine. 

In the striatum and cortex, no effects of  nicotine 
treatment or adrenalectomy were observed on any of  
the measures. In the cortex H V A  levels were not 
detectable. No  significant alterations in dopamine,  
DOPAC,  5-HT, 5 -HIAA or in the 5 - H I A A / 5 - H T  quo- 
tient were observed in any of the brain regions studied 
after nicotine treatment or adrenalectomy (data not 
shown). 

4. Discussion 

The present results demonstrate that sensitization 
to the locomotor stimulating effect of  nicotine is pre- 
vented by adrenalectomy. This is consistent with the 
effect of  adrenalectomy on amphetamine-induced sen- 
sitization (Rivet et al., 1989). Adrenalectomy, however, 
did not modify the acute locomotor activity enhancing 
effect of  nicotine, which contrasts to recent findings 
showing that adrenalectomy reduces the acute locomo-  
tor activating effects of  amphetamine (Cador et al., 
1993a), cocaine and morphine (Marinelli et al., 1994). 

The prevention of sensitization by adrenalectomy 
was abolished by replacement treatment with cortico- 
sterone or dexamethasone which both are agonists at 
the glucocorticoid (type II) receptor but not by the 
mineralocorticoid (type I) receptor agonist, aldoste- 
rone. The dose of aldosterone used was selected based 
on previous results showing that it reverses the in- 
creased salt intake observed in adrenalectomized ani- 
mals and, hence, is physiologically active (Fahlke et al., 
1994). This may argue against the possibility of  the 
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present negative result being due to application of a 
too low dose of aldosterone. Furthermore,  the present 
results are compatible with the findings of Rivet et al. 
(1989) and suggest that stimulation of brain glucocorti- 
coid (type II), rather than mineralocorticoid (type I) 
receptors, is of importance for the initiation of sensiti- 
zation. The importance of mineralocorticoid (type I) 
receptors in behavioural sensitization to nicotine can, 
however, not be ruled out based on the present experi- 
ments, since only one dose of aldosterone was used. 

It should be noted that, although the results were 
obtained in different experiments, the nicotine sensiti- 
zation obtained after dexamethasone replacement ap- 
peared more pronounced than after corticosterone. 
This could be explained by the fact that dexametha- 
sone is a more potent agonist at the glucocorticoid 
receptor than corticosterone. These findings are con- 
sistent with those of Cador et al. (1993a), who demon- 
strated that high but not low levels of corticosterone 
sensitize animals to amphetamine. This together with 
the fact that corticosterone occupies mineralocorticoid 
receptors already at moderate levels, whereas gluco- 
corticoid receptors are occupied only at high levels of 
the hormone, such as after stress or at the diurnal peak 
of corticosterone (Reul and De Kloet, 1985), further 
implicate the type II receptor in the sensitization phe- 
nomenon. 

Acute injection of corticosterone to adrenalec- 
tomized animals treated daily with nicotine for 10 or 30 
days did not change the locomotor activity observed 
after nicotine challenge. The dose of corticosterone 
used approximately equals the daily dose obtained by 
the above described corticosterone drinking substitu- 
tion protocol and has previously been demonstrated to 
exert behavioural effects in adrenalectomized animals 
(S6derpalm and Engel, 1992). The results obtained 
weaken the possibility that acute receptor activation by 
corticosterone is required for expression of the sensiti- 
zation phenomenon and suggests instead an inductive 
role for glucocorticoids in nicotine sensitization, possi- 
bly through genomic actions. This view is further sub- 
stantiated by the finding that adrenalectomy had no 
effect on nicotine-induced locomotor activity in already 
sensitized animals. These results show that once sensi- 
tization to nicotine has been established the presence 
of glucocorticoids is not required for the expression of 
the phenomenon. 

Chronic dexamethasone treatment of adrenalec- 
tomized or sham-operated rats did not influence spon- 
taneous or nicotine-induced locomotor activity. These 
results differ from those of Deroche et al. (1992a), 
showing that repeated corticosterone treatment sensi- 
tizes animals to the locomotor stimulatory effect of 
amphetamine. One explanation to this discrepancy 
could be that amphetamine and nicotine sensitization 
do not involve identical neurochemical mechanisms 

(see Introduction). Another  possibility is that the weight 
loss observed and possible associated malaise after 
dexamethasone (data not shown), counteract or con- 
ceal a sensitization or cross-sensitization phenomenon. 
However, the facts that also dexamethasone treated 
sham-operated animals, which displayed less of a weight 
loss, failed to show cross-sensitization, and that a simi- 
lar dexamethasone treatment did allow the develop- 
ment of nicotine sensitization in adrenalectomized ani- 
mals (experiment No. 4), weaken this hypothesis. 

In the neurochemical part of the study it was found 
that the HVA levels in the limbic system but not in the 
striatum were significantly higher in vehicle-treated 
adrenalectomized animals compared to vehicle-treated 
sham-operated rats. The limbic and the cortical 
D O P A C / d o p a m i n e  quotients also tended to be ele- 
vated in the former group. Rastogi and Singhal (1978) 
have previously obtained evidence that adrenalectomy 
increases dopamine turnover in the rat cortex, but also 
in the striatum, an effect that was reversed by chronic 
corticosterone administration. 

In this study, acute administration of nicotine to 
animals that had been repeatedly treated with nicotine 
raised the D O P A C / d o p a m i n e  quotient and the HVA 
levels in the limbic system, but not in the striatum or 
the cortex, compared to those observed after vehicle 
challenge of chronically vehicle-treated rats. These 
findings appear contrasting to those of Vezina et al. 
(1992) who observed a higher D O P A C / d o p a m i n e  quo- 
tient in the prefrontal cortex than in the nucleus ac- 
cumbens of rats repeatedly treated with nicotine. How- 
ever, the results are not easily compared due to differ- 
ent dissection techniques; while Vezina et al. (1992) 
studied only the prefrontal cortex and the nucleus 
accumbens, the entire cortex and limbic system were 
included in the present analysis. 

In adrenalectomized rats repeatedly treated with 
nicotine, dopamine turnover was unchanged or higher 
than in nicotine-sensitized sham-operated animals. 
Thus, adrenalectomy, if anything, enhanced rather than 
counteracted the neurochemical consequences of 
chronic nicotine treatment measured in the present 
study. Since the behavioral outcome of adrenalectomy 
was quite the opposite, these findings indicate that the 
steroid-dependent part of the sensitization phe- 
nomenon is not related to the measures of presynaptic 
dopamine activity studied here. 

Although a presynaptic involvement cannot be to- 
tally ruled out until corresponding studies on nicotine- 
induced dopamine release have been performed, the 
above findings may indicate that the steroid-dependent 
component of the nicotine sensitization phenomenon is 
located distally to dopamine  neurons.  Indeed,  
adrenalectomy has previously been shown to reduce 
the number of dopamine D 1 and D 2 receptors in most 
brain regions, an effect that is reversed, and, in the 
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case  of  D 1 recep tors ,  even p o t e n t i a t e d  by chronic  dexa-  
m e t h a s o n e  t r e a t m e n t  (Biron et  al., 1992; see however  
F a u n t  and  Crocker ,  1989). Thus,  one  exp lana t ion  to 
the  p reven t ion  of  n icot ine  sens i t iza t ion  caused  by 
a d r e n a l e c t o m y  could  be  tha t  ad rena l  removal  d is rupts  
a t en ta t ive  n i co t ine - induced  up - r egu l a t i on  of  post-syn-  
apt ic  d o p a m i n e  r e c e p t o r  funct ion.  Inc reased  d o p a m i n e  
DI as well  as D 2 r e c e p t o r  responsivi ty  has been  
d e m o n s t r a t e d  af te r  sens i t iza t ion  to several  o the r  drugs  
of  abuse ,  e.g. a m p h e t a m i n e  and  cocaine  (Levy et  al., 
1988; H e n r y  and  Whi te ,  1991). I ndeed ,  the  n e u r o c h e m -  
ical f indings  may  lend  some suppor t  for this hypothesis .  
A ten ta t ive  r educ t ion  of  pos t synap t ic  d o p a m i n e  recep-  
tor  r espons iveness  in a d r e n a l e c t o m i z e d  an imals  would  
be expec ted  to p r o d u c e  bo th  a f e e d b a c k - m e d i a t e d  
c o m p e n s a t o r y  inc rease  in d o p a m i n e  tu rnover  and  an 
e n h a n c e d  d o p a m i n e  tu rnover - s t imula t ing  effect  a f te r  
r e p e a t e d  nicot ine.  Both  these  a l t e ra t ions  were  ob-  
served in the  p r e sen t  study. 

As  m e n t i o n e d  in the  In t roduc t ion ,  r e p e a t e d  n ico t ine  
t r e a t m e n t  is p robab ly  assoc ia ted  bo th  with inc reased  
d o p a m i n e  re lease  in the  nuc leus  accumbens  and with 
inc reased  pos t synap t ic  d o p a m i n e  r e c e p t o r  responsivi ty  
( S u e m a r o  et  al., 1993). The  p re sen t  f indings  may indi-  
ca te  tha t  the  l a t t e r  effect  is a p re requ i s i t e  for  the  
behav io ra l  express ion  of  n ico t ine  sensi t izat ion.  In te r -  
est ingly,  a d r e n a l e c t o m y  has  been  shown to r educe  the  
express ion  of  G~a and  increase  tha t  of  Gia , changes  tha t  
could  r educe  the  n i co t ine - induced  act ivat ion of  the  
d o p a m i n e  system (Sai to  et al., 1989). The  mechan i sm(s )  
by which g lucocor t ico id  r e c e p t o r  agonis ts  m o d u l a t e  the  
signal  t r ansduc t ion  system possibly involved in ini t iat-  
ing behav ioura l  sens i t iza t ion  remain(s) ,  however ,  to be 
e luc ida ted .  

In conclusion,  the  p r e sen t  s tudy ind ica tes  tha t  in- 
duc t ion  of  sens i t iza t ion  to n ico t ine  is d e p e n d e n t  on 
g lucocor t ico id  ( type I I )  r e c e p t o r  s t imula t ion ,  whereas  
the  p re sence  of  cor t i cos te ro ids  is not  r equ i r ed  for the  
express ion  of  n i co t ine - induced  locomoto r  activity in 
non-sens i t i zed  or  sens i t ized  animals .  Moreover ,  in our  
hands ,  chronic  t r e a t m e n t  with a select ive glucocort i -  
coid  agonis t  a lone  does  not  sensi t ize  ra ts  to nicot ine.  
F u r t h e r m o r e ,  the  neu rochemica l  resul ts  of  the  s tudy 
suggest  tha t  the  s t e r o i d - d e p e n d e n t  pa r t  of  the  sensi t i -  
za t ion  p h e n o m e n o n  to n ico t ine  may be  pos t -synapt i -  
cally loca ted  in re la t ion  to meso l imbic  d o p a m i n e  neu-  
rons.  O u r  da t a  c o r r o b o r a t e  and  ex tend  ea r l i e r  f indings  
impl ica t ing  cor t i cos te ro ids  in behav ioura l  sens i t iza t ion  
to psychos t imulan ts .  
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