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FUNG, Y. K. AND Y.-S. LAU. Chronic effects of nicotine on mesolimbic dopaminergic system in rats. PHARMACOL BIO- 
CHEM BEHAV 41(1) 57-63, 1992.--Rats were pretreated with saline or nicotine (1.5 mg/kg/day) by subcutaneously implanting 
each animal with an Alzet osmotic minipump which continuously released saline or nicotine (1.5 mg/kg/day) for 14 days. The 
behavioral and biochemical effects of nicotine on the dopaminergic neuronal system in rat nucleus accumbens were examined. It 
was found that chronic nicotine treatment increased the affinity of L-[aH]nicotine binding site in the nucleus accumbens. This 
treatment also potentiated the ability of (+)-amphetamine, but not high potassium, to stimulate formation and release of 
[3H]dopamine in tissue slices from rat nucleus accumbens. Chronic nicotine treatment did not alter the characteristics of [3H]spip- 
erone binding site, the rate of dopamine turnover and the concentrations of gamma-aminobutyric acid in the nucleus accumbens. 

Nicotine Dopamine Nucleus accumbens 

TOBACCO products contain high levels of nicotine. With regu- 
lar use throughout the day, smoking and/or chewing tobacco will 
continually deliver nicotine to the central nervous system (CNS) 
(4, 23, 46). Nicotine is the most pharmacologically active com- 
ponent of tobacco products (5, 21, 22). It has been strongly 
suggested that the pharmacological basis underlying the habitual 
use of tobacco products is due to the action of nicotine in the 
brain. Nicotine exerts its psychotropic effects by interacting with 
the central nicotinic receptors (3, 16, 29, 31, 32, 44). Activa- 
tion of presynaptic nicotinic receptors on the cell bodies or nerve 
terminals of the nigrostriatal (striatum) and mesolimbic (nucleus 
accumbens) dopaminergic (DAergic) neuronal systems stimulates 
the release of dopamine (DA) (9, 10, 17, 19, 24, 35, 36, 50). 
Furthermore, this stimulatory effect of nicotine on DA release 
appears to be greater in the nucleus accumbens than in the cau- 
date-putamen area (45). 

It has been suggested that the central actions of nicotine such 
as alteration of locomotor activity and reinforcement behavior 
are mediated in part by the central DAergic systems (7, 8, 15, 
22, 51). Thus DA may play an important role in eliciting some 
of the CNS effects produced by the systemic administration of 
nicotine. The mesolimbic DA system consists of a population of 
dopamine-secreting neurons with their cell bodies located in the 
A10 region of the midbrain and projects mainly to two forebrain 

regions, the nucleus accumbens and the olfactory tubercle. The 
DAergic stimulation in the nucleus accumbens is thought to be 
associated with an initiation of locomotor activity and involved 
in reinforcement and reward behaviors (20, 25, 37). Thus DA 
release caused by nicotine in the mesolimbic area may be re- 
sponsible for nicotine-dependent behaviors such as positive rein- 
forcement and psychotropic stimulation. 

Acute administration of nicotine activates mesolimbic DAer- 
gic neurons, increasing the tyrosine hydroxylase activity and en- 
hancing DA outflow in the nucleus accumbens (6, 7, 24). It has 
been suggested that chronic and continuous administration of 
nicotine can exert behavioral and biochemical changes on DA 
neurons quite different from those seen after single or multiple 
intermittent nicotine administration (7). This study was designed 
to evaluate the DAergic-mediated behavioral and biochemical 
changes in the nucleus accumbens following chronic (14 days) 
administration of nicotine through osmotic minipump infusion. 
This method of delivering nicotine avoids instantaneous bursts 
of nicotine to the brain as with intermittent administration (41). 
Consequently, biochemical and behavioral alteration in the brain 
due to chronic continuous administration of nicotine can be cor- 
related to provide important information regarding the effects of 
nicotine on DAergic system in the nucleus accumbens. 

In our previous studies, we found that continuous administra- 

1A preliminary report of this study appeared in Pharmacologist 33(3): 193; 1991. 
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tion of nicotine (1.5 mg/kg/day) to rats via osmotic minipumps 
increased the total number (Bmax) of postsynaptic dopaminergic 
receptor binding sites and decreased the rate of DA turnover in 
the striatum (16,17). In this study, we further evaluated the 
chronic effects of nicotine on neurochemical changes in the me- 
solimbic DAergic system. Nicotine was continuously adminis- 
tered to rats for 14 days; we then examined the locomotor 
activity of these animals in response to intraaccumbens injections 
of DA and measured the ability of gamma-aminobutyric acid 
(GABA) to inhibit the DA-induced hyperactivity. We also stud- 
ied the characteristics of nicotinic and DAergic receptor binding 
sites, the stimulation of [3H]DA synthesis and release by ( + ) -  
amphetamine or potassium, the rate of DA turnover and concen- 
trations of gamma-aminobutyric acid (GABA) in the nucleus 
accumbens. 

METHOD 

Animals and Nicotine Pretreatment 

Male Sprague-Dawley rats (Dominion Inc., Omaha, NE) 
weighing between 180-200 g were used. They were housed in 
groups of 3 per cage in a light- and temperature (23 --- l°C)-con - 
trolled environment with a 12-h light-dark cycle and free access 
to food (Purina Lab Chow, St. Louis, MO) and water. 

Animals were anesthetized with a mixture of isoflurane/oxy- 
gen and were implanted subcutaneously between the shoulders 
with Alzet osmotic minipumps model 2002 (Alza Corp., Palo 
Alto, CA). These pumps were filled with saline or nicotine (1.5 
mg/kg/day). Before implantation, each pump was primed over- 
night at 37°C in saline solution. The dose of nicotine adminis- 
tered was calculated as the free base using nicotine tartrate 
(Sigma Chemical Co., St. Louis, MO) dissolved in saline. Alzet 
osmotic minipump model 2002 delivers a 0.5-1xl/h solution of 
nicotine tartrate in saline. The dose of nicotine in mg/kg/day was 
calculated from the pumping rate and the average body weight 
of the animals. All studies were conducted 14 days after pump 
implantation. 

lntraaccumbens Drug Injections 

Preliminary studies had been conducted to establish the ste- 
reotaxic coordinates for intraaccumbens drug injections. This 
was achieved by examining the tissue stain resulted from an in- 
jection of an aqueous 10% (w/v) methylene blue solution into 
the nucleus accumbens. On the day of the experiment, each rat 
was injected with a monoamine oxidase inhibitor, nialamide 
(100 mg/kg, IP) and was allowed to adapt to the Digiscan ani- 
mal activity monitor (model RXYZCM-16, Omnitech Electronic 
Inc., Columbus, OH) for an hour. The rat was removed from 
the activity monitor and was anesthetized with an isoflurane/ox- 
ygen mixture. Each rat was then secured in a stereotaxic frame 
(David Kopf Instruments, Tujunga, CA). A midline incision was 
made in the skull and holes were drilled on each side of the 
skull at the coordinates of the nucleus accumbens: A 9.4 mm; 
L + 2 . 4  mm (28). The needle of a 10-1xl Hamilton syringe 
(Hamilton Co., Reno, NV) was inserted at a 10 ° angle (to avoid 
puncturing the ventricles) into the holes to a depth of V = - 1.0 
mm. Under isoflurane/oxygen anesthesia, saline or DA (20 txg) 
was first injected bilaterally into each side of the nucleus ac- 
cumbens in a volume of 0.5 ~1. Animals usually recovered from 
isoflurane anesthesia within 2-3 rain after removal of the anes- 
thetic and showed no evidence of discomfort from the surgery. 
The rat was returned to the activity monitor and recorded for 
locomotor activity. After thirty minutes, the animal was again 
removed from the activity monitor and secured in the stereo- 

taxic frame. Under isoflurane/oxygen anesthesia, each rat was 
again injected via the accumbens route with either saline or 
GABA (200 ~,g) in a volume of 0.5 Ixl. Injection of the drug 
into each side of the nucleus accumbens was performed over a 
1-min period. The microsyringe was left in place for an addi- 
tional minute to allow for drug diffusion away from the injec- 
tion needle. After this treatment, the skin incision was closed 
with wound clips and covered with lidocaine ointment to relieve 
any pain. Upon recovery from the anesthetic, each rat was 
placed back in the activity monitor for the assessment of loco- 
motor activity. Cumulative locomotor activity was measured at 
every 15-min interval for a duration of 2 h. 

Assessment of Locomotor Activity 

Horizontal activity was recorded every 15 min for a duration 
of 2 h. Horizontal movement sensors directed 16 beams from 
front to back (x-axis) and 16 beams from side to side (y-axis). 
Interruption of these beams generated data that were collected 
by an analyzer and the results printed automatically at the end 
of each time period. All testing was conducted between 8:00 
a.m. and 4:00 p.m. 

L-[~H]Nicotine Binding Assay 

The nucleus accumbens preparation and L-[3H]nicotine bind- 
ing assay were carded out according to the methods described 
by Marks et al. (35). Nucleus accumbens was dissected and 
homogenized in 0.5 ml of a buffer containing HEPES (20 mM), 
NaC1 (118 mM), KC1 (4.8 mM), CaC12 (2.5 mM), MgSO 4 (1.2 
mM) and NaOH for adjusting the pH to 7.5. The homogenate 
was incubated for 5 min at 37°C and was then centrifuged at 
17,500 × g for 30 min. The pellet was suspended and lysed in 
20 volumes of ice-cold glass-distilled water at 4°C for 1 h, fol- 
lowed by incubating at 37°C for 5 min. The sample was centri- 
fuged as above. The pellet was resuspended and washed twice 
in fresh homogenizing buffer. Membranes were used for the 
L-[3H]nicotine binding assay. 

The L-[3H]nicotine binding assay (in a final volume of 0.25 
ml) contained Tris HC1 (0.2 M), pH 7.5, a single concentration 
of L-[3H]nicotine (9 nM) and 0.1 ml of tissue membranes (0.4- 
0.7 mg protein). Increasing concentrations of unlabeled L-nico- 
tine (2-200 nM) were added in assays for constructing a 
competition curve. The assay tubes were incubated at 4°C with 
agitation for 90 min. The incubation was terminated by pipet- 
ting 3 ml of the homogenizing buffer into the tube, and the 
mixture was poured immediately (within 3 s) onto a GF/C glass 
microfiber filter disc (Whatman, Inc., Clifton, NJ) that had been 
presoaked in 0.5% polyethyleneimine in the homogenizing buffer. 
The filtration was carried out at 4°C under constant vacuum (5 
inches of Hg). Each filter disc was washed with 3 ml fresh 
buffer for three times then dried and counted for radioactivity in 
a liquid scintillation counter. From each competition curve, the 
binding parameters (K D and Bmax) of the L-[aH]nicotine binding 
sites were determined using the nonlinear least square regression 
LIGAND analysis (40). 

[3H]Spiperone Binding Assay 

Nucleus accumbens from the saline-treated or nicotine-treated 
animals was homogenized in 4 ml of Tris-HC1 (50 mM) buffer 
(pH 7.4, 4°C) containing ascorbic acid (0.1%), pargyline (0.01 
mM), NaC1 (120 raM), KC1 (5 mM), CaC12 (2 mM) and MgC12 
(1 mM). The homogenate was centrifuged at 27 ,000xg  for 20 
min at 4°C. The pellet was additionally washed twice with fresh 
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buffer in the same manner. [3H]Spiperone binding assay was 
performed according to our previous method (30) using (+)-bu- 
taclamol (1.0 I~M) for determining the nonspecific binding sites 
and mianserin (1.0 ~M) for masking the [3H]spiperone binding 
to 5-hydroxytryptamine receptors. A dose-dependent [3H]spiper- 
one (0.04-2.0 nM) binding curve was determined in each of the 
control and nicotine-treated animals. The binding parameters 
(KD and Bmax) of the high-affinity [3H]spiperone binding sites 
were determined by using the nonlinear least-squares regression 
LIGAND analysis (40). 

Determination of [3H]DA Synthesis and Release 

This study was conducted according to the method as de- 
scribed by Fung and Uretsky (18). Rats were killed and tissue 
from the nucleus accumbens was dissected, weighed and sliced 
into 0.25×0.25-mm square sections using a Mcllwain tissue 
chopper. The tissue slices were dispersed in ice-cold normal 
medium containing NaC1 (118.4 mM), KC1 (4.73 mM), KH2PO 4 
(1.2 mM), MgSO4.7H20 (1.18 mM), CaC12.2H20 (1.25 mM) 
and 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid (22 mM) 
and dextrose (2 mg/ml). The solution was aerated with 95% 02 
and 5% CO 2 for 30 min and adjusted to pH 7.2 with 1 N NaOH. 
The slices were then centrifuged at 500 x g for 5 min. The 
supematant fluid containing amino acids released from the slices 
was discarded (2). The slices were then resuspended in a vol- 
ume of cold normal medium such that each 0.25-ml aliquot of 
this suspension would contain 25 mg of the tissue slices. In 
some experiments, (+)-amphetamine (10 - 6  M) was added to 
the suspension in a final volume of 3 ml. In other experiments, 
slices were incubated in potassium-enriched medium containing 
30 or 50 mM K + substituting for an equimolar concentration of 
Na + . The slices were aerated with 95% 02 and 5% CO 2 and 
incubated in a shaking water bath at 37°C for 8 min. L-[3H]Ty - 
rosine (55 Ci/mmol) was then added to a final concentration of 
10 ~M. The incubation was continued for an additional 20 min 
and the reaction was stopped by cooling the flasks on ice. Rep- 
licate slices that were kept on ice throughout the experiment 
served as blanks. Tissues were separated from the medium by 
centrifugation, and both fractions were assayed for newly syn- 
thesized [3H]DA. [3H]DA was separated from [3H]tyrosine by 
alumina absorption and ion exchange (Amberlite CG 50) chro- 
matography. The radioactivity present in the predetermined elu- 
ate fractions was measured by liquid scintillation counting. The 
total [3H]DA formation was obtained by adding the activity from 
both tissue and medium fractions. The release of newly synthe- 
sized [3H]DA from the tissue was calculated by dividing the 
amount of [3H]DA in the medium by the total amount of 
[3H]DA formed (18). 

Determination of  the Levels of  GABA in Rat Nucleus Accumbens 

The GABA content in the nucleus accumbens of rats was es- 
timated according to the method of Earley and Leonard (14), 
using disposable Bio-Rad columns packed with Sephadex G-10. 
Animals were killed by decapitation. Tissues from the nucleus 
accumbens were dissected on an ice-cold surface, weighed and 
then homogenized in 1 ml of 0.2 N perchloric acid (4°C) con- 
taining EDTA (1 mM). The sample was centrifuged at 4800 × g 
for 20 min at 4°C, and the supernatant was applied onto the 
colunm. Tissue extracts containing known amounts of GABA 
were included throughout the whole procedure. For the separa- 
tion of GABA, the elution pattern of Earley and Leonard (14) 
was followed. The concentration of GABA was determined by a 
fluorimetric method (48). Aliquots of the eluate (0.1 ml) were 

transferred to separate tubes. Glutamate reagent (0.15 ml) and 
ninhydrin reagent (0.2 ml) were added consecutively. The sam- 
ples were well mixed and heated at 60°C for 30 min. After the 
samples were cooled to room temperature, 5 ml copper tartrate 
reagent was added. The samples were left standing at room tem- 
perature for 15 min and read at 380 nm (excitation)--460 nm 
(emission). The recovery of GABA was determined to be within 
85-90%. 

Rate of  DA Turnover 

Dopamine turnover was measured as the rate at which the 
striatal DA level declined after intraperitoneal administration of 
the tyrosine hydroxylase inhibitor, alpha methyl-p-tyrosine (300 
mg/kg, IP) (11). Rats were killed at 0, 1 and 2 hours after the 
injection of the inhibitor and the nucleus accumbens was col- 
lected for determining its DA content by using an HPLC. Nu- 
cleus accumbens from saline- or nicotine-pretreated rats was 
suspended in 1 ml of 0.2 N perchloric acid. The sample was 
sonicated and centrifuged at 11,000 × g for 5 min at 4°C. The 
supernatant was filtered through a nylon syringe filter unit (0.45 
txm). An aliquot of the filtrate was injected into a high-perfor- 
mance liquid chromatography (HPLC) (Waters, Milford, MA) in 
a mobile phase consisting of sodium acetate (100 raM), citric 
acid (20 mM), sodium octyl sulfate (Eastman Organic Chemi- 
cals, Rochester, NY) (100 mg/1), EDTA (50 mg/1) and methanol 
(4% v/v), pH 4.1. The sample was chromatographed by a 
IxBondapak C~8 reversed-phase column (3.9 × 150 mm, Waters, 
Milford, MA) at a constant flow rate of 2 ml/min. Dopamine 
concentration in each sample was determined by electrochemical 
detection at a potential of 0.6 V. 

Drugs 

The following drugs were purchased from Sigma Chemical 
Co. (St. Louis, MO): nicotine tartrate, nialamide, DA hydro- 
chloride, pargyline, GABA and alpha methyl-p-tyrosine methyl 
ester. DA was dissolved in nitrogen-bubbled distilled water con- 
taining 0.1% sodium metabisulfite and was adjusted to pH 6 
with 0.5 N sodium hydroxide. Both L-[3H]nicotine (60.4 Ci/ 
mmol) and [3H]spiperone (23.2 Ci/mmol) were purchased from 
New England Nuclear (Boston, MA). L-[3H]Tyrosine (55 Ci/ 
mmol) was purchased from Amersham (Chicago, IL). 

Statistical Analysis 

For the biochemical data, statistical comparisons were made 
using analysis of variance followed by Newman-Keuls for com- 
parison between and within groups and the two-tailed Student's 
t-test for independent means. Analysis of variance (ANOVA) 
was used to analyze the data on locomotor studies followed by 
least significance difference test. A p value of less than 0.05 
was considered to be significant. 

RESULTS 

Effect of  Chronic Nicotine Treatment on DA-Induced 
Locomotor Activity 

Dopamine (20 Ixg), when injected into each side of the nu- 
cleus accumbens, caused a time-dependent increase of locomo- 
tor activity (Fig. 1). This DA-induced locomotor hyperactivity 
in rats, however, was not affected by chronic nicotine treatment 
(Fig. 1). 

Effect of  Chronic Nicotine Treatment on GABA Inhibition of 
DA-Induced Hyperactivity 

Bilateral injections of GABA (200 ~g) into each side of the 
nucleus accumbens 30 rain after injection of DA (20 Ixg) inhib- 
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FIG. 1. Inhibitory effect of GABA on DA-induced hyperactivity in 
chronic saline- or nicotine-treated rats. Rats were implanted with osmotic 
minipumps containing either saline or nicotine (1.5 mg/kg/day). Four- 
teen days later, they were injected with nialamide (100 mg/kg, IP) and 
were allowed to adapt in Digiscan animal activity monitors for an hour. 
Under isoflurane anesthesia, saline or DA (20 l~g) in a volume of 0.5 
tJ, l was injected bilaterally into the nucleus accumbens. Either saline or 
GABA (200 I~g) in a volume of 0.5 txl was injected 30 min later. Loco- 
motor activity was measured at 15-min intervals for a duration of 2 h. 
Each data point represents the mean activity of 7 animals at the end of 
each 15-min period. Since the standard errors were less than 10% of the 
mean, they were left out of the graph for the sake of clarity. C ) - C )  
Chronic saline-treated rats which received intraaccumbens injections of 
saline followed by saline, 0 - - 0  chronic nicotine-treated rats which re- 
ceived intraaccumbens injections of saline followed by saline, Iq--[~ 
chronic saline-treated rats which received intraaccumbens injections of 
DA followed by saline, A - - A  chronic nicotine-treated rats which re- 
ceived intraaccumbens injections of DA followed by saline, I I _ l l l  
chronic saline-treated rats which received intraaccumbens injections of 
DA followed by GABA, & - - A  chronic nicotine-treated rats which re- 
ceived intraaccumbens injections of DA followed by GABA. *p<0.05 
when compared to saline-treated rats which received intraaccumbens in- 
jections of DA and saline. **p<0.05 when compared to chronic nico- 
tine-treated rats which received intraaccumbens injections of DA and 
saline. 

ited the DA-induced locomotor  hyperactivity.  The effect  o f  
G A B A  was observed immediately after its injection and contin- 
ued for 60 min.  This ability of  G A B A  to inhibit DA-induced 
hypermotili ty was not altered by chronic nicotine treatment 
(Fig. 1). 

Effect of Nicotine Treatment on L-[3H]Nicotine 
Receptor Binding 

L-[3H]Nicotine was used in this study to quantitate the nico- 
tinic receptor binding in rat nucleus accumbens.  The binding 

TABLE 1 

EFFECT OF CHRONIC NICOTINE ADMINISTRATION ON L-[3H]NICOTINE 
BINDING SITES IN RAT NUCLEUS ACCUMBENS 

Chronic Treatment 

L-[3H]Nicotine Binding 

Bma x (fmol/mg protein) K D (nM) 

Saline 29.1 ± 2.5 5.6 ± 0.9 
Nicotine 32.9 _+ 3.1 2.2 _ 0.7* 

Animals were implanted with osmotic minipumps containing either 
saline or nicotine (1.5 mg/kg/day) for 14 days. The nucleus accumbens 
were isolated and used for L-[3H]nicotinic binding studies. Values are 
presented as mean --- S.E.M. of 5-6 independent experiments. *Signifi- 
cantly lower than chronic saline-treated controls (p<0.05, Student's 
t-test). 

characteristics o f  L-[3H]nicotine to the nucleus accumbens mem- 
branes f rom saline- and nicotine-treated rats were compared.  No 
significant difference in the apparent maximum number  o f  bind- 
ing (Bm~x) was detected in these two animal groups. However ,  
an increase in nicotinic receptor binding affinity as demonstrated 
by a decrease o f  the apparent K o was found in chronic nicotine- 
treated animals (Table 1). 

Effect of Chronic Nicotine Treatment on D 2 Dopamine 
Receptor Binding 

[3H]Spiperone was used in this study to quantitate the D2 re- 
ceptor binding sites in the rat nucleus accumbens.  The apparent 
K o and Bma x values for [3H]spiperone binding f rom chronic 
nicotine-treated rats were not significantly different from chronic 
saline-treated controls (Table 2). 

Chronic Nicotine Treatment on GABA Levels in Rat 
Nucleus Accumbens 

The effect  o f  chronic nicotine treatment on G A B A  concen- 
trations was measured.  The G A B A  content  ( 4 0 5 _  37 ~g/g) in 
chronic nicotine-treated rats was not significantly different f rom 
the G A B A  concentration (394---32 ~g/g)  in chronic saline- 
treated controls. 

Effect of Chronic Nicotine Treatment on (+)-Amphetamine or 
High Potassium-Stimulated Formation and Release of [~H]DA 
in Nucleus Accumbens Slices 

( + ) - A m p h e t a m i n e  (10 6 M) or a high concentration of  po- 
tassium (30 or 50 mM) significantly stimulated the formation 

TABLE 2 

EFFECT OF CHRONIC NICOTINE ADMINISTRATION ON [3H]SPIPERONE 
BINDING SITES IN RAT NUCLEUS ACCUMBENS 

[3H]Spiperone Binding 

Chronic Treatment Bma x (fmol/mg protein) Ko (nM) 

Saline 70.2 ± 1.5 0.073 +-- 0.016 
Nicotine 60.5 _~ 4.7 0.075 - 0.011 

Animals were implanted with osmotic minipumps containing either 
saline or nicotine (1.5 mg/kg/day) for 14 days. The nucleus accumbens 
were isolated and used for DA receptor binding studies. Values are pre- 
sented as mean -- S.E.M. of 5 independent experiments. All values be- 
tween the chronic saline- and chronic nicotine-treated groups are not 
statistically significant in difference (Student's t-test, p>0.05). 
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TABLE 3 

EFFECTS OF CHRONIC NICOTINE TREATMENT ON (+)-AMPHETAMINE OR HIGH POTASSIUM-STIMULATED 
FORMATION AND RELEASE OF [3H]DA IN SLICES FROM RAT NUCLEUS ACCUMBENS 

Animal Agent Added to [3H]DA Formed [3H]DA 
Groups Treatment Medium (nmol/g/20 min) Released (%) 

1 Saline Saline 1.6 - 0.3 22.1 - 3.4 
2 Nicotine Saline 1.5 - 0.2 25.5 - 1.5 
2A Saline Amph. (10 -6 M) 3.5 _+ 0.2* 55.0 _ 2.5* 
2B Nicotine Amph. (10 -6 M) 4.3 --+ 0.1*t 68.1 - 1.3*t 
3A Saline Potassium (30 mM) 3.4 +_ 0.2* 59.3 _ 1.8' 
3B Nicotine Potassium (30 mM) 1.9 -+ 0.35; 33.2 --- 3.4*5; 
4A Saline Potassium (50 mM) 5.7 -+ 0.4* 62.5 --- 0.3* 
4B Nicotine Potassium (50 mM) 2.0 --_ 0.35; 44.0 ___ 1.0"5; 

Tissue slices (25 mg) from nucleus accumbens of chronic saline or chronic nicotine-treated (1.5 mg/kg/day) rats were incubated in normal medium 
containing saline (groups 1 and 2), (+)-amphetamine (10 -6 M) (groups 2A and 2B) or in high-potussium media (30 mM in groups 3A and 3B; 50 
mM in groups 4A and 4B). The slices were preincubated in respective medium for 8 min. L-[3H]Tyrosine was added and the reaction was continued 
for 20 min. [3H]DA formation and release were then determined. Data are mean --- S.E.M. of 6-10 determinations. *Significantly higher than chronic 
saline-treated rat slices incubated with saline in the medium (group 1) (p<0.05, Newman-Keuls test), tSignificantly higher than chronic saline-treated 
rat slices incubated with (+)-amphetamine in the medium (group 2A) (p<0.05). 5;Significantly lower than chronic saline-treated rat slices incubated 
with corresponding concentrations of potassium in the medium (30 mM in group 3A and 50 mM in group 4A, respectively) (/9<0.05). 

and release of [3H]DA in nucleus accumbens slices of chronic 
saline-treated rats (Table 4). It is noteworthy that the ( + ) - a m -  
phetamine-stimulated [3H]DA formation and release were poten- 
tiated in rats which were treated chronically with nicotine. 
Paradoxically, the stimulation of [3H]DA formation and release 
by high concentrations of potassium was blunted in chronic nic- 
otine-treated rats (Table 3). 

Effect of  Chronic Nicotine Treatment on DA Turnover 

The rate of DA turnover in the nucleus accumbens of chronic 
nicotine-treated rats was not significantly different from chronic 
saline-treated animals (p>0.05)  (Fig. 2). 

D I S C U S S I O N  

In this study, administration of nicotine (1.5 mg/kg/day) via 
osmotic minipump implantation in rats did not cause any overt 
sign of tissue necrosis or infection. In our previous study, we 
reported that nicotine administration to rats using this method 
had caused no effect on daily gain in body weight or daily food 
and water consumptions (17). When nicotine is administered to 
rats at a dose of 1.5 mg/kg/day, the rat plasma nicotine levels 
are found to be comparable to that of a human individual who 
chews 12 g of moist ground snuff or smokes one pack of ciga- 
rettes a day (5, 17, 23, 41, 46). Thus the present study is de- 
signed to investigate nicotine effects using a rat model that 
closely resembles the conditions of tobacco use in humans. 

The activation of mesolimbic DAergic neurons in the nucleus 
accumbens has been suggested to subserve some of the behav- 
ioral effects of nicotine (7, 8, 20). In this study, we examined 
the chronic effect of nicotine on DA-induced hyperactivity via 
the nucleus accumbens. In agreement with other studies (12, 13, 
25, 26), bilateral injections of DA into the nucleus accumbens 
of rats pretreated with a monoamine oxidase inhibitor resulted in 
a long-lasting stimulation of locomotor activity due to the direct 
stimulation of DA receptors in the nucleus accumbens. The abil- 
ity of DA to stimulate locomotor hyperactivity was not modified 
by chronic pretreatment of nicotine, suggesting that nicotine did 
not alter the sensitivity of DAergic receptors in the nucleus ac- 
cumbens. This behavioral observation was further supported by 

our DA receptor binding data which demonstrated that chronic 
nicotine produced no discernible change in [3H]spiperone bind- 
ing characteristics (the apparent K D and B~.~x ) in the nucleus 
accumbens. In contrast, Reilly et al. (43) reported that chronic 
but intermittent administration (5 days per week for 6 weeks) of 
nicotine (0.8 mg/kg, once daily) in rats led to an increase in the 
values for K o and Bma x of [3H]domperidone binding. However, 
our results are more in consent with a recent study showing that 
chronic (14 days) infusion of nicotine (3 mg/kg/day) to rats via 
subcutaneously implanted osmotic minipumps produced no sig- 
nificant effect on [3H]spiperone binding in the nucleus accum- 
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FIG. 2. Dopamine turnover in chronic saline- or nicotine-treated rats. 
The rate of DA depletion (l~g/g) in the nucleus accumbens of chronic 
saline (O) and chronic nicotine-treated rats (0)  at 1 and 2 h after in- 
jecting the animals with alpha methyl-p-tyrosine methyl ester (300 mg/ 
kg, IP). The nucleus accumbens were dissected, and their DA 
concentrations were determined by high-performance liquid chromatog- 
raphy, N=5-6  for each data point. Since the standard errors were less 
than 10% of the mean, they were left out of the graph for the sake of 
clarity. All data points between the chronic saline and chronic nicotine- 
treated groups are not statistically significant in difference (p>0.05, 
Student's t-test). 
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bens (6). The differences in duration and method of nicotine ad- 
ministration may account for the discrepancy in these results. 

Several studies have shown that GABA interacts functionally 
with DA in the nucleus accumbens and that GABA plays an in- 
hibitory role in the behavioral expression of DA receptor stimu- 
lation (38, 42, 49). Our results showed that the ability of GABA 
to inhibit DA-induced hyperactivity in the nucleus accumbens 
was not altered by chronic nicotine treatment. Furthermore, 
chronic nicotine treatment did not affect GABA concentrations 
in the nucleus accumbens. These observations suggest that chronic 
nicotine treatment did not change the GABAergic system signif- 
icantly in the nucleus accumbens. 

Chronic administration of nicotine produced an upregulation 
(an increase in number) of L-[3H]nicotine receptor binding sites 
in several brain regions including striatum, midbrain, hindbrain, 
hippocampus and hypothalamus (16, 29, 34). In nucleus accum- 
bens, however,  we detected an increase in the affinity of 
L-[3H]nicotine binding sites, whereas the receptor was not up- 
regulated after chronic nicotine treatment. 

It has been shown in striatal slices that (+) -amphetamine  and 
high potassium stimulated DA synthesis as well as release (47). 
Similar results were obtained with these agents in this study us- 
ing nucleus accumbens slices. It is particularly interesting to find 
that the ability of (+) -amphetamine  to stimulate formation and 
release of [3H]dopamine was potentiated in nucleus accumbens 
slices from chronic nicotine-treated rats. Surprisingly, chronic 
nicotine treatment inhibited the effects of high potassium on DA 
synthesis and release in the nucleus accumbens. Our results sug- 
gest that long-term administration of nicotine produced a super- 

sensitive response to the stimulatory effects of (+) -amphet -  
amine. On the other hand, a subsensitive response was devel- 
oped to the action of high potassium. The mechanisms underlying 
this paradoxical observation in response to (+) -amphetamine  
and high K + on [3H]DA formation and release in chronic nico- 
tine-treated rat nucleus accumbens remain unclear. 

Andersson et al. (1) has reported an increase of DA turnover 
in the nucleus accumbens following acute administration of nic- 
otine (1 mg/kg, IP). Although chronic nicotine treatment has re- 
sulted in a reduction in the striatal DA turnover (17,27), no 
significant change in DA turnover was found in the nucleus ac- 
cumbens from this study. Furthermore, nicotine appears to exert 
differential effects on nigrostriatal and mesolimbic DAergic neu- 
ronal systems (16,17). By comparing this study with others, we 
conclude that nicotine can produce differential effects on behav- 
ior and DA function, depending upon whether nicotine is ad- 
ministered continuously by osmotic minipump infusion or by 
multiple intermittent injections. The results of this study suggest 
that, although activation of the mesolimbic DAergic system is 
implicated in some of the behavioral effects of nicotine, the 
DAergic neurochemical parameters that we so far examined are 
less affected by the chronic exposure of nicotine. 
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