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Abstract

We studied the effects of nicotine and epibatidine given in combination with dopamine uptake inhibitor, nomifensine, on striatal

extracellular dopamine and its metabolites by using brain microdialysis in freely moving rats. Nomifensine (3 mg/kg) elevated extracellular

dopamine in the caudate-putamen, and clearly more in the nucleus accumbens. In the caudate-putamen, nicotine (0.5 mg/kg) and epibatidine

(0.6 Ag/kg but not 3.0 Ag/kg) enhanced nomifensine’s effect on dopamine. The effect of nomifensine on accumbal dopamine was enhanced

by nicotine, but inhibited by epibatidine at 0.6 Ag/kg. The larger dose of epibatidine had no effect. Thus, the effects of the smaller epibatidine

dose (0.6 Ag/kg) on the dopamine output in the caudate-putamen but not in the accumbens resemble those of nicotine 0.5 mg/kg.

Discrepancies in the effects of epibatidine and nicotine are most probably due to differences in their affinities to nicotinic receptor subtypes

regulating dopamine release. Further, different responses to low concentrations of epibatidine between the brain areas suggest that there are

differences in the nicotinic regulation of nigrostriatal and mesolimbic dopaminergic pathways.

D 2005 Elsevier B.V. All rights reserved.

Keywords: Nicotine; Epibatidine; Nomifensine; Dopamine; Nucleus accumbens; Caudate-putamen; In vivo microdialysis
1. Introduction

Cholinergic pathways are known to interact with the

dopaminergic pathways in the brain and these networks

are involved in several functions, such as learning,

memory, attention, movements, motivation, dependence

and reward (Clarke et al., 1987; Dani et al., 2001).

Stimulation of nicotinic acetylcholine receptors modulates

the release of various neurotransmitters, including dop-

amine (Klink et al., 2001; Wonnacott, 1997). A number of

nicotinic receptor subtypes containing at least a4h2, a3/
a6h2 or h3 subunits are suggested to mediate nicotine’s

effects on dopamine release (Kaiser et al., 1998; Kulak et

al., 1997; Sharples et al., 2000; Wonnacott et al., 2000).

Furthermore, there is evidence that nicotinic receptors

composed of a7-subunits mediate effects on dopamine
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release indirectly by stimulating glutamate release (Kaiser

and Wonnacott, 2000).

Nicotine has been repeatedly found to increase in vitro

[3H]dopamine release from rat brain slices and synapto-

somes (e.g. Giorguieff-Chesselet et al., 1979; Rapier et al.,

1988; Sakurai et al., 1982; Teng et al., 1997; Westfall, 1974)

and to elevate in vivo striatal and even more accumbal

concentrations of dopamine metabolites (Grenhoff and

Svensson, 1988; Lichtensteiger et al., 1982; Nose and

Takemoto, 1974). Also, several in vivo microdialysis studies

have shown that acute systemically administered nicotine

increases the dopamine output in the caudate-putamen and

even more in the nucleus accumbens (Benwell and Balfour,

1997; Di Chiara and Imperato, 1988; Imperato et al., 1986;

Janhunen and Ahtee, 2004; Seppa and Ahtee, 2000).

(F)-Epibatidine is a potent nicotinic receptor agonist,

which binds with a high affinity at a4h2, a3h2 and a3h4
nicotinic receptor subtypes, and also at a7 subtypes with

higher affinity than nicotine (Gerzanich et al., 1995; Xiao et

al., 1998). Epibatidine has been reported to stimulate in vitro
logy 511 (2005) 143–150
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[3H]dopamine release from striatal slices much more

potently than (�)-nicotine (Sullivan et al., 1994). In pre-

vious microdialysis studies, we found that epibatidine

altered differently the extracellular dopamine concentrations

in the caudate-putamen and the nucleus accumbens, and its

effects were not parallel to those of nicotine (Janhunen and

Ahtee, 2004; Seppa and Ahtee, 2000). Epibatidine at the

dose 0.6 Ag/kg but not at 3.0 Ag/kg increased the dopamine

output in the caudate-putamen, whereas in the nucleus

accumbens, the dopamine output increased first at the dose

3.0 Ag/kg (Janhunen and Ahtee, 2004). Epibatidine has been

recently reported to even decrease the extracellular dop-

amine concentration in the nucleus accumbens (Bednar et

al., 2004).

When administered locally the dopamine uptake inhib-

itor, nomifensine, intensified the nicotine-induced elevation

in the striatal and accumbal extracellular dopamine (Ben-

well and Balfour, 1992, 1997). We recently found that the

dopamine uptake inhibition induced by systemic nomifen-

sine substantially further enhanced the effects of nicotine,

0.5 mg/kg, on the dopamine output in the caudate-putamen,

whereas substances inhibiting dopamine metabolism (tolca-

pone, selegiline) or presynaptic dopamine receptors (hal-

operidol) did not have such effect (Kaakkola et al., 2000;

Janhunen et al., submitted for publication). Therefore, in the

present experiments, we compared the effects of epibatidine

and nicotine on the extracellular dopamine in the caudate-

putamen and the nucleus accumbens in the presence of

nomifensine to further study the possible differences in the

effects of epibatidine and nicotine.

Some of this work was presented earlier in abstract form

(Janhunen et al., 2002, 2003).
2. Materials and methods

NaRve male Wistar rats weighing 250–330 g in the

beginning of experiments were used. The rats were housed

in groups of four in an animal room lit from 6 a.m. to 6

p.m. and at the temperature of 20–23 8C. The rats were

housed one per cage after the surgery and during the

experiments. Food pellets (Altromin 1324, Chr. Petersen

A/S, Denmark) and tap water were constantly available ad

libitum. The animal experiments had an approval from the

Committee for Animal Experiments of the University of

Helsinki, and the chief veterinarian of the county admin-

istrative board. All experiments were conducted according

to the bEuropean Convention for the Protection of

Vertebrate Animals used for Experimental and other

Scientific PurposesQ.

2.1. Microdialysis in freely moving rats

The rats were anaesthetised with halothane (3.5%

during induction, 2% maintenance) and placed in a

stereotaxic apparatus (Stoelting, IL, U.S.A.). The guide
cannula (BAS MD-2250; Bioanalytical Systems, IN,

U.S.A.) was inserted through a small hole in the skull

above the caudate-putamen (A/P+1.0, L/MF2.7, D/

V�2.0) or the nucleus accumbens (A/P+1.7, L/MF1.4,

D/V�6.3) using coordinates relative to the bregma and

dura according to Paxinos and Watson (1986). The guide

cannula was secured to the skull with three stainless steel

screws and zinc polycarboxylate cement (Aqualox;

VOCO, Germany). After the surgery, tramadol (1.0 mg/

kg s.c.) was given for postoperative pain. The rats were

allowed to recover for 5–7 days in transparent Plexiglas

test cages (30�30�40 cm3) and then moved one day

before experiments to the experiment room. On the

experimental day between 7 and 8 a.m., a microdialysis

probe (BAS MD-2200, 0.32 O.D., 4.0 mm membrane for

the caudate-putamen, 2.0 mm membrane for the nucleus

accumbens, Bioanalytical Systems, IN, U.S.A.) was

inserted into the cannula, and the final coordinates of

the tips of probes were D/V�6.0 for the caudate-putamen

and D/V�8.3 for the nucleus accumbens. In the experi-

ments, microperfusion pump (Harvard Apparatus, MA,

U.S.A.) delivered modified Ringer solution (147 mM

NaCl, 1.2 mM CaCl2, 2.7 mM KCl, 1.0 mM MgCl2 and

0.04 mM ascorbic acid) through the probes at flow rate of

2 Al/min, and in order to obtain stable basal extracellular

levels of dopamine, Ringer solution was infused for 3–3.5

h. The microdialysate samples (30 Al) were then collected

every 15 min, and when a stable outflow was shown by

four consecutive samples of dopamine, the rats were

given nomifensine (3 mg/kg, 3 ml/kg) i.p. and 30 min

later nicotine (0.5 mg/kg), epibatidine (0.6 or 3.0 Ag/kg)
or saline (1 ml/kg) s.c. The dialysates were collected for 4

h after the second drug injection. After the experiments,

the rats were decapitated; their brains were rapidly taken

out and frozen on dry ice (�80 8C). The positions of

probes in the caudate-putamen and the nucleus accumbens

were examined microscopically from 100-Am coronal

sections stained with thionine.

2.2. Analysis of dialysate samples

Microdialysate levels of dopamine, 3,4-dihydroxyphe-

nylacetic acid (DOPAC) and homovanillic acid (HVA)

were analysed immediately with high performance liquid

chromatography (HPLC) with electrochemical detection.

The HPLC system used for the determination consisted of

a detector (Coulochem II, ESA, MA, U.S.A.) equipped

with a model 5014B microdialysis cell and a model 2248

HPLC pump (Pharmacia LKB, Sweden). The column

(Spherisorb ODS2, 3 Am, 4.6�100 mm, Waters, U.S.A.)

was kept at 40 8C. The mobile phase was 0.1 M NaH2PO4

buffer (pH 4.0 adjusted with 1.0 mM citric acid), 0.6–0.8

mM octane sulphonic acid, 10–15% (v/v) methanol and

1.2 mM EDTA. The flow rate of the mobile phase was 1.0

ml/min. A total of 20 Al of the dialysis sample was

injected onto the column with an autoinjector (CMA/200,
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CMA Microdialysis, Sweden). Dopamine was reduced

with an amperometric detector (potential—100 mV) after

being oxidized with a coulometric detector (+300 mV).

The chromatograms were processed with a chromatointe-

grator (Shimadzu C-R5A, Japan). Values were not cor-

rected for in vitro probe recovery efficiency that was

approximately 25% for dopamine and 9–12% for its

metabolites. The average concentration of the first four

stable samples (b20% variation) was determined as base-

line and defined as 100%.

2.3. Drugs

Nicotine solution was prepared by diluting (�)-

nicotine base (Fluka Chemie Ag, Switzerland) with saline

(0.9% NaCl solution) and adjusting pH to 7.0–7.4 with

0.05 M HCl. (F)-Epibatidine hydrochloride (Sigma

Chemical, MO, U.S.A.) was dissolved in saline. Nicotine

and epibatidine were given subcutaneously in a volume

of 1 ml/kg. Nomifensine maleate (Sigma Chemical, MO,

U.S.A.) was dissolved in sterile water by warming it up

in a hot water bath and by shaking vigorously.

Nomifensine was administered intraperitoneally in a

volume of 3 ml/kg. All drug doses are expressed as free

base.

2.4. Data analysis

All data are expressed as meansFstandard errors of the

means (S.E.M.). The data were analysed with one-, two- or

three-way analysis of variance (ANOVA) for repeated

measures (time periods) (Statview 5.0, SAS Institute,

U.S.A.). The main factors were the first injection (saline/

nomifensine), the second injection (saline/nicotine/epibati-

dine) and the dialysed brain area (caudate-putamen/nucleus

accumbens). When appropriate (Pb0.05), multiple compar-

isons were conducted using the contrast analysis with

Bonferroni levels.
3. Results

Only data from the rats with probes correctly implanted

in the caudate-putamen or in the nucleus accumbens were

included in the results. All of the probes inserted in the

caudate-putamen and 90% of the probes inserted in the

nucleus accumbens were accurately implanted. The loca-

tions of the probes in the nucleus accumbens were similar to

those illustrated in our previous publication (Janhunen and

Ahtee, 2004). Almost all the probes in the nucleus

accumbens perfused both the shell and core; some probes

were more in the shell and some more in the core, but all in

all, it is likely that most of the dopamine collected in the

samples originate both from the shell and the core. The data

on saline-pretreated rats were reported earlier (Janhunen and

Ahtee, 2004).
3.1. The extracellular levels of dopamine and its metabolites

in the caudate-putamen

The basal extracellular levels of dopamine, DOPAC and

homovanillic acid (HVA) in dialysates of the caudate-

putamen were 47.9F10.7 fmol, 17.4F1.4 pmol and

11.1F1.0 pmol (meansFS.E.M. per 20 Al, n=27), respec-
tively. There were no significant differences in the basal

levels between the treatment groups, and the values were

similar to those in the saline-pretreated rats reported by

Janhunen and Ahtee (2004).

Two-way ANOVA for repeated measures revealed that

nomifensine 3 mg/kg significantly elevated the extracel-

lular dopamine level in the caudate-putamen when

compared with the rats pretreated with saline [Fig. 1;

pretreatment F(1,45)=49.1, Pb0.0001]. The maximal

elevation to 223% of the baseline (=100%) was found at

60 min after the nomifensine administration, and the

dopamine level returned to the baseline level 2 h later.

According to two-way ANOVA, there were no significant

pretreatment (saline or nomifensine)�treatment (saline,

nicotine, epibatidine 0.6 or 3.0 Ag/kg)-interactions on the

dopamine level in the caudate-putamen [F(3,45)=1.7,

PN0.10]. Nicotine 0.5 mg/kg elevated the dopamine level

of the nomifensine-pretreated rats significantly [Fig. 1;

treatment F(3,23)=4.9, P=0.0086; contrast analysis Pb

0.0001]. The maximal peak (322% of the baseline)

occurred at 75 min after the administration of nomifensine,

and the dopamine level stayed elevated throughout the

whole 4-h experiment. Also, epibatidine 0.6 Ag/kg
significantly elevated (maximally to 264% of the baseline)

throughout the 4-h experiment the dopamine level in the

caudate-putamen of the nomifensine-pretreated rats (con-

trast analysis Pb0.0001). However, epibatidine at the dose

3.0 Ag/kg was not found to alter the effect of nomifensine

(PN0.10).

Nomifensine significantly decreased the extracellular

level of DOPAC (maximally by 20%) but not that of

homovanillic acid in the caudate-putamen [Fig. 1;

pretreatment F(1,45)=8.2, P=0.0064 for DOPAC]. The

non-significant elevation of DOPAC induced by epibati-

dine 3.0 Ag/kg in the saline-pretreated rats was counter-

acted by nomifensine pretreatment [ F (1,13) = 5.4,

P=0.0367], but otherwise, the metabolite levels in rats

given nicotine or epibatidine in combination with nomi-

fensine did not differ from those in rats given nomifensine

only (Fig. 1).

3.2. The extracellular levels of dopamine and its metabolites

in the nucleus accumbens

The basal extracellular levels of dopamine, DOPAC and

homovanillic acid (HVA) in dialysates in the nucleus

accumbens were 16.3F2.7 fmol, 6.6F0.7 pmol and

3.1F0.3 pmol (meansFS.E.M. per 20 Al, n=27), respec-
tively. The basal levels did not significantly differ between



 NOM + SAL

100

200

300

400  NOM  + NIC

 SAL + SAL
 SAL + NIC

DA
 NOM + SAL

100

200

300

400  NOM + EPI 0.6

 SAL + EPI 0.6
 SAL + SAL

DA
 NOM + SAL

100

200

300

400  NOM + EPI 3.0

 SAL + EPI 3.0
 SAL + SAL

DA

50

75

100

125

150

175

200

225 DOPAC

50

75

100

125

150

175

200

225 DOPAC

50

75

100

125

150

175

200

225 DOPAC

-60 0 60 120 180 240

50

75

100

125

150

175

200

225 HVA

Time (min) Time (min) Time (min)
-60 0 60 120 180 240

50

75

100

125

150

175

200

225 HVA

-60 0 60 120 180 240

50

75

100

125

150

175

200

225 HVA

%
 o

f t
he

 b
as

al
 v

al
ue

s

Fig. 1. The effects of nicotine and epibatidine on the levels of dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) in the

caudate-putamen dialysates. Rats were given nomifensine (NOM, 3 mg/kg) i.p. (first arrow) after collecting four baseline samples and 30 min later nicotine

(NIC, 0.5 mg/kg), epibatidine (EPI, 0.6 or 3.0 Ag/kg) or saline (SAL) s.c. (second arrow). Dashed lines present an earlier published data (Janhunen and Ahtee,

2004) from rats that were given nicotine (0.5 mg/kg) or epibatidine (0.6 or 3.0 Ag/kg) after saline pretreatment. The results (meansFS.E.M.) are expressed as

percentages of the four consecutive samples collected before injections (n=6–8). It is to be noted that the scale of the ordinates differs between the DA and its

metabolites. Contrast analysis after analysis of variance for repeated measures, 0–240 min, revealed the following statistically significant interactions: DA,

pretreatment NOM vs. SAL ( Pb0.0001), in the nomifensine-pretreated rats: NIC vs. SAL ( Pb0.0001), EPI 0.6 vs. SAL ( Pb0.0001), NIC/EPI 0.6 vs. EPI 3.0

( Pb0.0001); DOPAC, pretreatment NOM vs. SAL ( Pb0.0001).
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the treatment groups, and the values were similar to those

in the saline-pretreated rats reported by Janhunen and

Ahtee (2004).

Two-way ANOVA for repeated measures revealed that

nomifensine 3 mg/kg significantly elevated the accumbal

extracellular dopamine level when compared with that of the

saline-pretreated rats [Fig. 2; pretreatment F(1,47)=71.7,

Pb0.0001]. Nomifensine maximally elevated the extracel-

lular dopamine level to 403% of the baseline (=100%) at 75

min after the administration whereupon the elevated

dopamine level gradually declined so that it was still clearly

elevated (145% of the baseline) at the end of experiment.

Furthermore, nomifensine elevated the dopamine level more

in the nucleus accumbens than in the caudate-putamen, and

three-way ANOVA revealed a significant brain nucleus

(accumbens or caudate-putamen)-effect [F(1,92)=10.6,
P=0.0016] and a significant brain nucleus�pretreatment-

interaction [F(1,92)=10.4, P=0.0017].

The nicotinic receptor agonists had a significant treat-

ment-effect [F(3,47)=4.4, P=0.0080] and a significant

pretreatment�treatment-interaction [ F(3,47)=2.8, P=

0.0479] on the accumbal dopamine level during the first

90 min after their administration (Fig. 2). In the nomifensine-

pretreated rats, nicotine 0.5 mg/kg further elevated the

dopamine level maximally to 533% of the baseline at 45

min after the administration of nicotine, and the increase was

significantly higher than that induced by nomifensine alone

during the time period 0–120 min [treatment F(3,23)=3.22,

P=0.0416; contrast analysis P=0.0014]. The dopamine

levels in the rats treated with nomifensine+nicotine gradually

decreased to the same level as after nomifensine alone within

approximately 150 min. In contrast to nicotine, the smaller



100

200

300

400

500

600

700

 NOM + SAL
 NOM + NIC

 SAL + NIC

 SAL + SAL

DA

100

200

300

400

500

600

700

 NOM + SAL

 NOM + EPI 0.6

 SAL + EPI 0.6

 SAL + SAL

DA

100

200

300

400

500

600

700

 NOM + SAL

 SAL + EPI 3.0

 NOM + EPI 3.0

 SAL + SAL

DA

50

75

100

125

150

175

200

225 DOPAC

50

75

100

125

150

175

200

225 DOPAC

50

75

100

125

150

175

200

225 DOPAC

-60 0 60 120 180 240

50

75

100

125

150

175

200

225 HVA

Time (min) Time (min) Time (min)

-60 0 60 120 180 240

50

75

100

125

150

175

200

225 HVA

-60 0 60 120 180 240

50

75

100

125

150

175

200

225 HVA

%
 o

f t
he

 b
as

al
 v

al
ue

s

Fig. 2. The effects of nicotine and epibatidine on the levels of dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) in the

nucleus accumbens dialysates. Rats were given nomifensine (NOM, 3 mg/kg) i.p. (first arrow) after collecting four baseline samples and 30 min later nicotine

(NIC, 0.5 mg/kg), epibatidine (EPI, 0.6 or 3.0 Ag/kg) or saline (SAL) s.c. (second arrow). Dashed lines present an earlier published data (Janhunen and Ahtee,

2004) from rats that were given nicotine (0.5 mg/kg) or epibatidine (0.6 or 3.0 Ag/kg) after saline pretreatment. The results (meansFS.E.M.) are expressed as

percentages of the four consecutive samples collected before injections (n=6–7). It is to be noted that the scale of the ordinates differs between the DA and its

metabolites. Contrast analysis after analysis of variance for repeated measures (time) revealed the following statistically significant interactions: DA and

DOPAC, pretreatments NOM vs. SAL ( Pb0.0001); in the nomifensine-pretreated rats: DA during 0–120 min, NIC vs. SAL ( P=0.0014), EPI 0.6 vs. SAL

( P=0.0063), NIC vs. both EPI doses ( Pb0.001), EPI 0.6 vs. EPI 3.0 ( P=0.0066); DOPAC during 0–240 min: NIC vs. SAL ( Pb0.0001), both EPI doses vs.

SAL ( Pb0.0001), NIC vs. EPI 0.6 ( Pb0.0001), EPI 3.0 vs. EPI 0.6 ( Pb0.0001).
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epibatidine dose (0.6 Ag/kg) significantly decreased the

nomifensine-induced increase in the dopamine level during

the time period 0–120 min after the administration of

epibatidine when compared with the level after nomifensine

alone (contrast analysis P=0.0063). The peak dopamine

level was about 30% lower than that after nomifensine alone.

The larger epibatidine dose (3.0 Ag/kg) did not significantly

alter the nomifensine-induced increase in the accumbal

dopamine level (PN0.10). Thus, due to the opposite effects

of nicotine and epibatidine in the nomifensine-pretreated

rats, the dopamine level in the nucleus accumbens was found

to be significantly higher after nicotine than after either dose

of epibatidine studied (contrast analysis Pb0.0001).

Nomifensine decreased the extracellular DOPAC (maxi-

mally by 30%) but not homovanillic acid level in the nucleus
accumbens. According to two-way ANOVA, the DOPAC

level was significantly decreased when compared with the

saline-pretreated rats [Fig. 2; pretreatment F(1,47)=46.0,

P b0.0001]. Furthermore, nomifensine decreased the

DOPAC more in the nucleus accumbens than in the

caudate-putamen, and three-way ANOVA revealed a sig-

nificant brain nucleus-effect [F(1,92)=12.5, P=0.0006] and

a significant brain nucleus�pretreatment-interaction

[F(1,92)=8.4, P=0.0047].

In the nomifensine-pretreated rats, nicotine significantly

increased DOPAC [maximally by 40%; treatment

F(3,23)=6.12, P=0.0032; contrast analysis Pb0.0001] but

not homovanillic acid (PN0.10) from the levels after

nomifensine alone (Fig. 2). Also, epibatidine reversed the

decrease of DOPAC concentration induced by nomifensine.
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As in the saline-pretreated rats, the effect of epibatidine was

dose-dependent so that the maximal increases of DOPAC

and homovanillic acid were 45% (DOPAC) and 32% (HVA,

PN0.10) after epibatidine 3.0 Ag/kg and less after epibati-

dine 0.6 Ag/kg when compared with the levels after

nomifensine alone (at both doses: Pb0.0001 for DOPAC).
4. Discussion

Nicotine increased the extracellular dopamine both in the

caudate-putamen and the nucleus accumbens of the nomi-

fensine-pretreated rats, whereas the smaller dose of epiba-

tidine studied (0.6 Ag/kg) enhanced the nomifensine-

induced elevation in the caudate-putamen but reduced it in

the nucleus accumbens. The larger dose of epibatidine (3.0

Ag/kg) did not alter the dopamine in either brain area

studied. Thus, the effects of nicotine and epibatidine on the

extracellular dopamine concentration differed between the

caudate-putamen and the nucleus accumbens. Previously,

we reported that in the saline-pretreated rats the effects of

nicotine (0.5 mg/kg) and epibatidine (0.6 Ag/kg) were

similar in the caudate-putamen but differed from each other

in the nucleus accumbens (Janhunen and Ahtee, 2004). As

will be discussed below, these differences revealed by the

two nicotinic receptor agonists with different affinities to

nicotinic receptor subtypes are most probably due to

differences in the dopamine turnover as well as in the

nicotinic regulation between the two brain areas studied.

Agreeing with earlier findings (Carboni et al., 1989; Cass

et al., 1993), acute nomifensine in our experiment increased

the dopamine concentration preferentially in the nucleus

accumbens. We found that accumbal dopamine clearance

was slow and about half of that in the caudate-putamen (13

fmol and 30 fmol per h after the maximal peak, respec-

tively). In line with this, nomifensine reduced significantly

more the DOPAC concentration in the nucleus accumbens

than in the caudate-putamen. Another dopamine uptake

inhibitor, cocaine, has been shown to elevate the extrac-

ellular dopamine more in the nucleus accumbens than in the

caudate-putamen (Carboni et al., 1989; Cass et al., 1993).

These differences may be due to structural and functional

differences in these two dopaminergic nerve terminal areas.

Indeed, the density of the dopamine uptake sites in the

nucleus accumbens has been found to be only half or one

third of that in the caudate-putamen (Hoffman and Gerhardt,

1998; Marshall et al., 1990). Furthermore, Andén et al.

(1983) reported that synthesis rate of dopamine is about

50% higher in the nucleus accumbens than in the more

dorsal parts of striatum. Thus, the preferential effect of

nomifensine in the accumbens might result on one hand

from faster synthesis and on the other hand from reduced

transport of dopamine into the neuron. When nomifensine

prevents dopamine’s access to intraneuronal monoamine

oxidase, increased extracellular level of dopamine and

reduced level of DOPAC follow.
The nomifensine-elevated dopamine level in the caudate-

putamen was significantly further increased by nicotine and

by the dose 0.6 Ag/kg of epibatidine but not by the dose 3.0

Ag/kg of epibatidine. The dose–response curve for nicotine

on the dopamine output in the caudate-putamen has been

earlier reported to be bell-shaped (Benwell and Balfour,

1997), and our experiments show that epibatidine induces a

corresponding bell-shaped dose–response curve not only

alone but also in combination with nomifensine. This

suggests that at larger doses epibatidine desensitizes the

nicotinic receptor subtypes mediating its effects on the

dopamine output in the caudate-putamen.

In the nucleus accumbens, nicotine 0.5 mg/kg increased

basal (Janhunen and Ahtee, 2004) and nomifensine-induced

(present study) extracellular dopamine level by 36–32% as

compared with the corresponding control. This finding is in

line with the earlier study by Benwell and Balfour (1992).

Nicotine also enhanced the elevation of the accumbal

dopamine produced by the dopamine uptake inhibitors,

cocaine and methylphenidate (Gerasimov et al., 2000). In

contrast to nicotine, epibatidine at 0.6 Ag/kg clearly reduced

the nomifensine-induced elevation of accumbal dopamine

but it had no significant effect at the dose 3.0 Ag/kg. We

reported recently that epibatidine increased the accumbal

dopamine output first at the dose 3.0 Ag/kg in the saline-

pretreated rats (Janhunen and Ahtee, 2004). Bednar et al.

(2004) found that epibatidine decreased the accumbal

extracellular dopamine in Sprague–Dawley rats, which were

studied already 17–22 h after the implantation of guide

cannula. It is possible that in the presence of elevated

extracellular dopamine, induced by nomifensine or by

implantation of the probe, epibatidine’s effects on the

mechanisms inhibiting the accumbal dopamine release are

emphasized. As discussed above, the nucleus accumbens is

more sensitive to nomifensine than the caudate-putamen.

Thus, nomifensine by elevating the extracellular dopamine

causes a hyperpolarization of dopaminergic neurons and

reduces their firing rates (Mercuri et al., 1992). Recently, the

effects of nicotine on dopamine release have been reported

to depend on the firing rate of the dopaminergic neurons so

that desensitization of nicotinic receptors inhibits dopamine

release at low firing rates but accelerating the firing rate

attenuates this effect (Rice and Cragg, 2004; Zhang and

Sulzer, 2004). Therefore, nomifensine could be expected to

shift the effects of nicotinic receptor agonists to low

frequency effects, i.e. depression of dopamine release. This

might explain why the low dose of epibatidine, which

probably desensitized nicotinic receptors (Buisson et al.,

2000), was found to decrease the dopamine output in the

presence of nomifensine.

The inhibitory effect of epibatidine at 0.6 Ag/kg on the

accumbal dopamine output in our present study was

characteristic for the nucleus accumbens and was not found

in the caudate-putamen. This suggests that there are differ-

ences in the nicotinic regulation of the mesolimbic and

nigrostriatal dopaminergic pathways. Neither nicotine nor
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epibatidine elevated DOPAC or homovanillic acid in the

caudate-putamen. In contrast, in the nucleus accumbens,

both nicotine and epibatidine elevated DOPAC and homo-

vanillic acid in the saline-pretreated rats as well as counter-

acted the nomifensine-induced decrease of DOPAC. These

findings show another difference in the effects of nicotinic

receptor agonists on the turnover and metabolism of

dopamine between the nucleus accumbens and the cau-

date-putamen. These differences are probably related to

structural and/or physiological differences in the two brain

areas as discussed above. Also, the mesolimbic dopaminer-

gic pathway may contain a different set of nicotinic receptor

subtypes than the nigrostriatal dopaminergic pathway.

Indeed, a7 nicotinic receptors are more highly expressed

in the ventral tegmental area than in the substantia nigra

(Wooltorton et al., 2003), and they are suggested to be

preferentially involved in the accumbal dopamine release

whereas those containing a3/a6 subunits mediate effects on

the dopamine release in the caudate-putamen (Kaiser et al.,

1998; Kulak et al., 1997; Schilstrom et al., 1998). Thus, the

different affinities of epibatidine and nicotine to various

nicotinic receptor subtypes as well as regional variations in

the expression of these receptors are most probably involved

in our findings that epibatidine’s effects on the accumbal

dopamine release differ from those of nicotine.

The larger epibatidine dose (3.0 Ag/kg) did not alter the

nomifensine-elevated extracellular dopamine but elevated

the metabolites even more than nicotine. Thus, it most

probably enhanced dopamine release, which effect counter-

acted epibatidine’s decreasing effect on the extracellular

dopamine. Such a conclusion is supported by the study of

Bednar et al. (2004) in which the epibatidine dose that

decreased the accumbal extracellular dopamine did not

significantly elevate DOPAC. All in all, these findings

suggest that epibatidine acts on the accumbal dopamine via

several mechanisms.

In the present study, the effects of epibatidine and

nicotine on the dopamine output were similar in the

caudate-putamen but differed in the nucleus accumbens.

Discrepancies in the effects of epibatidine and nicotine are

most probably related to their different affinities to nicotinic

receptor subtypes regulating the release of dopamine and of

other neurotransmitters that, in turn, regulate dopamine

release. Also, we found marked differences in the responses

of the ventral and dorsal striatal dopamine output to a low

concentration of epibatidine in the presence of nomifensine.

Thus, it seems that modulation of dopamine transmission

with substances like nomifensine may modify also the

effects of nicotinic receptor agonists on the accumbal

extracellular dopamine. The differences we found between

the nucleus accumbens and the caudate-putamen may be

due to their different structural and physiological properties,

including regulation of dopamine turnover and sets of

nicotinic receptor subtypes located in these areas. In

addition, our results suggest that the nicotinic mechanisms

regulating the nigrostriatal and mesolimbic dopaminergic
pathways differ, which supports the view that it is possible

to affect these two pathways selectively with nicotinic

compounds. This might be of benefit in the treatment of

brain diseases, such as Parkinson’s disease, and tobacco and

drug addictions.
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