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Activation of 5-HT receptors in the mesolimbic dopamine1Br1D

system increases dopamine release from the nucleus accumbens:
a microdialysis study

Qing-Shan Yan), Shu-E Yan
Department of Biomedical and Therapeutic Sciences, UniÕersity of Illinois College of Medicine at Peoria, Peoria, IL 61656, USA

Received 25 January 2001; received in revised form 6 March 2001; accepted 13 March 2001

Abstract

Ž .This study was designed to investigate the role of 5-hydroxytryptamine 5-HT receptors located in the ventral tegmental area and1B

nucleus accumbens in the modulation of accumbal dopaminergic transmission. The selective 5-HT receptor agonist CP 931291B
� Ž . w x 43- 1,2,5,6-tetrahydro-4-pyridyl pyrrolo 3,2-b pyrid-5-one was administered into the ventral tegmental area or nucleus accumbens of
freely moving Sprague–Dawley rats via retrograde microdialysis. The effects of intra-accumbal and intra-tegmental CP 93129 on
extracellular dopamine levels in the nucleus accumbens were measured using one- and dual-probe microdialysis, respectively. For
dual-probe microdialysis, one probe was in the ventral tegmental area for drug administration and the other in the ipsilateral nucleus

Ž .accumbens for dopamine measurement. The results show that infusion of CP 93129 2, 5 and 10 mM into the nucleus accumbens
Ž .increased local dopamine levels in a concentration-related manner. Infusion of CP 93129 10 and 20 mM into the ventral tegmental area

also increased dopamine levels in the ipsilateral nucleus accumbens. The increased dopamine release in the nucleus accumbens produced
Ž .by intra-accumbal or intra-tegmental CP 93129 was antagonized by co-infusion of cyanopindolol 5 mM , a 5-HT receptor1Br1A

� Ž Ž Ž . . . 4 Ž .antagonist, but not by WAY-100635 N- 2- 4- 2-methoxyphenyl -1-piperazinyl ethyl -N-2-pyridinyl-cyclohexanecarboxamide 5 mM , a
highly selective 5-HT receptor antagonist. In addition, augmentations of dopamine release in the nucleus accumbens induced by1A

intra-accumbal CP 93129 were sensitive to Naq channel blockade with tetrodotoxin. These results are not in opposition to the concept
that 5-HT receptors within the ventral tegmental area and nucleus accumbens are all involved in the modulation of dopamine release in1B

the terminal area of the mesolimbic dopamine system. q 2001 Published by Elsevier Science B.V.
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1. Introduction

Anatomical studies of the afferent pathways to the
ventral tegmental area have indicated that this region
receives serotonergic innervations from the dorsal and

Žmedial raphe nuclei Moore et al., 1978; Herve et al.,
.1987 . The nucleus accumbens also receives a relative

Ždense input of serotonergic fibers from raphe nuclei Moore
.et al., 1978; Vertes and Martin, 1988 . Consistent with

anatomical evidence, behavioral, biochemical and electro-
physiological reports showed the existence of a functional

Žrelationship between 5-hydroxytryptamine serotonin, 5-
.HT and dopamine in the mesolimbic dopamine system
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ŽDe Deurwaerdere and Spampinato, 1999; Di Matteo et al.,
1998; Hallbus et al., 1997; Parsons and Justice, 1993; Yan,

.2000 .
Dopamine transmission in the mesolimbic dopamine

system could be affected by 5-HT both at the level of cell
bodies and at the level of the nerve terminals. Several in
vivo studies suggest that the serotonergic modulation of
the mesolimbic dopamine system has a facilitatory charac-

Ž .ter. Yoshimoto and McBride 1992 have shown that stim-
ulation and inhibition of the raphe nucleus neurons pro-
duced a corresponding increase and decrease in the release
of dopamine in the nucleus accumbens. In addition, direct
administration of 5-HT into the ventral tegmental area
Ž . ŽGuan and McBride, 1989 or nucleus accumbens Parsons

.and Justice, 1993; Hallbus et al., 1997 all increased
extracellular dopamine in the terminal areas of the meso-
limbic dopamine system.
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The increase in extracellular dopamine in the nucleus
accumbens produced by focally applied 5-HT is related to
the stimulation of various 5-HT receptors. It has been
shown that 5-HT-induced dopamine release in the nucleus
accumbens was antagonized by co-infusion of 5-HT , 5-1

ŽHT or 5-HT receptor antagonists Parsons and Justice,2 3
. Ž . Ž1993 . Furthermore, local application of " -1- 4-iodo-

. Ž2,5-dimethoxyphenyl -2-aminopropane DOI, a 5-HT2Ar2C
. Ž . Žreceptor agonist Yan, 2000 or 1-phenylbiguanide a

. Ž .5-HT receptor agonist Chen et al., 1991 increased3

extracellular dopamine in the nucleus accumbens. Taken
together, the results suggest that 5-HT , 5-HT and 5-HT1 2 3

receptors within the nucleus accumbens are all involved in
the regulation of dopamine release in this region.

Several subtypes of the 5-HT receptor have been iden-1

tified. One of the 5-HT receptor subtypes suggested to1

have a modulating effect on dopamine release is the
5-HT receptor. Most studies of 5-HT and dopamine1B

interactions via the 5-HT receptor have been focused on1B

the prefrontal cortex and nigrostriatal system. Recent mi-
crodialysis studies showed that local infusion of the selec-

� Žtive 5-HT receptor agonist CP 93129 3- 1,2,5,6-tetra-1B
. w x 4hydro-4-pyridyl pyrrolo 3,2-b pyrid-5-one or CP 94253

� Ž . w x3- 1,2,5,6-tetrahydro-4-pyridyl - 5 -propoxypyrrolo 3,2-b -
4 Žpyridine into the prefrontal cortex Iyer and Bradberry,

. Ž .1996 , substantia nigra Thorre et al., 1998 or striatum
Ž .Galloway et al., 1993 increased dopamine release in
these regions. In addition, increases in dopamine release in
the prefrontal cortex produced by perfusion with either
5-HT, 5-HT uptake blockers or 5-HT receptor agonists1B

were attenuated or abolished by co-perfusion with the
� w5-HT receptor antagonist GR 127935 N- 4-methoxy-1Br1D

Ž . x X X Ž3- 4-methyl-1-piperazinyl phenyl - 2 -methyl-4 - 5-methyl-
. w x x4 Ž1,2,4-oxadiazol-3-yl - 1,1-biphenyl -4-carboxamide Iyer

.and Bradberry, 1996; Matsumoto et al., 1999 , suggesting
that 5-HT receptors may be associated with the facili-1Br1D

tation of dopamine release in the prefrontal cortex.
The nucleus accumbens contains a high density of

Ž .5-HT receptors Bruinvels et al., 1993 . However, the1B

significance of this receptor subtype in the regulation of
accumbal dopaminergic transmission remains largely unex-
plored. There are only a few reports in the literature
showing the potential involvement of 5-HT receptors in1B

the regulation of accumbal dopamine release. Hallbus et al.
Ž .1997 observed that the elevation of accumbal dopamine
produced by focal 5-HT perfusion was antagonized by
co-perfusion of GR 127935, consonant with the involve-
ment of 5-HT receptors in modulation of accumbal1Br1D

dopaminergic transmission. In the study by Hallbus et al.
Ž .1997 , however, stimulation of dopamine release was
induced by perfusion with 5-HT which can act at all 5-HT
receptors including 5-HT and 5-HT subtypes. Activation2 3

Ž . Žof 5-HT Yan, 2000 or 5-HT receptors Chen et al.,2 3
.1991 can increase dopamine release in the nucleus accum-

Ž .bens. Therefore, in the study by Hallbus et al. 1997 , the
effects of GR 127935 were tested under conditions in

which synaptic 5-HT as well as dopamine levels were
already enhanced. As a result, the findings by Hallbus et

Ž .al. 1997 suggest that 5-HT receptors in the nucleus1Br1D

accumbens may take part in the regulation of dopamine
release under certain specific conditions. Furthermore, there
are no reports to date regarding the effects of 5-HT1B

receptors in the ventral tegmental area on dopamine re-
lease in the ipsilateral nucleus accumbens although a mod-
erately high density of 5-HT binding sites has been1B

Žfound to exist in the ventral tegmental area Bruinvels et
.al., 1993 .

This study was designed to investigate the role of
5-HT receptors located in both the ventral tegmental1B

area and the nucleus accumbens for the modulation of
dopaminergic transmission in the nucleus accumbens. To-
wards this aim, CP 93129 was administered into the
ventral tegmental area and nucleus accumbens via retro-
grade microdialysis to minimize the effects of the com-
pound on the structures other than ventral tegmental area
or nucleus accumbens. The effects of intra-accumbal or
intra-tegmental CP 93129 on extracellular dopamine levels
in the nucleus accumbens were assessed using one- and
dual-probe microdialysis, respectively. For dual-probe mi-
crodialysis, rats were equipped with two probes, one in the
ventral tegmental area for drug administration and the
other in the ipsilateral nucleus accumbens for dopamine
measurement. CP 93129 was chosen because this agent is

Ža putatively specific 5-HT receptor agonist Chopin et1B
.al., 1994; Macor et al., 1990 .

2. Materials and methods

2.1. Animals

Male Sprague–Dawley rats, weighing 250–300 g at the
time of surgery, were obtained from Harlan Sprague–Daw-

Ž .ley Indianapolis, IN, USA . They were housed at 21"
38C, 40–60% relative humidity and were maintained under
12-h lightr12-h dark condition with ad libitum access to
food and water. All animal care and experimentation were
carried out in accordance with the NIH Guide for the Care
and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee of the Uni-
versity of Illinois College of Medicine at Peoria.

2.2. Drugs

ŽTetrodotoxin was purchased from Sigma St. Louis,
.MO, USA and dissolved with artificial cerebrospinal fluid

Ž . Ž .ACSF to 1 mM for perfusion. S y -cyanopindolol hemi-
� Ž Ž Žfumarate and WAY-100635 maleate N- 2- 4- 2-metho-

. . .xyphenyl -1-piperazinyl ethyl -N-2-pyridinyl-cyclohexane-
4 Žcarboxamide maleate were purchased from RBI Natick,

. � ŽMA, USA . CP 93129 3- 1,2,5,6-tetrahydro-4-pyrid-
. w x 4yl pyrrolo 3,2-b pyrid-5-one was generously provided by
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Ž .Pfizer Groton, CT, USA . The drugs were dissolved in
water and diluted to desired concentrations with ACSF for
perfusion. The pH values of all perfusion solutions were
within the range of 7.21–7.35. Reagents used in chemical
assays were of analytical grade.

2.3. Microdialysis

Surgery was conducted on a Kopf stereotaxic instru-
ment under anesthesia with a combination of sodium

Ž . Žpentobarbital 35 mgrkg, i.p. and halothane 5% in oxy-
. Žgen . Dialysis guide cannulae Harvard Apparatus, S. Nat-

.ick, MA, USA were stereotaxically implanted over the
Ž .nucleus accumbens one-probe design or over the both

ventral tegmental area and the ipsilateral nucleus accum-
Ž .bens two-probe design and attached to the skull with

dental acrylic and machine screws. The coordinates rela-
tive to bregma and skull surface were as follows: the

Žventral tegmental area: AP y5.2 mm, L 3 mm at an angle
of 148 from the sagittal plane to avoid rupture of the

.sagittal sinus , DV 8.0 mm and the nucleus accumbens:
AP 1.7 mm, L 1.0 mm, DV 8.0 mm according to the atlas

Ž .of Paxinos and Watson 1998 . The period of post-surgical
recovery was at least 5 days. On the evening of the day
before the experiment, each rat was placed in a plexiglas

Ž .chamber and a dialysis probe 2 mm in length , made from
Žcellulose acetate hollow fibers I.D. 215"15 mm, molecu-

lar weight cutoffs6000; Spectrum Medical Industries,
.Los Angeles, CA, USA , was inserted into the guide and

directed to the nucleus accumbens while gently restraining
Ž .the freely behaving rat. ACSF, which contained in mM

q Ž . q Ž . 2q Ž . 2q Ž . y Ž .Na 150 , K 3.0 , Ca 1.2 , Mg 0.8 , Cl 155 ,
was perfused at 0.2 mlrmin overnight. On the experimen-
tal day, the ACSF flow rate was increased to 1.5 mlrmin.

ŽMeanwhile, for dual-probe microdialysis, another probe 1
.mm in length was inserted into the ventral tegmental area

and perfused with ACSF at a rate of 1.5 mlrmin. After
2–3 h, dialysate samples from the nucleus accumbens were
collected at 20-min intervals by a CMAr170 refrigerated
fraction collector into vials containing 5 ml 0.1 N HCl, and
stored at y808C until analysis. Frozen samples showed no
signs of degradation for up to 1 month in our previous

Ž .studies Yan, 1999a,b, 2000 . Five consecutive samples
were collected for determination of basal dopamine con-
centrations. All treatments were administered via a dialysis
probe.

In order to evaluate the implantation of the probe
functionally, each dual-probe experiment was finished with
infusion of 50 mM of baclofen, a GABA receptor ago-B

nist, into the ventral tegmental probe and the response of
extracellular dopamine in the ipsilateral nucleus accum-

Žbens was determined. A significant decrease G50%
.deduction in extracellular dopamine in the ipsilateral nu-

cleus accumbens after perfusion with baclofen was consid-
ered an appropriate implantation of the probe.

2.4. Analytical and histological procedure

Dialysate samples were injected onto a high perfor-
Ž .mance liquid chromatography HPLC system with electro-

chemical detection for determination of dopamine. This
Žsystem consisted of an ESA solvent delivery system model

. Ž580 , an ESA microbore column MD-150=1rRP-C18, 3
.mM , and an ESA coulochem II electrochemical detector

Žequipped with a dual electrode analytical cell Model
. Ž .5041 and a guard cell Model 5020 . The guard cell was

set at 400 mV, electrode 1 at y100 mV, and electrode 2 at
175 mV with respect to palladium reference electrodes. A
VICI micro-electric two-position valve actuator with a
5-ml injection loop was used for sample injection. The
mobile phase contained 75 mM Na HPO , 1.53 mM2 4

sodium dodecyl sulfate, 25 mM EDTA, 100 mlrl trieth-
Žylamine, 11.5% acetonitrile and 11.5% methanol pH 5.6

.with H PO , and was pumped through the system at 0.073 4

mlrmin. Chromatograms were integrated, compared with
standards run separately on each experimental day, and
analyzed using a computer-based data acquisition system
ŽEZChrom Chromatography Data System, Scientific Soft-

.ware, San Ramon, CA, USA . The detection limit for
dopamine was 0.5–1 fmol at a 2:1 signal-to-noise ratio.

After completion of the dialysis, the animals were given
an intracardiac perfusion with buffered saline and 10%
formalin solutions under anesthesia with sodium pento-
barbital, and then decapitated. The brains were removed
quickly, and 40-mm thick coronal sections were cut on a
freezing microtome, stained with neutral red and analyzed
in the light microscope. The heavy staining of gliosis along
the guide cannula track permitted reliable location of the

Ždeepest point of penetration. A 2-mm-long in the nucleus
. Ž .accumbens or 1-mm-long in the ventral tegmental area

dialysis membrane extended below the tip of the guide
cannula. The point of the probe tip was then marked on
coronal sections from the atlas of Paxinos and Watson
Ž .1998 .

2.5. Data analysis

All values of dopamine reported herein represent uncor-
rected dialysate levels, expressed as fmolrml of dialysate,
and calculated as means"S.E.M. A t-test, one-way or

Ž .two-way analysis of variance ANOVA followed by New-
man–Keuls or Tukey’s tests were applied. All analyses

Žwere performed through computer-based software Sigma-
.Stat . The criterion of significance was set at P-0.05.

3. Results

Only data from animals with correct probe placements
Žand appropriate accumbal dopamine responses to perfu-
sion of the ventral tegmental area with baclofen in dual-

.probe experiments were included in data analyses. In the
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dual-probe procedure, approximately 75% of the animals
that had undergone surgery had both probes correctly
implanted in the ventral tegmental area and nucleus ac-
cumbens and met the functional criterion. Fig. 1 shows
representative probe tip placements in the ventral tegmen-
tal area and the nucleus accumbens.

3.1. Effects of infusion of CP 93129 into the nucleus
accumbens on extracellular concentrations of dopamine in
this region

The control group showed that switching between sy-
ringes containing ACSF did not alter significantly the

Ždialysate dopamine levels in the nucleus accumbens Fig.
.2 . In another three groups, three concentrations of CP

Ž .93129 2, 5, and 10 mM in ACSF were administered
through a probe into the nucleus accumbens for 60 min,
respectively. Concentrations of CP 93129 were chosen

Ž .based on the previous studies by Galloway et al. 1993
who showed that local infusion of 10 mM CP 93129
caused striatal dopamine to increase to approximately 219%

Ž .of baseline, and by Hjorth and Tao 1991 who showed
that infusion of 10 mM CP 93129 into the hippocampus
produced a reduction of basal 5-HT by 40%. The basal
extracellular concentrations of dopamine in the nucleus

Žaccumbens were fmolrml of dialysate, mean"S.E.M.,
. Ž .the same below 1.83"0.16 the control group, ns5 ,

Ž . Ž1.67"0.18 the 2 mM group, ns5 , 1.77"0.11 the 5
. ŽmM group, ns7 and 1.64"0.14 the 10 mM group,

.ns7 , and did not differ significantly among the groups
Ž .Ps0.811, one-way ANOVA . As shown in Fig. 2, infu-
sion of CP 93129 into the nucleus accumbens produced a

concentration-dependent increase in extracellular levels of
dopamine. Perfusion with 2 mM CP 93129 did not cause
dopamine to change significantly when compared with the

Ž .ACSF alone group Fig. 2 . However, at 40 and 60 min
Žafter perfusion with higher concentrations of CP 93129 5

.and 10 mM , extracellular dopamine levels were signifi-
cantly greater than those in response to perfusion with

Žeither 2 mM or ACSF alone P-0.05, one-way ANOVA
.followed by Newman–Keuls test . The maximum in-

creases of dopamine levels produced by 5 and 10 mM
were 149% and 190% of baseline, respectively. Extracellu-
lar dopamine concentrations fell rapidly and reached the
pre-treatment basal values within 20 min after discontinua-
tion of 5 or 10 mM CP 93129 perfusion.

3.2. Effects of cyanopindolol or WAY-100635 on the CP
( )93129 10 mM -induced dopamine release in the nucleus

accumbens

Ž .In another two groups of rats, cyanopindolol 5 mM
Ž .and WAY-100635 5 mM were infused into the nucleus

accumbens for 40 min, and then co-infused with 10 mM
CP 93129 for another 1 h, respectively. The concentrations
of cyanopindolol and WAY-100635 were chosen based on

Žtheir affinity for 5-HT andror 5-HT receptors for1A 1B

cyanopindolol, pK values: 5-HT 8.3, 5-HT 8.3,i 1A 1B

Chopin et al., 1994; for WAY-100635, pK values: 5-HTi 1A
.8.87, Forster et al., 1995 . Prior to the treatments with

cyanopindolol and WAY-100635, the basal dopamine val-
Ž . Ž .ues were 1.73"0.23 ns5 and 1.61"0.21 ns5 ,

respectively, and were not significantly different from that
Ž . Ž .1.64"0.14 of the group of CP 93129 10 mM alone

Ž . Ž .Fig. 1. Diagrammatic representation of microdialysis probe placements in the ventral tegmental area left panels and the nucleus accumbens right panels
Ž .adapted from the atlas of Paxinos and Watson, 1998 . The shadowed area represents placements of the probe tips, but not the whole dialysis membrane.
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Fig. 2. Effects of local infusion of CP 93129 into the nucleus accumbens
Ž .on dopamine release in this region. CP 93129 2, 5, and 10 mM was

administered via the probe into the nucleus accumbens during the period
indicated by the bar. Results are mean"S.E.M. aP-0.05 as compared
with the control group; bP-0.05 as compared with the 2 mM group
Ž .one-way ANOVA followed by Newman–Keuls test .

Ž .Ps0.686 . Pre-treatment with either cyanopindolol or
WAY-100635 for 40 min did not alter significantly extra-

Ž .cellular dopamine levels data not shown . Fig. 3 shows
Ž .comparisons of CP 93129 10 mM -induced dopamine

release in the presence and absence of cyanopindolol or
WAY-100635. As shown in this figure, the CP 93129-in-
duced dopamine release in the nucleus accumbens was

Fig. 3. Comparisons of CP 93129-induced dopamine release from the
nucleus accumbens in the presence and absence of cyanopindolol or

Ž . Ž .WAY-100635. Cyanopindolol 5 mM and WAY-100635 5 mM were
administered through the probe into the nucleus accumbens for 40 min,

Ž .and then co-infused with CP 93129 10 mM for another 60 min,
respectively. Results are mean"S.E.M. aP-0.05 as compared with the
group of CP 93129 alone; bP-0.05 as compared with the group of CP

Ž .93129 plus WAY-100635 two-way ANOVA followed by Tukey’s test .

attenuated by co-infusion of cyanopindolol. In the presence
Ž .of cyanopindolol, CP 93129 10 mM -induced dopamine

outputs were significantly lower than those of the CP
93129 alone group at both the time points of 40 and 60

Žmin P-0.05, two-way ANOVA followed by Tukey’s
.test . However, administration of WAY-100635 had no

significant effects on the CP-93129-induced dopamine re-
lease. There are no significant differences in extracellular
dopamine levels at any time points after treatments be-
tween the groups of CP-93129 alone and CP 93129 plus

Ž .WAY-100635 Fig. 3 .

3.3. Effects of perfusion with tetrodotoxin on the CP 93129
( )10 mM -induced dopamine release in the nucleus accum-
bens

To test the sensitivity of CP 93129-induced dopamine
release to the blockade of Naq channels, after basal

Ž .dopamine was stable, tetrodotoxin 1 mM was infused via
a probe into the nucleus accumbens for 1 h and then

Ž .co-infused with CP 93129 10 mM for another 1 h. In
Ž .another group of rats, tetrodotoxin 1 mM was adminis-

tered through a probe for 2 h.
Prior to the tetrodotoxin treatment, the basal levels of

Ždopamine were 2.07"0.33 the tetrodotoxin alone group,
. Žns4 and 1.92"0.36 the tetrodotoxin plus CP 93129

.group, ns4 . As shown in Fig. 4, perfusion with 1 mM
tetrodotoxin caused extracellular dopamine concentrations
in the nucleus accumbens to decrease dramatically. By 1 h,
extracellular dopamine decreased by more than 80%. From

Ž .this time point, CP 93129 10 mM was co-infused with

Fig. 4. Effects of perfusion with tetrodotoxin on CP 93129-induced
Ž .dopamine release in the nucleus accumbens. Tetrodotoxin 1 mM and CP

Ž .93129 10 mM were administered via the probe into the nucleus
accumbens indicated by the bars, respectively. Results are mean"S.E.M.
There are no significant differences in extracellular dopamine levels at
any time points between the groups of tetrodotoxin alone and tetrodotoxin

Ž .plus CP 93129 t-test .
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Fig. 5. Effects of infusion of CP 93129 into the ventral tegmental area on
Ždopamine release in the ipsilateral nucleus accumbens. CP 93129 10 and

.20 mM was administered through a probe into the ventral tegmental area
indicated by the bar. Extracellular dopamine in the ipsilateral nucleus
accumbens was monitored by a second probe in this region. Results are

a Žmean"S.E.M. P-0.05 as compared with the control group one-way
.ANOVA followed by Newman–Keuls test .

tetrodotoxin for another 1 h. As shown in Fig. 4, perfusion
with tetrodotoxin blocked the ability of CP 93129 to
increase extracellular dopamine in the nucleus accumbens.
Statistical analyses showed that there are no differences in
extracellular dopamine levels at any time points between
the groups of tetrodotoxin alone and CP 93129 plus

Ž .tetrodotoxin P)0.05, t-test .

3.4. Effects of infusion of CP 93129 into the Õentral
tegmental area on extracellular dopamine concentrations
in the ipsilateral nucleus accumbens

ŽIn this experiment, two concentrations of CP 93129 10
.and 20 mM were administered via a probe into the ventral

tegmental area of two groups of rats for 40 min, respec-
tively, and extracellular levels of dopamine in the ipsilat-
eral nucleus accumbens were monitored. The concentra-

Ž .tions 10 and 20 mM of CP 93129 used here were higher
Ž .than those 2, 5, and 10 mM used in the nucleus accum-

Žbens based on considerations that smaller probes 1 mm
.long were used for drug perfusion. In another group of
Ž .rats the control group , ACSF was infused into the ventral

tegmental area for the same period as the drug groups and
switching between syringes containing ACSF in this group
was found to have no significant effects on the dialysate

Ždopamine levels in the ipsilateral nucleus accumbens Fig.
.5 . The basal dopamine values in the nucleus accumbens

Ž .were 1.90"0.22 the control group, ns6 , 1.87"0.27
Ž . Žthe 10 mM group, ns6 and 1.99"0.19 the 20 mM

.group, ns7 , and did not differ significantly among the
Ž .groups Ps0.933, one-way ANOVA . As shown in Fig.

5, infusion of CP 93129 into the ventral tegmental area for
40 min increased significantly extracellular levels of
dopamine in the ipsilateral nucleus accumbens when com-

Žpared with the control group P-0.05 at the time point of
40 min, one-way ANOVA followed by Newman–Keuls

.test . The maximum increases of nucleus accumbens
dopamine produced by 10 and 20 mM were 155% and
166% of baseline, respectively.

3.5. Effects of cyanopindolol or WAY-100635 on intra-teg-
mental CP 93129-induced dopamine release in the ipsilat-
eral nucleus accumbens

Ž .In another two groups of rats, cyanopindolol 5 mM
Ž .and WAY-100635 5 mM were infused into the ventral

tegmental area for 40 min and then co-infused with CP
Ž .93129 20 mM for another 40 min, respectively. Prior to

Ž . Ž .cyanopindolol ns6 and WAY-100635 ns6 , the basal
dopamine values in the ipsilateral nucleus accumbens were
1.86"0.13 and 1.82"0.17, respectively, and not signifi-

Ž .cantly different from those 1.99"0.19 of the group of
Ž . Ž .CP 93129 20 mM alone Ps0.768, one-way ANOVA .

Pre-treatment with either cyanopindolol or WAY-100635
for 40 min did not alter significantly extracellular dopamine

Žlevels in the ipsilateral nucleus accumbens data not
.shown . Fig. 6 shows comparisons of intra-tegmental CP
Ž .93129 20 mM -induced accumbal dopamine release in the

presence and absence of cyanopindolol or WAY-100635.

Fig. 6. Comparisons of intra-tegmental CP 93129-induced dopamine
release from the ipsilateral nucleus accumbens in the presence and

Ž .absence of cyanopindolol or WAY-100635. Cyanopindolol 5 mM and
Ž .WAY-100635 5 mM were administered through a probe into the ventral

Ž .tegmental area for 40 min, and then co-infused with CP 93129 20 mM
for another 40 min, respectively. Extracellular dopamine in the ipsilateral
nucleus accumbens was monitored by a second probe in this region.
Results are mean"S.E.M. aP-0.05 as compared with the group of CP
93129 alone; bP-0.05 as compared with the group of CP 93129 plus

Ž .WAY-100635 two-way ANOVA followed by Tukey’s test .
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As shown in this figure, the CP 93129-induced dopamine
release in the ipsilateral nucleus accumbens was attenuated
by co-infusion of cyanopindolol. In the presence of

Ž .cyanopindolol, CP 93129 20 mM -induced dopamine out-
puts in the ipsilateral nucleus accumbens were signifi-
cantly lower than those of the CP 93129 alone group at

Ž . Žboth the time points of 20 P-0.05 and 40 min P-
.0.05, two-way ANOVA followed by Tukey’s test after

co-administration. However, administration of WAY-
100635 had no significant effects on the CP 93129-in-
duced dopamine release. There are no significant differ-
ences in extracellular dopamine levels at any time points
after treatments between the groups of CP-93129 alone

Ž .and CP 93129 plus WAY-100635 Fig. 6 .
At the end of each experiment with the dual-probe

Ž .design, baclofen 50 mM was infused into the ventral
tegmental area. Infusion of baclofen caused extracellular
dopamine in the ipsilateral nucleus accumbens to decrease

Ž .to 26–40% of baseline data not shown . The observed
effects of baclofen on nucleus accumbens dopamine were

Žconsistent with those reported in the literature Westerink
.et al., 1996; Yoshida et al., 1994 , suggesting the func-

tional integrity of the circuitry studied in our dual-probe
design.

4. Discussion

Ž .The major findings of this study are that 1 infusion of
CP 93129 into the nucleus accumbens and the ventral
tegmental area enhanced dopamine release in the terminal

Ž .area of the mesolimbic dopamine system, respectively; 2
augmentations of dopamine produced by intra-tegmental or
intra-accumbal infusion of CP 93129 were antagonized by
co-infusion with cyanopindolol but not with WAY-100635,

Ž . qand 3 the Na channel blockade with tetrodotoxin abol-
ished the effects of intra-accumbal CP 93129 on dopamine
release in this region.

5-HT receptors are predominantly located on axon1B
Žterminals Barnes and Sharp, 1999; Boschert et al., 1994;

.Sari et al., 1999 . In keeping with this location, activation
of 5-HT autoreceptors residing on serotonergic terminals1B

resulted in inhibition of 5-HT release from the hippocam-
Žpus and frontal cortex in rats Hjorth and Tao, 1991;

. Ž .Martin et al., 1992 and mice Trillat et al., 1997 . It has
also been reported that 5-HT receptors can function as1B

inhibitory heteroreceptors modulating the release of other
Ž .neurotransmitters such as g-aminobutyric acid GABA

Ž .Cameron and Williams, 1994, 1995 .
The nucleus accumbens contains a high density of

Ž .5-HT receptors Bruinvels et al., 1993 . In agreement1B

with existence of 5-HT receptors in this region, the1B
Ž .previous reports by Hallbus et al. 1997 showed that

elevation of accumbal dopamine produced by focal 5-HT
perfusion was antagonized by co-perfusion of the 5-
HT antagonist GR 127935. The present data extend1Br1D

these findings and provide the first direct evidence that
Ž .local application of CP 93129 2–10 mM into the nucleus

accumbens produced a concentration-dependent augmenta-
tion of extracellular levels of dopamine.

CP 93129 is a putatively specific 5-HT receptor1B

agonist, with G150-fold higher affinity for 5-HT vs.1B
Žother 5-HT and 5-HT ligand binding sites IC values:1 2 50

5-HT 3000"400, 5-HT 15"5, 5-HT 2200"700,1A 1B 1D
. Žand 5-HT )10,000 nM Chopin et al., 1994; Macor et2

.al., 1990 . It is also claimed to lack substantial affinity for
Ždopamine, noradrenaline or opiate receptors Macor et al.,

.1990 . The concentrations of CP 93129 used for nucleus
accumbens and the ventral tegmental area were 2–10 and
10–20 mM, respectively. It should be pointed out that,
unlike in vitro conditions, actual drug concentrations
around receptors after retrograde dialysis are much lower

Ž .than those present in the perfusion medium due to 1 the
Ž .probe efficiency and 2 diffusion through the interstitial

space from the probe into the synaptic site. Considering
Žapproximately 5–10% of the efficiency of the probe 1–2

.mm long used, it is estimated that actual concentrations of
CP 93129 in the extracellular fluid may be in the range of
200–1000 nM. Therefore, it is likely that CP 93129 acts
mainly at 5-HT receptors under the present experimental1B

conditions.
To further assess the involvement of 5-HT receptors1B

in CP 93129’s actions, cyanopindolol and WAY-100635
were used. Cyanopindolol is a 5-HT receptor antago-1Ar1B

Ž . Ž .nist. Its pK values for 5-HT 8.3 and 5-HT 8.3i 1A 1B
Ž .receptors are similar Chopin et al., 1994 . WAY-100635

is a highly selective and AsilentB 5-HT receptor antago-1A

nist. It binds with a greater than 100-fold selectivity and
affinity to the 5-HT receptor relative to binding at other1A

Ž .5-HT receptor subtypes Forster et al., 1995 . The affinity
Ž .pK s8.87 of WAY-100635 for 5-HT receptors isi 1A

Ž .approximately the same as that pK s8.3 of cyanopin-i

dolol. If 5-HT receptors are involved in the CP 93129’s1A

actions, both WAY-100635 and cyanopindolol, at the same
Ž .concentration used 5 mM , should antagonize the effects

of CP 93129 in a similar magnitude. However, this is not
the case. The data presented here show that augmentations
of dopamine release produced by CP 93129 were antago-
nized by cyanopindolol but not by WAY-100635. These
results are in opposition with the involvement of 5-HT1A

receptors in the observed CP 93129’s effects. Recent mi-
Ž .crodialysis studies by Ichikawa and Meltzer 1999, 2000

Žshowed that systemic administration of 8-OH-DPAT 8-
Ž . .hydroxy-2- di-n-propylamino tetralin , a selective 5-HT1A

Ž .receptor agonist, decreased at the dose of 0.2 mgrkg or
Ž .had no effects at the dose of 0.05 mgrkg on basal

dopamine release in the nucleus accumbens, suggesting
that activation of 5-HT receptors may not be associated1A

with facilitation of nucleus accumbens dopamine release.
Therefore, it is unlikely that the observed enhancement of
nucleus accumbens dopamine by CP 93129 was produced
by an interaction of the drug with 5-HT receptors. Taken1A
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together, the present results showing augmentations of
dopamine release following local CP 93129 application are
not in opposition to the concept that increased dopamine
may be associated with the drug-induced activation of
5-HT receptors. This hypothesis is supported by the1B

Ž .observation by Boulenguez et al. 1996 who reported that
Ž Žsubcutaneous injections of RU 24969 5-methoxy-3- 1,2,

. .5,6-tetrahydro-4-pyridinyl -1H-indole , a 5-HT re-1Br1A

ceptor agonist, but not 8-OH-DPAT, produced increases of
extracellular dopamine in the nucleus accumbens, in agree-
ment with facilitation of nucleus accumbens dopamine by
5-HT receptors.1B

As mentioned above, both CP 93129 and cyanopindolol
also have certain affinities for 5-HT receptors although1D

their affinities for this receptor subtype are all 100-fold
Žlower than those for 5-HT receptors Chopin et al.,1B

.1994 . At present, there is lack of direct evidence showing
the existence of the 5-HT receptor binding site either in1D

the nucleus accumbens or in the ventral tegmental area, but
the possibility that 5-HT receptors may also be involved1D

in CP 93129’s actions warrants further investigation.
In view of the inhibitory property of 5-HT receptors1B

Ž .Barnes and Sharp, 1999 , it seems unlikely that the recep-
tors of interest are located on dopamine terminals in the
nucleus accumbens. The present results that tetrodotoxin
blocked the ability of CP 93129 to increase nucleus ac-
cumbens dopamine suggest that CP 93129 may modulate
accumbal dopaminergic transmission by influencing
transsynaptic regulation of ventral tegmental area dopamine
neuron projecting to the nucleus accumbens.

There is a moderately high density of 5-HT binding1B
Ž .sites in the ventral tegmental area Bruinvels et al., 1993 .

In agreement with this evidence, the present data show that
infusion of CP 93129 into the ventral tegmental area
produced increases of dopamine levels in the ipsilateral
nucleus accumbens and that the effect of intra-tegmental
CP 93129 was antagonized by co-infusion of cyanopin-
dolol but not by WAY-100635. To our knowledge, the
present results provide the first evidence for the involve-
ment of 5-HT receptors within the ventral tegmental1Br1D

area in the modulation of dopamine release in the ipsilat-
eral nucleus accumbens.

It has been reported that a large proportion of the
5-HT receptor within the ventral tegmental area are1B

probably located on the terminal of afferent GABAergic
Ž .cells Bruinvels et al., 1994 , which provide substantial

inhibitory regulation to mesoaccumbens dopamine cells
Ž .Johnson and North, 1992; Sugita et al., 1992 . Recent
evidence suggests that activation of 5-HT receptors in1B

the ventral tegmental area reduces ventral tegmental area
GABA release, resulting in a disinhibition of mesolimbic

Ž .dopamine cells Cameron and Williams, 1994, 1995 .
Based on these reports, we speculate that intra-tegmental
infusion of CP 93129 increases dopamine release in the
ipsilateral nucleus accumbens via an indirect GABA mech-
anism.

The interaction between 5-HT and dopamine via the
5-HT receptor may play an important role in the physio-1B

pathology of several behavioral disorders such as drug
abuse. 5-HT receptors have been shown to enhance the1B

reinforcing properties of both cocaine and the selective
Ždopamine reuptake inhibitor GBR 12909 Parsons et al.,
.1996, 1998; Scearce-Levie and Hen, 2000 . It has been

demonstrated that the potentiation of cocaine reinforce-
ment by 5-HT receptor agonists is mediated at least in1B

part by a potentiation of cocaine-induced increases in
Ž .mesolimbic dopamine transmission Parsons et al., 1999 .

Interestingly, activation of 5-HT receptors has also been1B
Žreported to influence brain stimulation reward Harrison et

.al., 1999 or amphetamine-induced enhancement of re-
Žsponding for conditioned reward Fletcher and Korth,

.1999 . Studies carried out in mice lacking 5-HT recep-1B

tors indicated that 5-HT receptors are also important for1B
Žethanol’s rewarding effects Crabbe et al., 1996; Risinger

.et al., 1996 and for 3,4-methylenedioxy-N -
Ž .methamphetamine MDMA -induced locomotion

Ž .Scearce-Levie et al., 1999 . Taken together, the results
suggest that 5-HT receptors are involved in regulation of1B

locomotor activity and rewarding effects of cocaine as well
as other drugs of abuse. Investigation of the interaction
between 5-HT and dopamine within the mesolimbic
dopamine system via the 5-HT receptor would provide1B

further insight into mechanisms regulating behavioral re-
sponses to abused drugs, thereby, providing for alternative
approaches to treatment of drug addiction.

In summary, the present study shows that local infusion
of the 5-HT receptor agonist CP 93129 into the ventral1B

tegmental area or nucleus accumbens all increased
dopamine release in the mesolimbic dopamine terminal
area. The increased dopamine release produced by CP
93129 was antagonized by the 5-HT receptor antago-1Br1A

nist cyanopindolol but not by the 5-HT receptor antago-1A

nist WAY-100635, and sensitive to the Naq channel
blockade with tetrodotoxin. The results are not in opposi-
tion to the involvement of 5-HT receptors in the modula-1B

tion of dopamine transmission in the mesolimbic dopamine
system.
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