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5-HT,, and 5-HT,¢ -5 Receptor Subtypes
Modulate Dopamine Release Induced in Vivo
by Amphetamine and Morphine in Both the

Rat Nucleus Accumbens and Striatum
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In vivo microdialysis and single-cell extracellular
recordings were used to assess the involvement of
serotonin,, (5-HT,,) and serotonin,c g (5-HT ¢ p)
receptors in the effects induced by amphetamine and
morphine on dopaminergic (DA) activity within the
mesoaccumbal and nigrostriatal pathways. The increase in
DA release induced by amphetamine (2 mg/kg i.p.) in the
nucleus accumbens and striatum was significantly reduced
by the selective 5-HT,, antagonist SR 46349B (0.5 mg/kg
s.c.), but not affected by the 5-HT ¢ antagonist SB
206553 (5 mg/kg i.p.). In contrast, the enhancement of
accumbal and striatal DA output induced by morphine (2.5
mg/kg s.c.), while insensitive to SR 463498, was
significantly increased by SB 206553. Furthermore,
morphine (0.1-10 mg/kg i.v.)-induced increase in DA

neuron firing rate in both the ventral tegmental area and
the substantia nigra pars compacta was unaffected by SR
46349B (0.1 mg/kg i.v.) but significantly potentiated by SB
206553 (0.1 mg/kg i.v.). These results show that 5-HT,,
and 5-HT,¢ receptors regulate specifically the activation of
midbrain DA neurons induced by amphetamine and
morphine, respectively. This differential contribution may
be related to the specific mechanism of action of the drug
considered and to the neuronal circuitry involved in their
effect on DA neurons. Furthermore, these results suggest
that 5-HT,c receptors selectively modulate the impulse
flow—dependent release of DA.
[Neuropsychopharmacology 26:311-324, 2002]
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Several recent studies have focused on the role of
serotonin, (5-HT,) receptors in the regulation of fore-
brain dopamine (DA) function and highlight their po-
tential as a target for improved treatments of neuropsy-
chiatric disorders related to central DA neuron
dysfunction (Kapur and Remington 1996; Walsh and
Cunningham 1997; Meltzer 1999). The involvement of
5-HT, receptor subtypes, that is, 5-HT,, and 5-HT)c re-
ceptors, in the control of mesolimbic and nigrostriatal
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DA neuron activity is now well established (De Deur-
waerdére and Spampinato 1999; Gobert and Millan
1999; Lucas et al. 2000a), and evidence has been pro-
vided that they exert opposite effects on DA release. It
has also been suggested that these receptors may con-
trol DA release by acting at different levels of DA neu-
ron regulatory mechanisms. On the one hand, 5-HT,4
receptors have been shown to facilitate stimulated but
not basal DA release in both the rat nucleus accumbens
(NAc) and the striatum. Compelling evidence from bio-
chemical and electrophysiological studies has shown
that 5-HT,5 receptors may modulate either impulse
flow-independent or -dependent release of DA
through mechanisms involving regulation of either DA
synthesis or DA neuron firing rate, respectively
(Schmidt et al. 1992; Gudelsky et al. 1994; Schmidt and
Fadayel 1996). On the other hand, several neurochemi-
cal studies have shown that 5-HT,¢ receptors exert in-
hibitory control on both basal and stimulated DA re-
lease (Di Giovanni et al. 1999; Hutson et al. 2000; Lucas
et al. 2000a). In addition, electrophysiological studies
have shown that basal firing rate of DA neurons located
in both the ventral tegmental area (VTA) and substantia
nigra pars compacta (SNc) is increased by 5-HT,¢ recep-
tor antagonists and inhibited by 5-HT,c receptor ago-
nists (Di Matteo et al. 2000; Gobert et al. 2000). Interest-
ingly, it has recently been proposed that 5-HT,c
receptors may selectively regulate the impulse flow—
dependent release of DA (Willins and Meltzer 1998; Lu-
cas et al. 2000a).

The above-reported arguments that 5-HT,, and 5-HT,c
receptors regulate DA release through different mecha-
nisms may be of considerable interest when discussing
the effect of drugs of abuse, such as psychostimulants
or opiates, on DA function. Indeed, the fact that drugs
of abuse increase DA release through different cellular
mechanisms leads to the possibility that their effect on
DA release could be modulated differentially by each of
the 5-HT, receptor subtypes, depending on the mecha-
nism of action of the drug considered. Thus, amphet-
amine-induced DA release, which occurs indepen-
dently from DA neuron firing rate and involves
increase in DA synthesis (Seiden et al. 1993; Cadoni et
al. 1995), could be sensitive to 5-HT,, but not 5-HT re-
ceptor regulation. Conversely, morphine-stimulated
DA release, thought to be a consequence of its excita-
tory effect on DA neuron firing rate (Di Chiara and
North 1992), could be controlled by 5-HT,, and 5-HT,c
receptors. Although some studies have already investi-
gated the role of 5-HT), receptors on amphetamine- or
morphine-induced DA release, the poor selectivity of
the 5-HT compounds used does not allow a clear con-
clusion concerning this issue (Ichikawa and Meltzer
1992; Willins and Meltzer 1998).

Thus, in this study, we examined, by in vivo mi-
crodialysis, the effect of the selective 5-HT,, receptor
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antagonist SR 46349B and the 5-HT,¢ .5 receptor antag-
onist SB 206553 on the release of DA induced by am-
phetamine or morphine in the NAc and striatum of hal-
othane-anesthetized rats. This experimental procedure
was chosen because it permits simultaneous monitor-
ing of DA outflow in the ipsilateral NAc and striatum
(De Deurwaerdere et al. 1998). To further explore the
influence of each 5-HT), receptor subtype on the im-
pulse flow-dependent DA release, we examined, by us-
ing single-unit extracellular recordings, the effect of SR
46349B and SB 206553 on the increase in VTA and SNc
DA neuron firing rate induced by morphine. Finally, in
a separate group of experiments, plasma and brain con-
centrations of amphetamine and morphine were mea-
sured to evaluate possible pharmacokinetic interactions
between the probe drugs and the 5-HT-agents used.

MATERIALS AND METHODS
Animals

Male Sprague Dawley rats (JIFFA CREDO, Lyon,
France and Consorzio Mario Negri Sud, Chieti, Italy)
weighing 330-380 g were used. Animals were kept at
constant room temperature (21 = 2°C) and relative hu-
midity (60%) with a 12-h light/dark cycle (dark from 8
P.M.) and had free access to water and food. All ani-
mals use procedures conformed to International Euro-
pean Ethical Standards (86/609-EEC) and the French
National Committee (décret 87/848) for the care and
use of laboratory animals. All efforts were made to
minimize animal suffering and to reduce the number
of animals used.

Drugs

The following compounds were used: SR 463498 (trans-
4-{(3Z2)3-[(2-dimethylaminoethyl) oxiimino]-3- (2-fluorophe-
nyl)propen-1-yl}-phenol) hemifumarate (Sanofi Recher-
che, Montpellier, France) and SB 206553 (5-methyl-1-(3-
pyridylcarbamoyl)-1,2,3, 5-tetrahydropyrrolo[2,3-flindole)
(SmithKline Beecham Pharmaceuticals, Harlow, UK),
which were kindly provided by the producers. Morphine
sulfate and d-amphetamine sulfate (amphetamine) were
from Sigma (St Louis, MO). d-norfenfluramine hydro-
chloride was a generous gift from L.R.LS. Laboratories
(Courbevoie, France). All other chemicals and reagents
were the purest commercially available (Merck; Sigma).

Microdialysis

Surgery and perfusion procedures were performed as
previously described (De Deurwaerdere et al. 1998),
with minor modifications. Briefly, rats were anesthe-
tized with a mixture of halothane and nitrous oxide-
oxygen (1%; 2:1 v/v). After tracheotomy for artificial
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ventilation, the animals were placed in a stereotaxic
frame, and their rectal temperature was monitored and
maintained at 37.3°C *+ 0.1 with a heating pad. Two mi-
crodialysis probes, 2 and 3 mm long, (CMA /11, 240 um
outer diameter, Cuprophan; Carnegie Medicin, Phymep,
Paris, France) were implanted simultaneously using a
dual probe holder (Carnegie Medicin, Phymep) in the
right NAc and striatum (coordinates from interaural
point: anteroposterior [AP] = 11, lateral [L] = 1.3, ven-
tral [V] = 2and AP = 9.8, L = 3.3, V = 3, respectively)
according to the atlas of Paxinos and Watson (1986).
Probes were perfused at a constant flow rate of 2pl/
min by means of a microperfusion pump (CMA 111;
Carnegie Medicin, Phymep) with artificial cerebro spi-
nal fluid (CSF) containing (in mM): 154.1 C1~, 147 Na*,
2.7 K*, 1 Mg**, and 1.2 Ca?*, adjusted to pH 7.4 with 2
mM sodium phosphate buffer. Dialysates (30 wl) were
collected on ice every 15 min. The in vitro recoveries of
the probes were ~10% for DA. At the end of each ex-
periment, the brain was removed and fixed in NaCl
(0.9%)/paraformaldehyde solution (10%). The location
of the probes was determined histologically on serial
coronal sections (100 pwm) stained with cresyl violet,
and only data obtained from rats with correctly im-
planted probes were included in the results.

Chromatographic Analysis

Dialysate samples were immediately analyzed by re-
verse-phase high-performance liquid chromatography
(HPLC) coupled with electrochemical detection, as pre-
viously described (Bonhomme et al. 1995). The mobile
phase (containing [in mM] 70 NaH,PO,, 0.1 Na,EDTA,
0.7 triethylamine, and 0.1 octylsulfonic acid plus 10%
methanol, adjusted to pH 4.8 with ortophosphoric
acid) was delivered at 1 ml/min flow rate (System
Gold; Beckman, Paris, France) through a Hypersyl col-
umn (C18; 4.6 X 150 mm, particle size 5 um; Touzard &
Matignon, Paris, France). Detection of DA was carried
out with a coulometric detector (Coulochem II, ESA,
Paris, France) coupled to a dual electrode analytic cell
(model 5014). The potential of the electrodes was set at
—175 and +175 mV. Under these conditions, the sensi-
tivity for DA was 0.5 pg/30pl with a signal/noise ratio
of 3:1.

Single-Cell Recording Procedures

As described previously (Di Giovanni et al. 1999), rats
were anesthetized with chloral hydrate (400 mg/kg
ip.) and mounted on a stereotaxic instrument (SR-6;
Narishige, Japan). Supplemental doses of anesthetic
were administered via a lateral tail vein cannula.
Throughout the experiment, the animal’s body temper-
ature was maintained at 36-37°C by a thermostatically
regulated heating pad. The coordinates, relative to the
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interaural line, for placement of the recording electrode
in the areas studied were (in millimeters), for the VTA,
AP =2.7-34,L = 0.3-0.5, V = 7-8 ventral to the level of
exposed tissue; and for the SNc, AP = 2.7-34,L = 1.8-2.2,
V = 6.5-7.5 (Paxinos and Watson 1986). Extracellular
recordings were performed using single-barrel micropi-
pettes (4-7 M(Q resistance containing 2% pontamine sky
blue dye in 2 M NaCl). DA neurons were identified by
their location, waveform, firing rate, and pattern (Bun-
ney et al. 1973; Wang 1981). Electrical signals of spike
activity were passed through a high-impedance ampli-
fier whose output was led into an analog oscilloscope,
audio monitor, and window discriminator. Unit activ-
ity was then converted to an integrated histogram by a
rate-averaging computer and displayed as spikes per 10-s
intervals.

After each experiment, the recording site was marked
by the ejection of pontamine sky blue dye from the elec-
trode using a —20 pA current for 10 min. Brains were re-
moved and placed in 10% buffered formalin for 2 days
before histological examination. Frozen sections were
cut at 40-pm intervals and stained with Neutral Red. Mi-
croscopic examination of the sections was carried out to
verify that the electrode tip was in the VTA or the SNc.

Pharmacological Treatments

Microdialysis Experiments. Pharmacological treatments
were performed after the stabilization of DA levels in
the perfusate. A stable baseline, defined as three con-
secutive samples in which DA contents varied by <10%
in both structures, was generally obtained 135 min after
the beginning of the perfusion (stabilization period).
Amphetamine (0.5 mg/kg and 2 mg/kg i.p., diluted
in NaCl 0.9%) and morphine (2.5 mg/kg s.c., diluted in
a 50:50 v/v mixture of apyrogenic water and NaCl
0.9%) were administered at doses known to elicit a sig-
nificant increase in DA outflow in both the rat NAc and
the striatum (Di Chiara and Imperato 1988; Ichikawa
and Meltzer 1992; Cadoni et al. 1995; Millan et al. 1999).
The 5-HT,, receptor antagonist SR 46349B and the
5-HT,¢ op receptor antagonist SB 206553, dissolved just
before use in a mixture (50:50 v/v) of apyrogenic water
and physiological saline (NaCl 0.9%) with a drop of lac-
tic acid, were injected 15 min before amphetamine or
morphine administration. SR 46349B was injected sub-
cutaneously at 0.5 mg/kg, and SB 206553 was injected
intraperitoneally at 5 mg/kg. These doses were chosen
on the basis of previous studies, to keep both selectivity
and efficiency toward the targeted sites (Schreiber et al.
1995; Kennett et al. 1996). All drug doses were calcu-
lated as the free base. In each experimental group, ani-
mals received either drugs or their appropriate vehicle.

Electrophysiological Experiments. Morphine (0.1-10
mg/kg) was dissolved in 0.9% saline and administered
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intravenously (via a lateral tail vein) in increasing doses
every 2 min, and the effect on the activity of DA neu-
rons was recorded. Only one cell per animal was stud-
ied. In one series of experiments, SR 46349B (100 pg/
kg) and SB 206553 (100 pg/kg) were dissolved in 200 .l
of 10% acetic acid, made up to almost the required vol-
ume with 0.9% saline and brought to pH 6.5 before in-
jecting. Both SR 46349B and SB 206553 were adminis-
tered i.v. 5-7 min before the first injection of morphine
(0.1-10 mg/kg i.v.). All drug dosages refer to the weight
of the salt.

Ex vivo Measurement of Plasma and Brain
Concentrations of Amphetamine and Morphine

In a separate group of experiments, plasma and brain
concentrations of amphetamine and morphine were
measured to evaluate possible pharmacokinetic interac-
tions between the probe drugs and the 5-HT agents
used. As for the microdialysis studies, SR 46349B (0.5
mg/kg s.c.) or SB 206553 (5 mg/kg i.p.) were adminis-
tered 15 min before amphetamine (2 mg/kgi.p.) or mor-
phine (2.5 mg/kg s.c.). Rats were killed by decapitation
30 (amphetamine) or 75 min (morphine) later. Blood
was collected in heparinized tubes and centrifuged, and
the plasma was stored at —20°C. Brains were removed
immediately after exsanguination, and brain areas were
dissected (NAg, striatum, and the remaining part of the
brain), blotted with paper to remove excess surface
blood, and quickly frozen in dry ice.

Plasma and brain concentrations of amphetamine
were analyzed by a modification of the electron capture
gas liquid chromatography method previously de-
scribed for d-fenfluramine (Caccia et al. 1995), using
d-norfenfluramine as an internal standard. Briefly, 0.5 ml
of plasma or homogenated tissues (hydrochloric acid, 5
ml/g) were alkalinized and extracted with toluene. After
derivatization with pentafluoropriopionyl anhydride,
the samples were washed with ammonia solution and
water, and 1-2 pl of the toluene phase was injected into a
CP-Sil-8 CB capillary column (25 m X 0.25 mm i.d.). The
chromatographic conditions were 2 ml/min carrier gas
head pressure, total injection, PTV injector temperatures
ranging from 50 to 300°C. The temperature gradient was
2.8°C/min ranging from 70 to 120°C and then a second
gradient of 30°C/min ranging from 120 to 200°C.

Morphine was extracted from plasma by a solid-lig-
uid extraction procedure and quantified by a minor
modification of the HPLC with electrochemical detec-
tion described by Svensson et al. (1995). Brain tissues
were homogenized (5 ml/g) in 0.1 M KH,PO,, pH 7.4,
and centrifuged at 5000 g for 10 min (at 4°C), and the
supernatants were processed as the plasma samples.

Standard curves were prepared daily by adding
known concentrations of amphetamine or morphine to
blank plasma or brain tissue. Linear regression analyses
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revealed coefficients of correlation between 0.993 and
0.998 for both drugs. For amphetamine, the lower point
of the calibration graph (100 ng/ml, using 0.5 ml of
plasma or brain homogenate) was well above the limit
of quantification. At this concentration, coefficients of
variation (CV) for the precision of the assay were usu-
ally <10%. For morphine, the limit of quantification in
plasma was ~10 ng/ml, using 0.5 ml of plasma. In
brain it was 50 ng/g, using 0.5 ml of brain homogenate
or ~100 mg of tissue; this precluded the quantification
of morphine in the NAc. The CV were between 12 and
18% in both tissues.

Statistical Analysis

Microdialysis Experiments. DA content in each sam-
ple was expressed as the percentage of the average
baseline level calculated from the three fractions pre-
ceding any treatment. Data correspond to the mean *
SEM values of the percentage obtained in each experi-
mental group.

The statistical analysis of the effect of the 5-HT, antag-
onists alone on DA outflow was assessed by a one-way
analysis of variance (ANOVA) with time as repeated
measures, performed for the 13 samples that followed
their administration (i.e., time fractions 0-180 min in
Figures 1 and 2). A similar procedure was used to as-
sess the effect of amphetamine and morphine on basal
DA release, but in this case, the repeated measures were
performed for the 12 samples that followed their ad-
ministration (i.e., time fractions 15-180 min in Figures 1
and 2). The ability of 5-HT, antagonists (pretreatment)
to modify the effect of either amphetamine or morphine
(treatment) on DA release was studied by a two-way
ANOVA (pretreatment X treatment) with time as re-
peated measures, performed for the 12 samples that fol-
lowed the administration of amphetamine or morphine
(i.e., time fractions 15-180 min in Figures 1 and 2). This
statistical procedure takes into account an eventual ef-
fect of the pretreatment on its own by comparing the
difference between the treatment (amphetamine or mor-
phine) alone and control groups with that between the
treatment plus pretreatment and the pretreatment
alone groups. When two-way ANOVA results were sig-
nificant (p < .05), a post hoc Tukey’s test was per-
formed to permit adequate multiple comparison among
groups.

Electrophysiological Experiments. Data acquisition
and analysis were accomplished using an 83286-based
PC and an integrated software package for electrophys-
iology (RISI; Symbolic Logic, Dallas, TX). Cumulative
dose-response curves were constructed by comparing
the mean firing rate of 500 consecutive spikes, starting
immediately after the injection of each drug with the
basal firing rate. The data obtained were subjected to
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Figure 1. Time course of the effect of the 5-HT,, antagonist SR 46349B (0.5 mg/kg s.c.; top) and the 5-HT,¢ ,p antagonist SB
206553 (5 mg/kg i.p.; bottom) administration on basal and amphetamine-stimulated DA release in the NAc and striatum.
The 5-HT, antagonists were injected (vertical arrows) 15 min before the intraperitoneal administration of 2 mg/kg amphet-
amine (time zero). Data, obtained from 5-11 animals per group, are presented as the mean *+ SEM percentages of the base-
line calculated from the three samples preceding the first drug administration. ***p < .001 versus the vehicle + vehicle
group; **p < .01 versus the vehicle + amphetamine group (Tukey’s test). Inset: Time course of the effect of the 5-HT,¢ /o5
antagonist SB 206553 on basal DA release in the NAc (left) and striatum (right). AMPH, amphetamine.

Ex vivo Measurement of Amphetamine and

one-way ANOVA followed by Tukey’s test. The inter- Morphine Concentrations.

actions between SR 46349B or SB 206553 and morphine
were analyzed by ANOVA (two-factor mixed design) Concentrations of amphetamine and morphine were
followed by Tukey’s test. expressed as the mean = SD of nanomoles/gram of
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Figure 2.

Time course of the effect of the 5-HT,, antagonist SR 46349B (0.5 mg/kg s.c.; top) and the 5-HT,¢ ,p antagonist SB

206553 (5 mg/kg i.p.; bottom) administration on basal and morphine-stimulated DA release in the NAc and striatum. The
5-HT, antagonists were injected (vertical arrows) 15 min before the subcutaneous administration of 2.5 mg/kg morphine
(time zero). Data, obtained from four to nine animals per group, are presented as the mean = SEM percentages of the base-
line calculated from the three samples preceding the first drug administration. ***p < .001 versus the vehicle + vehicle group;

+++

striatum or as the mean *+ SD of tissue-to-plasma ratio
obtained in each experimental group. The data were an-
alyzed by a Student’s t-test to determine whether one
5-HT agent may affect amphetamine and morphine
concentrations with respect to its vehicle.

In all cases, p < .05 was chosen as the criterion for
significance.

p < .01 versus the vehicle + morphine group (Tukey’s test).

RESULTS

Basal Extracellular DA Concentrations in Dialysates
from NAc and Striatum

All measurements were performed 150 min after the be-
ginning of perfusion, by which time a steady state was
achieved. Absolute basal levels of DA in dialysate si-
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multaneously collected from the NAc and the striatum
were (without adjusting for probes recovery) 4.6 = 0.6
pg/30 pl (n = 15) and 13.3 = 1.6 pg/30 pl (n = 15), re-
spectively.

Effect of Amphetamine and Morphine on Basal
DA Outflow

The effect of the intraperitoneal administration of am-
phetamine on extracellular concentrations of DA in the
NAc and in the striatum is shown in Figure 1. Amphet-
amine (2 mg/kg) elicited a strong increase in DA out-
flow, which reached ~2500% of basal values in the NAc
(one-way ANOVA, F; , = 434.8, p < .001) and 4200% in
the striatum (one-way ANOVA, F,;, = 424.5, p < .001)
30 min after drug injection. Thereafter, in both brain re-
gions, DA outflow decreased progressively but re-
mained significantly elevated (~1500-2000% of basal
values) during the entire experimental period. In a sep-
arate set of experiments, the effect of the intraperitoneal
administration of 0.5 mg/kg amphetamine was also as-
sessed. In this case, amphetamine enhanced signifi-
cantly DA outflow in both brain regions (one-way
ANOVA, F;;; = 281.8 and 83.3 in the NAc and in the
striatum, respectively; p < .001), but its effect was of
lower magnitude than that induced by the higher dose.
Its maximum, observed 45 min after amphetamine in-
jection, reached 957 and 1800% of baseline in the NAc
and the striatum, respectively (p < .001). Thereafter,
DA outflow decreased progressively to reach 387 and
562% of baseline 3 h after its administration (data not
shown).

As illustrated in Figure 2, the subcutaneous adminis-
tration of 2.5 mg/kg morphine enhanced DA outflow in
both the NAc and the striatum (one-way ANOVA, F, ;, =
191, p < .001 and F;;; = 61.3, p < .001, respectively).
The maximal increase was observed 75 min after drug
injection in each brain region (+75% and +37% over
baseline values for the NAc and striatum, respectively).

Effect of SR 46349B and SB 206553 on Basal
DA Outflow

As previously reported (De Deurwaerdere and Spampi-
nato 1999), selective blockade of central 5-HT,, recep-
tors induced by SR 46349B (0.5 mg/kg s.c.) did not af-
fect basal DA outflow in either the NAc or the striatum
(one-way ANOVA, F, ;3 = 3.5, not significant (n.s.), and
Fi13 = 4, n.s,, respectively]. On the other hand, the in-
traperitoneal administration of the 5-HT,c,,5 receptor
antagonist SB 206553 elicited a long-lasting and signifi-
cant increase in DA outflow over control levels in both
regions 9(one-way ANOVA, F; 4 = 25.6, p < .001 for the
NAc and F, 4 = 114.1, p < .001 for the striatum, see in-
sets in Figure 1 and lower panels in Figure 2). As shown
previously (De Deurwaerdeére and Spampinato 1999),
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the maximal effect was observed 30 and 45 min after its
administration in the NAc (+ 42%) and the striatum (+
46%), respectively.

Effect of SR 46349B and SB 206553 on Amphetamine-
Induced DA Outflow

The administration of SR 46349B (0.5 mg/kg s.c.) signif-
icantly reduced the increase in DA outflow induced by
amphetamine in the NAc (two-way ANOVA, treatment X
pretreatment, F;,; = 122, p < .001) and the striatum
(two-way ANOVA, pretreatment X treatment, F;,; =
188, p < .001). In the NAc, DA outflow reached only
800% of baseline in the SR 46349B + amphetamine
group 30 min after the administration of amphetamine,
and thereafter it decreased progressively to 500% of
baseline at the end of the experimental period (Tukey’s
test, p < .001 versus the vehicle + amphetamine group;
Figure 1, top left). In the striatum, amphetamine-in-
duced DA output was also reduced by SR 46349B. DA
extracellular levels reached only 1500% of basal values
at their maximum and thereafter decreased progres-
sively to ~250% of baseline at the end of the experience
(Tukey’s test, p < .001 versus the vehicle + amphet-
amine group; Figure 1, top right).

In contrast, SB 206553 (5 mg/kg i.p.) failed to modify
amphetamine-induced increase of DA outflow in both
the NAc (two-way ANOVA, treatment X pretreatment,
Fi» = 1.3, n.s.) and the striatum (two-way ANOVA,
treatment X pretreatment, F,,, = 1.32, n.s.) (Figure 1,
bottom). As well, SB 206553 did not modify the increase
in accumbal and striatal DA outflow induced by 0.5
mg/kg amphetamine (two-way ANOVA, treatment X
pretreatment, F, ;3 = 2.7 and 1.7 in the NAc and the stri-
atum, respectively, n.s.) (data not shown).

Effect of SR 46349B and SB 206553 on Morphine-
Induced DA Outflow

SR 463498 failed to alter the facilitatory effect of mor-
phine on DA outflow in either brain region (two-way
ANOVA, pretreatment X treatment, F,,, = 5.5, n.s., and
Fio4 = 1.7, ns., for the NAc and the striatum, respec-
tively) (Figure 2, top).

On the other hand, SB 206553 significantly potenti-
ated morphine-stimulated DA outflow in both the NAc
and the striatum (two-way ANOVA, F;;5 = 288, p <
.001 and F; ;4 = 15.9, p < .001, respectively). Accumbal
and striatal DA outflow in the SB 206553 + morphine
group was increased up to 260% and 230% of baseline,
respectively, 75 min after morphine administration.
Thereafter, DA outflow remained significantly higher
than values found in the SB 206553 + vehicle and vehi-
cle + morphine groups throughout the entire experi-
mental period (Tukey’s test, p < .001 versus the vehicle +
morphine group) (Figure 2, bottom).
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Effect of SB 206553 and SR 46349B on Basal and
Morphine-Stimulated Activity of DA Neurons in the
VTA and the SNc

Cumulative intravenous administration of morphine
(0.1-10 mg/kg i.v.) caused a dose-dependent increase
in the basal activity of DA neurons both in the VTA
(one-way ANOVA, F;5 = 14.32, p < .01, n = 5) and the
SNc (one-way ANOVA, F, 5 =22.21,p < .01,n = 6). The
maximal excitatory effect of morphine was reached at
the cumulative dose of 14.4 mg/kg, which enhanced by
~40% the basal firing rate of VTA and SNc DA neurons
(Tukey’s test, p < .01) (Figures 3B and C and 4B and C,
see the different morphine-alone groups).

As previously shown (Di Giovanni et al. 1999), pre-
treatment with SR 46349B (100 pg/kg i.v.) had no influ-
ence on basal DA neuron activity in both brain regions.
Although a transient and slight reduction was observed
in some neurons, basal firing rate returned to baseline
levels before the first morphine injection (Figures 3A
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and 4A). Also, SR 46349B did not affect the morphine-
induced excitation of DA neurons in either the VTA
(two-way ANOVA, F,4 = 0.13, n.s., n = 5) or the SNc
(two-way ANOVA, F, ;, = 0.08, n.s., n = 5) (Figures 3C
and 4C).

Injection of a single dose of SB 206553 (100 pg/kg
i.v.) caused in some neurons a slight and transient in-
crease in the basal firing rate of VTA and SNc DA neu-
rons, whereas it did not affect the activity of other DA
neurons tested (not shown). However, the firing rate of
neurons that were excited by SB 206553 returned close
to baseline levels before the first injection of morphine.
Pretreatment with SB 206553 (100 wg/kg i.v.) potenti-
ated the stimulatory effect of morphine on VTA DA
neurons (two-way ANOVA, F;;,=191,p <.05,n = 6).
Although this potentiating effect reached statistical sig-
nificance only at the dose of 0.3 mg/kg morphine
(Tukey’s test, p < .05), there was also a tendency to-
ward potentiation at the dose of 1 mg/kg. However,
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Figure 3. Effect of the 5-HT,, antagonist SR 46349B and the 5-HT,c,,5 antagonist SB 206553 administration on basal and
morphine-stimulated activity of DA neurons in the VTA. A) Representative rate histograms showing the effects of i.v. mor-
phine (MORPH) (0.1, 0.3, 1, 3, and 10 mg/kg, at arrows) administered alone (top) and after pretreatment with SB 206553 (100
pg/kg i.v.) (middle) or SR 46349B (100 pg/kg i.v.) (bottom). B) Cumulative dose-response curves showing that pretreat-
ment with SB 206553 (100 p.g/kg i.v.) (M) potentiates the excitatory effect of morphine ({J) on DA neurons in the VTA. C)
Cumulative dose-response curves showing the lack of effect of SR 46349B (100 ng/kg i.v.) (A) pretreatment on morphine
(O)-induced increase in the activity of VTA DA neurons. Data, obtained from five to six animals per group, are presented as
the mean + SEM percentages of the basal firing rate. *p < .05, **p < .01 versus the respective basal firing rate of morphine
alone, SB 206553 + morphine, and SR 46349B + morphine groups (Tukey’s test). °p < .05 versus the corresponding dose of
the morphine-alone group (Tukey’s test).



NEUROPSYCHOPHARMACOLOGY 2002—VOL. 26, NO. 3

(I

Spikes/10 sec

50

SB 2(16553 (rofpiiw

Spikes/10 sec

SR 41349B (i\’lOfPlI‘j

Spikes/10 sec
o 3
L 1

5-HT,, and 5-HT,¢ .5 Receptors and DA Neuron Activity

319

B
2001
180
160

140 A

% change in rate

120 A

100 -

0.1 1 10 100

Cumulative dose (mg/kg)

200+
180
160 *x

140+ ol

% change in rate

120

*h

100 4 ——rre

— T v
0.1 1 10 100

Cumulative dose (mg/kg)

Figure 4. Effect of the 5-HT,, antagonist SR 46349B and the 5-HT)c,,3 antagonist SB 206553 administration on basal and
morphine-stimulated activity of DA neurons in the SNc. A) Representative rate histograms showing the effects of i.v. mor-
phine (MORPH) (0.1, 0.3, 1, 3, and 10 mg/kg, at arrows) administered alone (top) and after pretreatment with SB 206553 (100
ng/kg iv.) (middle) or SR 46349B (100 wng/kg i.v.) (bottom). B) Cumulative dose-response curves showing that pretreat-
ment with SB 206553 (100 wg/kg i.v.) (M) potentiates the excitatory effect of morphine ((J) on DA neurons in the SNc. C)
Cumulative dose-response curves showing the lack of effect of SR 46349B (100 ng/kg i.v.) (A) pretreatment on morphine
(O)-induced increase in the activity of SNc DA neurons. Data, obtained from five to six animals per group, are presented as
the mean + SEM percentages of the basal firing rate. *p < .05, **p < .01 versus the respective basal firing rate of morphine
alone, SB 206553 + morphine, and SR 46349B + morphine groups (Tukey’s test). °p < .05, °°p < .01 versus the corresponding

dose of the morphine-alone group (Tukey’s test).

the maximal effect of 14.4 mg morphine was almost su-
perimposable in the two experimental groups (Figure
3B). Moreover, pretreatment with SB 206553 (100 pg/
kg i.v.) clearly potentiated the excitatory effect of mor-
phine on DA neurons in the SNc (two-way ANOVA,
F; 11 = 3.1, p < .01, n = 5). Thus, the maximal excitatory
effect of morphine in the control group was 42.3 *
10.4%, whereas it reached the value of 72.0 = 10.0% in
the SB 206553—pretreated group (Figure 4B).

Effects of 5-HT Pretreatments on Amphetamine and
Morphine Brain Concentrations

Table 1 reports the mean = SD striatal concentrations of
amphetamine and morphine in vehicle-, SR 46349B-
(0.5 mg/kg s.c.) and SB 206553— (5 mg/kg i.p.) treated
rats. Measurements were performed 30 min after am-
phetamine (2 mg/kg i.p.) and 75 min after morphine

(2.5 mg/kg s.c) administration, a time corresponding
approximately to the peak effect induced by these
drugs on accumbal and striatal DA release. None of the
5-HT agents used in this study affected amphetamine
striatal concentrations (Table 1). Similar results were
observed in the Nac, where amphetamine concentra-
tions were 22 + 5 nmol/g in controls and 24 * 6 and 24
+ 7 nmol/g in SR 46349B- and SB 206553—treated rats
respectively (data not shown). Mean plasma concentra-
tions of amphetamine were 1.2 £ 0.5,1.1 £ 0.4,and 1.2 =
0.3 nmol/ml in vehicle-, SR 46349B- and SB 206553—
treated rats, respectively. The mean tissue-to-plasma ra-
tios were not significantly affected by 5-HT, antagonists
(Table 1).

Mean striatal concentrations of morphine in SR
46349B- and SB 206553—pretreated rats were also com-
parable with those in controls (Table 1). As mentioned,
morphine concentrations in the NAc could not be quan-
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tified because of methodological limitations. However,
whole-brain concentrations of morphine (~0.2 nmol/g)
were also similar among the different experimental
groups (data not shown). Morphine mean plasma con-
centrations were 0.31 = 0.08, 0.33 = 0.11, and 0.27 = 0.08
nmol/ml in vehicle-, SR 46349B- and SB 206553—treated
rats, with mean tissue-to-plasma ratios close to unity in
all groups (Table 1). The mean distribution ratios are
similar to those observed in rats under other experimen-
tal conditions (Bolander et al. 1983; Bhargava et al. 1992).

DISCUSSION

This study confirms and extends previous findings
showing that 5-HT,, and 5-HT,c receptors serve oppo-
site roles in the control of activated DA release in both
the NAc and striatum. Furthermore, the obtained re-
sults indicate that the recruitment of these receptor sub-
types in the control of amphetamine- or morphine-induced
DA release is different and may depend on the mechanism
of action and/or on the neuronal circuitry involved in
the DA effect elicited by each drug considered. Finally,
they provide evidence in support of the proposal that
5-HT)c receptors selectively control the impulse flow—
dependent release of DA.

As expected, we found that 5-HT,, and 5-HT,c re-
ceptors exert different roles in the control of basal DA
neuron activity. Thus, selective blockade of central 5-HT,,
receptors by SR 46349B has no effect on its own on ei-
ther mesoaccumbal or nigrostriatal DA neuron activity.
This finding supports the conclusion initially proposed
by Schmidt and coworkers (1992), and confirmed by
others (Ichikawa and Meltzer 1995; De Deurwaerdeére
and Spampinato 1999; Gobert and Millan 1999; Lucas et
al. 2000a), that 5-HT,, receptors are unable to modulate
DA function under resting conditions. In contrast, the
5-HT,¢ o antagonist SB 206553 enhanced by itself both
basal DA release in the NAc and the striatum and basal
firing rate of DA neurons in the VTA and SNc. Similar
biochemical and electrophysiological results have been
obtained recently in the presence of the selective 5-HT ¢

Table 1. Mean Striatal Concentrations of Amphetamine
and Morphine

Striatal Concentrations (nmol/g)

Treatment (mg/kg) Amphetamine Morphine

Vehicle 165 (16+8) 031+008 (I1.1=0.3)
SR 46349B (0.5) 164 (12+4) 028005 (0.9=04)
SB 206553 (5) 197 (18+5) 034+0.02 (1.1=0.1)

Rats were given the vehicle, SR 4634B, or SB 206553 at the doses indi-
cated 15 min before amphetamine (2 mg/kg i.p.) or morphine (2.5 mg/
kg s.c.) and were killed by decapitation 30 min (amphetamine) or 75 min
(morphine) later. The tissue-to-plasma ratios are shown in parentheses.
Each value is the mean * SD of four to five rats.

NEUROPSYCHOPHARMACOLOGY 2002—VOL. 26, NO. 3

antagonist SB 242084 (Di Matteo et al. 2000; Gobert et al.
2000). Considering that selective blockade of central
5-HT,p receptors has no influence on DA cell function
(Gobert et al. 2000) and that extremely low levels of
5-HT, receptor mRNA and protein are found in any
case only in restricted rat brain regions (Pompeiano et
al. 1994; Duxon et al. 1997), it is likely that the effects we
observed in the presence of SB 206553 are mediated by
5-HT,c receptors. Thus, in contrast to 5-HT,4 receptors,
5-HT)c receptors exert a tonic inhibitory control on
basal DA neuron activity in the brain (Di Giovanni et al.
1999).

As previously reported (Di Chiara and Imperato
1988; Ichikawa and Meltzer 1992; Millan et al. 1999),
systemic administration of amphetamine and morphine
elicits a significant and long-lasting enhancement of DA
release in both the NAc and the striatum. We found
that the effects of amphetamine and morphine on DA
release are sensitive to the peripheral administration of
5-HT,, and 5-HT,c,s receptor antagonists, respec-
tively. Although the clearance of the P,5, substrate am-
phetamine may be affected by drugs that undergo oxi-
dative metabolism (Garattini and Samanin 1981), we
found that its brain concentrations in SR 46349B- and
SB 206553—pretreated rats were not different from those
in controls. Morphine is cleared mainly by glucuronide
conjugation, and like amphetamine, its transport to the
brain is thought to occur mainly by passive diffusion
(Murphey and Olsen 1994). Recent studies have shown
that morphine is also a P-glycoprotein substrate and
that inhibition of this protein may alter its blood-to-
brain distribution, thereby enhancing its brain avail-
ability and increasing its pharmacological action (Cal-
laghan and Riordan 1993; Letrent et al. 1998). However,
the brain concentrations and the brain-to-plasma distri-
bution ratios of morphine in 5-HT agent-treated rats
were not different from controls at the time considered.
Thus, changes of amphetamine- and morphine-stimu-
lated DA output observed in the presence of the 5-HT,
antagonists used are not due to metabolic interference
but are based on pharmacodynamic interactions be-
tween the 5-HT and DA systems in the brain.

Central 5-HT,, receptor blockade by SR 46349B
strongly reduces the facilitatory effect of 2 mg/kg am-
phetamine on accumbal and striatal DA outflow. This
result confirms and extends previous findings suggest-
ing, on the basis of experiments performed with the
non selective 5-HT, antagonist amperozide, that 5-HT,4
receptors facilitate amphetamine-induced DA release
(Ichikawa and Meltzer 1992). In line with these results,
it has been reported that preferential or selective 5-HT,4
antagonists such as ketanserin or MDL 100907 reduce
the increase in DA outflow induced by 3,4-methylene-
dioxymethamphetamine (MDMA) (Nash 1990; Schmidt
et al. 1992). A facilitatory action of 5-HT,, receptors on
DA synthesis has been shown to be critical to sustain
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the impulse flow-independent release of DA induced
by MDMA (Schmidt et al. 1992). Amphetamine also in-
creases the efflux of DA by a mechanism independent
from DA neuron impulse flow and in part related to the
mobilization of the newly synthesized pool of DA
(Hurd and Ungerstedt 1989; Seiden et al. 1993; Cadoni
et al. 1995). Thus, as in the case of MDMA, the inhibi-
tory effect of SR 46349B on amphetamine-stimulated
DA outflow may occur through an inhibition of DA
synthesis.

Conversely, we found that 5-HT,, antagonism has
no influence on the enhancement of DA release induced
by morphine in either the NAc or the striatum. In agree-
ment with this result, previous studies in freely moving
rats have shown that morphine-induced accumbal DA
release is insensitive to 5-HT,, receptor modulation
(Willins and Meltzer 1998). In addition, and in agree-
ment with previous electrophysiological findings (Gys-
ling and Wang 1983), we found that SR 46349B does not
modify morphine-stimulated firing rate either in VTA
or in SNc¢ DA neurons. Hence, it appears that an in-
crease of DA release and/or transmission does not nec-
essarily allow per se the occurrence of the 5-HT,,-medi-
ated control of DA function. It is unlikely that the lack
of effect of SR 46349B could be explainable only by the
less marked increase in DA release induced by mor-
phine with respect to amphetamine (175-137% versus
2500-4200% of baseline, respectively). Indeed, although
it has been proposed that 5-HT,, receptors control DA
neuron activity in conditions in which DA release and/
or synthesis is markedly increased (Schmidt et al. 1992;
Gudelsky et al. 1994), we and others have already
shown that an increase in DA release of similar or lower
magnitude than that induced by morphine is also sensi-
tive to 5-HT,, antagonism (Schmidt and Fadayel 1996;
De Deurwaerdére and Spampinato 1999; Liégeois et al.
2000; Lucas et al. 2000a). It is also unlikely that the im-
pulse flow—dependent nature of the DA released by
morphine (Di Chiara and North 1992) may account for
the failure of SR 46349B to modulate the effect of mor-
phine. 5-HT,, receptors are able to modulate the neuro-
chemical effects induced by drugs thought to induce an
impulse flow—dependent release of DA, such as the un-
competitive N-methyl-D-aspartate (NMDA) receptor
antagonist MK-801 (Schmidt and Fadayel 1996) and ha-
loperidol (Imperato and Di Chiara 1985). Thus, MDL
100907 reduces the increase in both accumbal DA release
and VTA DA neuron firing rate induced by MK-801 (So-
rensen 1995; Schmidt and Fadayel 1996). Moreover, we
have recently found that SR 46349B counteracts both
the increase in striatal DA release (Lucas et al. 2000a)
and in SNc¢ DA neuron firing rate (unpublished results)
induced by haloperidol. Considering the above-discussed
data, the failure of 5-HT,, receptors to control mor-
phine-stimulated DA function indicates that, in addition
to DA neuron activity level (increased DA synthesis
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and/or release/transmission) (Schmidt et al. 1992; Millan
et al. 1999; Lucas et al. 2000a), factors other than the
magnitude and/or the nature of the DA released are re-
quired to trigger the control exerted by 5-HT,, recep-
tors. These factors may be related to the specific mecha-
nism of action of a given drug and to the neuronal
circuitry involved in its effect on DA neurons. In line
with this idea, the fact that 5-HT,, antagonism modifies
the increase in accumbal DA release elicited by the un-
competitive NMDA receptor antagonists MK-801 but
not phencyclidine (Schmidt and Fadayel 1996; Millan et
al. 1999) may reflect the different neuronal mechanisms
underlying the DA effects elicited by these NMDA re-
ceptor antagonists (Ogren and Goldstein 1994). Further
studies are needed to determine the specific neuro-
chemical states in which central 5-HT,, receptors con-
trol DA neuron activity.

A different picture emerges when looking at the in-
fluence of 5-HT, receptors on morphine- and amphet-
amine-induced effects on DA neuron activity. Thus, we
found that SB 206553 administration potentiates the en-
hancement of DA release elicited by morphine in both
the NAc and striatum. Consistent with this finding,
stimulation of central 5-HT, receptors has been shown
to inhibit morphine-induced increase in DA release in
the NAc of freely moving rats (Willins and Meltzer
1998). Thus, our results confirm previous work show-
ing that morphine-induced DA release is sensitive to
5-HT modulation (Carboni et al. 1989; Pozzi et al. 1995;
Willins and Meltzer 1998) and indicate that endogenous
5-HT via 5-HT,c receptors inhibits stimulated DA re-
lease. In line with this, it has been reported that the in-
crease in accumbal or striatal DA release elicited, re-
spectively, by phencyclidine or haloperidol is further
enhanced by the blockade of 5-HT, receptors (Hutson
et al. 2000; Lucas et al. 2000a). Interestingly, we found
that SB 206553 also potentiates the increase in VT A and
SNc DA neuron firing rate induced by morphine. This
finding is consistent with previous electrophysiological
data showing that 5-HT,c receptors exert an inhibitory
control on mesencephalic DA neuron firing rate (Di
Matteo et al. 2000; Gobert et al. 2000). Although the dis-
tinct temporal and spatial resolution, the different anes-
thetics, and the different doses and routes of drug ad-
ministration make it difficult to directly compare data
from in vivo microdialysis and single-unit recordings, it
is tempting to suggest that 5-HT,c receptors exert their
control on DA release via a modulation of DA neuron
firing rate. This possibility is further supported by re-
cent data from our laboratory showing that the facilita-
tory effect of the SB 206553 on haloperidol-stimulated
striatal DA release is no longer observed when halo-
peridol is administered at doses inducing a maximal in-
crease in DA neuron firing rate (Lucas et al. 2000a).

On the other hand, SB 206553 did not modify the in-
crease in DA release elicited by 2 mg/kg amphet-
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amine. It is unlikely that the failure of SB 206553 to po-
tentiate amphetamine-induced DA release is due to a
loss of reactivity of DA neurons related to the high
magnitude of the increase in DA release elicited by 2
mg/kg amphetamine. Indeed, the lower increase in
DA outflow induced by 0.5 mg/kg amphetamine is
also insensitive to 5-HT,c antagonism. Thus, our findings
provide the first evidence that amphetamine-induced
DA release is insensitive to 5-HT,¢ receptor modulation.
Also, they support Willins and Meltzer’s (1998) pro-
posal that impulse flow—dependent and —independent
release of DA is regulated differently by 5-HT and that
5-HT,c receptors preferentially act on the release of DA
originating from DA nerve impulse flow. This regulatory
process is likely to occur indirectly given that 5-HT, re-
ceptor mRNA is expressed by GABA-containing cells
(y-amino butyric acid) but not by DA neurons within
the SN and the VTA (Eberle-Wang et al. 1997; Di Gio-
vanni et al. 1999).

Finally, it is important to note that, although halothane
is known to modify DA neuron activity (Bunney et al.
1973), it is unlikely that the anesthetized preparation used
in the present study may have modified the outcome of
the performed experiments. Indeed, previous studies re-
porting similar modulatory effects of the 5-HT system on
striatal and accumbal DA release in either freely moving
(De Simoni et al. 1987; Ichikawa and Meltzer 1992;
Schmidt and Fadayel 1996; Steward et al. 1996; Willins
and Meltzer 1998; Millan et al. 1999; Lucas and Spampi-
nato 2000; Lucas et al. 2000a, 2000b) or anaesthetized
(Benloucif et al. 1993; Bonhomme et al. 1995; Kankaanpaa
et al. 1996; De Deurwaerdere and Spampinato 1999; Di
Matteo et al. 2000; Lucas et al. 2000b) rats strongly sug-
gest that anesthesia does not alter the responsiveness of
midbrain DA neurons to 5-HT modulation.

In summary, this study confirms that 5-HT,, and
5-HT,c receptor subtypes exert opposite influence on
central DA function and provides new evidence that
the recruitment of these receptors in the control of DA
neuron activity occurs under different conditions. 5-HT,,
and 5-HT,¢ receptors specifically regulate the activation
of midbrain DA neurons induced by amphetamine or
morphine, respectively. This differential contribution
may be conditioned by the specific mechanism of action
of the drug considered and/or by the neuronal circuitry
involved in its effect on DA neurons. Furthermore, the
obtained results suggest that 5-HT,c receptors selec-
tively modulate the impulse flow—dependent release of
DA, probably by acting on DA neuron firing rate. From
a therapeutic point of view, given the importance of the
mesolimbic DA system in the neurobiological mecha-
nisms leading to drug addiction (Koob and Le Moal
2001), our findings add further support to the proposal
that 5-HT agents may have some relevance for the treat-
ment of this pathological condition (Walsh and Cun-
ningham 1997). Also, they highlight the potential of 5-HT,
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receptor subtypes as a target for improved pharmaco-
therapies acting selectively on the DA-stimulating ef-
fects induced by the different drugs of abuse. Further
studies are therefore warranted to provide a more thor-
ough appreciation of the role of central 5-HT receptors
in drug addiction.
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