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Abstract
A functional balance between excitatory and inhibitory control over dopamine (DA)-dependent
behavioral and neurochemical effects of cocaine is afforded by the serotonin2C receptor (5-
HT2CR) located within the ventral tegmental area and the nucleus accumbens (NAc). The 5-
HT2CR located in the medial prefrontal cortex (mPFC) has also been shown to inhibit cocaine-
induced behaviors perhaps through inhibition of DA function in the NAc. Using in vivo
microdialysis in halothane-anesthetized rats, we tested this hypothesis by assessing the influence
of mPFC 5-HT2CRs on cocaine-induced DA outflow in the NAc shell. Intra-mPFC injection of the
5-HT2CR agonist Ro 60-0175 at 5 µg/0.2 µl, but not 1 µg/0.2 µl, potentiated the increase in
accumbal DA outflow induced by the intraperitoneal administration of 10 mg/kg of cocaine.
Conversely, cocaine-induced accumbal DA outflow was significantly reduced by the intra-mPFC
injection of the selective 5-HT2CR antagonist SB 242084 (0.5 µg/0.2 µl) or SB 243213 (0.5 and 1
µg/0.2 µl).

These results show that mPFC 5-HT2CRs exert a positive control over cocaine-induced accumbal
DA outflow. Observations further support the idea that the overall action of central 5-HT2CRs on
accumbal DA output is dependent on the functional balance among different 5-HT2CR populations
located within the mesocorticoaccumbens system, and that 5-HT2CRs can modulate DA-
dependent behaviors independently of changes of accumbal DA release itself.
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Introduction
The central serotonin2C receptor (5-HT2CR) is now well established as a modulator of
dopamine (DA) neuron function in the mammalian brain (for review see Alex and Pehek,
2007; Berg et al., 2008), and the knowledge of this interaction is currently considered as a
promising avenue for improved treatments of neuropsychiatric disorders related to DA
neuron dysfunction (Bubar and Cunningham, 2006; Di Giovanni et al., 2006; Millan, 2005).
Studies focusing on the mesoaccumbens DA pathway, in keeping with its importance in
mediating the behavioral effects of drug of abuse (Kalivas and Volkow, 2005), have
highlighted the potential of the 5-HT2CR to control cocaine abuse and dependence (Bubar
and Cunningham, 2006; Higgins and Fletcher, 2003). In fact, 5-HT2CR ligands consistently
modulate DA-dependent behavioral and neurochemical effects induced by cocaine (Bubar
and Cunningham, 2006; Fletcher et al., 2006, 2008; Higgins and Fletcher, 2003; Liu and
Cunningham, 2006: Navailles et al., 2004).

Intracranial microinjection studies have recently shown that cocaine-induced DA release and
behaviors are under the control of distinct 5-HT2CR populations expressed in the ventral
tegmental area (VTA) and the NAc, which provide inhibitory (VTA, NAc) and excitatory
(NAc) controls (Filip and Cunningham, 2002; Fletcher et al., 2004; McMahon et al., 2001;
Navailles et al., 2008). These findings led to the proposal that the overall inhibitory effect of
5-HT2CRs on the mesoaccumbens DA pathway results from a composite response involving
a functional balance between different populations of 5-HT2CRs within multiple brain DA
areas (Filip and Cunningham, 2002; Navailles et al., 2006, 2008). In line with this
conclusion, 5-HT2CRs localized within the medial prefrontal cortex (mPFC) (Bubar and
Cunningham, 2007; Clemett et al., 2000), a brain region functionally linked to the
mesoaccumbens DA pathway and known to play a key role in reward-related mechanisms of
drug abuse (Tzschentke, 2001), have been also shown to inhibit the behavioral effects of
cocaine (Filip and Cunningham, 2003). Considering that cocaine-induced behaviors are
thought to result from increased DA efflux in the NAc (Di Chiara, 2002; Dunnett and
Robbins, 1992), they raise the possibility that mPFC 5-HT2CRs exert an inhibitory control
over cocaine-induced accumbal DA outflow (Filip and Cunningham, 2003). However, direct
neurochemical evidence for this hypothesis is still lacking.

The present study was therefore aimed at determining the contribution of mPFC 5-HT2CRs
in the control of cocaine-induced accumbal DA outflow, to specifically identify the nature
(inhibition/excitation) of this control. Experiments were performed using in vivo
microdialysis in halothane-anesthetized rats, an experimental procedure allowing
simultaneous implantation of a dialysis cannula in the medio-ventral subdivision (shell) of
the NAc and an injection cannula in the ipsilateral mPFC (Navailles et al., 2006, 2008).
According to previous behavioral studies (Filip and Cunningham, 2003), selective 5-HT2CR
agonist (Ro 60-0175) and antagonists (SB 242084, SB 243213) were applied locally into the
mPFC prior to the intraperitoneal administration of cocaine.
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Materials and Methods
Animals

Male Sprague Dawley rats (IFFA CREDO, Lyon, France) weighing 320–350 g were used.
Animals were kept at constant room temperature (21 ± 2°C) and relative humidity (60%)
with a 12 hour light/dark cycle (dark from 20:00 h) and had free access to water and food.
All animal use procedures conformed to International European 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: Ro 60–0175.HCl (S-2-(6-chloro-5-fluoroindol-1-
yl)-1-methylethylamine.hydrochloride) kindly donated by Dr P. Weber (F Hoffmann-La
Roche, Basel, Switzerland); SB 243213-A (5-methyl-1-[[2-[(2-methyl-3-pyridyl)oxy]-5-
pyridyl]carbamoyl]-6-trifluoromethylindoline.hydrochloride) generously provided by Dr M.
Wood (Psychiatry, Centre of Excellence for Drug Discovery, GlaxoSmithKline, Harlow,
U.K); SB 242084.2HCl (6-chloro-5-methyl-1-[6-(2-methylpiridin-3-yloxy)pyridin-3-yl
carbamoyl]indoline.dihydrochloride) was purchased from Sigma-RBI (Saint Quentin
Fallavier, France). Cocaine hydrochloride was purchased from Cooper (Melun, France). All
other chemicals and reagents were the purest commercially available (VWR, Strasbourg,
France; Sigma, Illkirch, France).

Microdialysis
Surgery and perfusion procedures were performed as previously described (Navailles et al.,
2008). Briefly, rats were anesthetized with a mixture of halothane and nitrous oxide-oxygen
(2%; 2:1 v/v). After tracheotomy for artificial 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. A microdialysis probe (2 mm long, CMA/11, 240 µm outer diameter,
Cuprophan; Carnegie Medicin, Phymep, Paris, France) was implanted in the medio-ventral
part of the right NAc, corresponding to the shell subdivision (coordinates from interaural
point: anteroposterior [AP] = 10.7, lateral [L] =1, ventral [V] = 2) according to the atlas of
Paxinos and Watson (1986). The probe was perfused at a constant flow rate of 2 µl/min by
means of a microperfusion pump (CMA 111, Carnegie Medicin, Phymep) with artificial
cerebrospinal fluid (aCSF) containing (in mM): 154.1 Cl−, 147 Na+, 2.7 K+, 1 Mg2+, and
1.2 Ca2+, adjusted to pH 7.4 with 2 mM sodium phosphate buffer. Dialysates (30 µl) were
collected on ice every 15 min. The in vitro recovery of the probe was about 10% for DA.

Surgical implantation of cannulae and microinjection protocol
Drug applications into the PFC were performed after the stabilization of DA levels in the
perfusate (see “Pharmacological Treatments” section). A stainless steel cannula (30 G) was
stereotaxically lowered (using an oblique approach, 10° from vertical) into the right PFC
through a previously drilled hole. Stereotaxic coordinates were chosen according to the atlas
of Paxinos and Watson (1986) to target the ventral division of the mPFC corresponding to
the infralimbic (IL) subregion (coordinates from interaural point: AP = 12.7, L = 0.5, V =
−4.8). Drug or corresponding vehicle was delivered into the mPFC in a final volume of 0.2
µl at a constant flow rate of 0.1 µl/min by a 10 µl Exmire syringe and a syringe pump (CMA
400, Carnegie Medicin, Phymep). After completion of the microinjection, the injection
cannula was left in place for an additional 5 min before withdrawal to allow diffusion from
the tip and prevent reflux of the solution injected.
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Histology
At the end of each experiment, the brain was removed and fixed in NaCl (0.9%)/
paraformaldehyde solution (10%). The location of the microdialysis probe into the NAc
shell and the stainless steel cannula into the IL subregion of the mPFC were determined
histologically on serial coronal sections (60 µm) stained with cresyl violet, and only data
obtained from rats with correctly implanted probes were included in the results. No
significant tissue damage was evident upon histological examination of sections.

Chromatographic Analysis
Dialysate samples were immediately analyzed by reverse-phase high-performance liquid
chromatography coupled with electrochemical detection, as described previously (Navailles
et al., 2008) with minor modifications. The mobile phase (containing [in mM] 70 NaH2PO4,
0.1 Na2EDTA, and 0.1 octylsulfonic acid plus 10% methanol, adjusted to pH 4.8 with
orthophosphoric acid) was delivered at 0.250 ml/min flow rate (system LC-10AD-VP,
Shimadzu, Champs s/ Marne, France) through an Equisil BDS column (C18; 2 × 250 mm,
particle size 5 µm; Cluzeau Info Labo, France). Detection of DA was carried out with an
amperometric detector (Antec Leyden DECADE II, Alpha-mos, Toulouse, France) with a
glassy carbon electrode set at +450 mV versus Ag/AgCl. Output signals were recorded on a
computer (system class VP-4, Shimadzu, France). Under these conditions, the sensitivity for
DA was 0.3 ρg/30 µl with a signal/noise ratio of 3:1.

Pharmacological Treatments
Pharmacological treatments were performed after the stabilization of DA levels in the
perfusate. A stable baseline, defined as three consecutive samples in which DA contents
varied by less than 10%, was generally obtained 135 min after the beginning of the
perfusion (stabilization period).

Cocaine was diluted in NaCl 0.9%, and administered intraperitoneally at 10 mg/kg in a
volume of 2 ml/kg (Filip and Cunningham, 2003; Fletcher et al., 2002; Navailles et al.,
2004, 2008). The 5-HT2CR agonist Ro 60-0175 and the selective 5-HT2CR antagonist SB
242084 were dissolved in NaCl 0.9%, and administered into the mPFC (Ro 60-0175: 1 and 5
µg/0.2 µl; SB 242084: 0.1 and 0.5 µg/0.2 µl) 15 min before the systemic administration of
cocaine. The selective 5-HT2CR antagonist SB 243213 was dissolved in a mixture of NaCl
0.9% containing hydroxypropyl-β-cyclodextrin (HBC, 8% by weight) plus citric acid (25
mM), and administered into the PFC (0.5 and 1 µg/0.2 µl) 30 min before the systemic
administration of cocaine. The final solution of each 5-HT2CR compound was adjusted to
pH 6–7 prior to injection into the mPFC. Corresponding vehicle solution at pH 6–7 did not
alter basal DA extracellular levels in the NAc (see control groups in figures). Doses,
concentrations and pretreatment administration time of the different 5-HT2CR compounds
used were chosen on the basis of dose and concentration range used in previous studies to
keep both selectivity and efficiency toward the targeted sites (Filip and Cunningham, 2002;
Fletcher et al., 2004; Kennett et al., 1997; Martin et al., 1998; Navailles et al., 2006, 2008).
All drug doses and concentrations were calculated as the free base. In each experimental
group, animals received either drugs or their appropriate vehicle.

Statistical Analysis
The DA content in each sample was expressed as the percentage of the average baseline
level calculated from the three fractions preceding any treatment. Data correspond to the
mean ± SEM values of the percentage obtained in each experimental group. The overall
drug effect was calculated as the average of DA content from dialysates collected after their
administration. The interaction between cocaine and 5-HT2CR compounds was studied by a
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two-way ANOVA (pre-treatment × treatment) with time as repeated measures, performed
for the eight samples that followed cocaine administration. Thereafter, a one-way ANOVA
(using group as the main factor) followed by the Fisher's protected least significant
difference test (PLSD) was performed to allow adequate multiple comparisons between
groups or, when the two-way ANOVA was not significant (p>0.05), to determine the effect
of 5-HT2CR compounds in our experimental conditions.

For each experiment, statistical differences in basal DA values among groups were assessed
by a one-way ANOVA (using group as a main factor).

Results
Histology

Figure 1 shows the location of microdialysis probe membranes in the NAc and injection
cannula tips in the mPFC, redrawn in a schematic representation of frontal section rat brain
from Paxinos and Watson atlas (1986). In the NAc, all the probe tips were located into the
shell. In the mPFC injection cannula tips were located in the IL subregion. For all
experiments, only animals with the probe membrane within the NAc shell and the cannula
tip within the IL were included for analysis: ~ 12% of rats that underwent surgery were
excluded.

Basal extracellular DA concentrations in dialysates from the NAc
All measurements were performed 150 min after the beginning of perfusion, by which time
a steady state was achieved. Absolute basal levels of DA in dialysate collected from the
NAc did not differ across experimental groups throughout the course of the study and were
5.3 ± 0.3 pg/30 µl (mean ± SEM, without adjusting for probe recovery; n = 168 animals).

Effect of intra-mPFC administration of 5-HT2CR agonist and antagonists on cocaine-
induced increase in accumbal DA outflow

Figure 2 illustrates the effects of intra-mPFC injection of the 5-HT2CR agonist Ro 60-0175
at 1 µg/0.2 µl (upper left panel) and 5 µg/0.2 µl (lower left panel) and the 5-HT2CR
antagonist SB 242084 at 0.1 µg/0.2 µl (upper right panel) and 0.5 µg/0.2 µl (lower right
panel) on the increase in accumbal DA outflow induced by the intraperitoneal (ip.)
administration of cocaine (10 mg/kg).

The systemic administration of 10 mg/kg of cocaine elicited an overall significant increase
in accumbal DA efflux, reaching approximately 413% of baseline (p<0.001, Fisher's PLSD
test). Indeed, the effect of cocaine peaked at 744% of baseline 30 min after its injection, and
thereafter decreased progressively to about 200% of baseline at the end of the experiment.
When administered at 1 µg/0.2 µl into the mPFC, Ro 60-0175 did not alter the increase in
DA extracellular levels induced by cocaine in the NAc (two-way ANOVA, F1,28 = 0.11, not
significant NS; upper left panel). However, when administered at 5 µg/0.2 µl into the mPFC,
Ro 60-0175 significantly increased cocaine-stimulated DA efflux in the NAc (two-way
ANOVA, F1,26 = 4.33, p<0.05; lower left panel). Indeed, DA extracellular levels in the NAc
after intra-mPFC administration of 5 µg/0.2 µl Ro 60-0175 (Ro 60-0175/cocaine group)
were significantly higher than those found after vehicle plus cocaine administration (p<0.01,
Fisher’s PLSD test).

The facilitatory effect of cocaine on accumbal DA efflux was not altered by the intra-mPFC
injection of SB 242084 at 0.1 µg/0.2 µl (two-way ANOVA, F1,23 = 0.01, NS; upper right
panel), but significantly decreased after the intra-mPFC injection of SB 242084 at 0.5 µg/0.2
µl (two-way ANOVA, F1,22 = 5.33, p<0.05; lower right panel). Indeed, DA extracellular
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levels in the NAc after intra-mPFC administration of 0.5 µg/0.2 µl SB 242084 (SB 242084/
cocaine group) were significantly lower than those found after vehicle plus cocaine
administration (p<0.01, Fisher’s PLSD test).

Intra-PFC injections of Ro 60-0175 or SB 242084, at either dose, did not alter basal
extracellular levels of DA in the NAc (NS, Fisher's PLSD test).

Figure 3 reports the effects of intra-mPFC injection of the 5-HT2CR antagonist SB 243213
at 0.5 µg/0.2 µl (upper panel) and 1 µg/0.2 µl (lower panel) on the increase in accumbal DA
outflow induced by the administration of cocaine (10 mg/kg, ip.).

The facilitatory effect of cocaine on accumbal DA efflux was significantly reduced by the
intra-PFC injection of SB 243213 at either 0.5 µg/0.2 µl (two-way ANOVA, F1,22 = 6.20,
p<0.05; upper panel), or 1 µg/0.2 µl (two-way ANOVA, F1,23 = 5.65, p<0.05; lower panel).
Indeed, DA extracellular levels in the NAc after intra-mPFC administration of 0.5 µg/0.2 µl
or 1 µg/0.2 µl SB 243213 (SB 243213/cocaine groups) were significantly lower than those
found in their respective vehicle/cocaine groups (SB 243213 0.5 µg/0.2 µl: p<0.001; SB
243213 1 µg/0.2 µl: p<0.01, Fisher’s PLSD test).

Finally, basal DA outflow in the NAc was unaltered by either concentration of SB 243213
(NS, Fisher’s PLSD test).

Discussion
The present study provides the first neurochemical evidence that cocaine-induced DA efflux
in the NAc shell undergoes a positive modulatory control by 5-HT2CR localized in the
mPFC. Indeed, intra-mPFC administration of selective 5-HT2CR agonist and antagonist
respectively increases and reduces accumbal DA efflux elicited by cocaine. These findings
confirm and extend our previous investigations proposing that the overall inhibitory control
exerted by central 5-HT2CRs over the mesoaccumbens DA pathway results from a balance
between inhibitory and excitatory effects involving different 5-HT2CR populations localized
to diverse brain regions (Filip and Cunningham, 2002, 2003; Navailles et al., 2006, 2008).

The systemic administration of cocaine elicited a significant increase in DA extracellular
levels in the shell subregion of the NAc, as reported previously (Navailles et al., 2004,
2008). We found that cocaine-induced accumbal DA outflow was potentiated by the intra-
mPFC injection of the 5-HT2CR agonist Ro 60-0175 (5 µg/0.2 µl). Despite different
affinities of Ro 60-0175 for members of the 5-HT2R family (Martin et al., 1998; Porter et
al., 1999), the observed effect of Ro 60-0175 is likely to result from the selective stimulation
of the 5-HT2CR, over the 5-HT2AR and 5-HT2BR, in the mPFC. Indeed, Ro 60-0175
displays a 30-fold higher affinity for the 5-HT2CR over the 5-HT2AR (Martin et al., 1998;
Porter et al., 1999), and 5-HT2BRs are not expressed within the PFC (Duxon et al., 1997).
Furthermore, in the present study, Ro 60-0175 was locally administered at a dose regimen
known to provide selective stimulation of 5-HT2CRs in the rat brain (Fletcher et al., 2004;
Navailles et al., 2008; Pozzi et al., 2002). In line with previous observations (Navailles et al.,
2008; Pozzi et al., 2002), the ability of the intra-mPFC injection of Ro 60-0175 to facilitate
cocaine-induced DA outflow reveals the existence of a phasic control exerted by PFC 5-
HT2CRs on stimulated DA release.

The influence of 5-HT2CR blockade on cocaine-induced DA outflow was assessed using
two potent and selective 5-HT2CR antagonists, the SB 242084 and the SB 243213 (Berg et
al., 2008). Both 5-HT2CR antagonists possess similar high affinity for the 5-HT2CR (pKi = 9
for SB 242084 and pKi = 9.4 for SB 243213) and 150-fold selectivity over the 5-HT2A and
5-HT2BRs (Kennett et al., 1997; Wood et al., 2001). Cocaine-induced overall DA efflux in
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the NAc was reduced to a similar extent (approximately −160%) by the intra-mPFC
administration of either SB 242084 or SB 243213 at the concentration of 0.5 µg/0.2 µl. As
no greater inhibitory effect was observed after the injection of a higher concentration of SB
243213 (1 µg/0.2 µl), the maximal blockade of 5-HT2CR may have been reached at the
lower dose of the 5-HT2CR antagonists. Thus, the cocaine-induced accumbal DA outflow
may be sustained only in part by 5-HT2CR stimulation elicited by increased endogenous 5-
HT extracellular levels consequent to the blockade of 5-HT reuptake by cocaine (Müller et
al., 2007). Indeed, as previously observed in the VTA and the NAc (Navailles et al., 2006,
2008), blockade of mPFC 5-HT2CRs per se has no influence on basal DA outflow in the
NAc, a finding which likely reflect the existence of a low endogenous 5-HT tone at mPFC
5-HT2CR. Also, basal locomotor activity, a response typically related to increased accumbal
DA release (Dunnett and Robbins, 1992), is unaltered by 5-HT2CR blockade in either brain
regions (Filip and Cunningham, 2002, 2003; Fletcher et al., 2004; McMahon et al., 2001).

These findings together emphasize that the mPFC 5-HT2CR has no influence on accumbal
DA outflow in resting conditions, but does contribute to the tonic and phasic excitatory
controls on DA efflux elicited by cocaine. A similar positive control over cocaine-induced
accumbal DA release was also observed after intra-NAc administration of low
concentrations of a 5-HT2CR agonist or antagonist (Navailles et al., 2008). Nevertheless,
this excitatory 5-HT2CR influence exerted at the level of the mPFC and NAc is
overshadowed as the systemic administration of 5-HT2CR ligands affords essentially a net
inhibitory effect (Navailles et al., 2004). In fact, cocaine-induced DA outflow in the NAc is
potentiated or unaltered by the intraperitoneal administration of a 5-HT2CR antagonist or
agonist, respectively (Navailles et al., 2004). Hence, the profile of effects of 5-HT2CR
compounds on cocaine-induced accumbal DA efflux after systemic administration suggests
that excitatory controls occurring at the level of the mPFC or the NAc are masked by a net
inhibitory effect involving other 5-HT2CR populations likely located in the NAc itself or in
other brain regions such as the VTA (Navailles et al., 2008). Indeed, stimulation of the VTA
5-HT2CR exerts a unidirectional inhibitory effect on accumbal DA outflow induced by
cocaine, and, in the NAc, an excitatory effect is replaced by an inhibitory influence after
intra-NAc infusion of higher concentrations of 5-HT2CR ligands (Navailles et al., 2008). In
line with these considerations, systemic administration of 5-HT2CR agonists or antagonist
has been shown to consistently result in an inhibition or excitation of DA-dependent
behaviors induced by cocaine, respectively (Bubar and Cunningham, 2006; Fletcher et al.,
2006; 2008; Higgins and Fletcher, 2003; Liu and Cunningham, 2006).

Our results confirm and extend the proposal that 5-HT2CR inhibitory control of the
mesoaccumbens DA pathway may be considered as a composite response involving a
functional balance between excitatory and inhibitory inputs to DA neurons (Filip and
Cunningham, 2002, 2003; Navailles et al., 2006, 2008), related to different 5-HT2CR
populations located within multiple brain areas (Clemett et al., 2000). This conclusion is
further supported by the fact that, in contrast to their effects observed after systemic
administration (Berg et al., 2008), local administration of 5-HT2CR ligands into the mPFC
(present study), the VTA or the NAc (Navailles et al., 2006), had no influence on basal DA
release in the NAc (Navailles et al., 2006, 2008, present results). Thus, inhibition of 5-HT
reuptake by cocaine and consequent increase of 5-HT extracellular levels (Muller et al.,
2007) appears as a permissive factor for the expression of the modulatory control of
cocaine-induced accumbal DA release observed after the local administration of 5-HT2CR
antagonists into either the mPFC (present study) or the NAc (Navailles et al., 2008).
Furthermore, as discussed elsewhere (Navailles et al., 2008), the heterogeneous distribution
of 5-HT transporter within the NAc (Brown and Molliver, 2000), by generating distinct
functional 5-HT2CR populations, could account for the biphasic excitatory and inhibitory
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changes of accumbal DA release observed after intra-NAc administration of increasing
concentrations of 5-HT2CR ligands.

Although the mechanisms and circuits whereby mPFC 5-HT2CRs regulate DA release in the
NAc cannot be specifically addressed in this study, it is conceivable that this interaction
involves glutamate-containing pyramidal projection neurons connecting the mPFC to the
mesoaccumbens DA pathway, at the level of both the VTA and the NAc (Sesack et al.,
2003; Tzschentke, 2001), (see figure 4). In the mPFC, 5-HT2CRs are primarily localized to
GABA interneurons which project to cell bodies and initial axon segments of pyramidal
neurons (Liu et al., 2007; Vysokanov et al., 1998), and are known to inhibit mPFC
pyramidal neurons (Bergqvist et al., 1999). Interestingly, anatomical studies demonstrate
that the majority of glutamate-containing pyramidal neurons do not make direct synaptic
contact with mesoaccumbens DA neurons in either the VTA or the NAc (Omelchenko and
Sesack, 2007; Sesack et al., 2003), and suggest that the mesoaccumbens DA pathway is
indirectly regulated through local collaterals or efferent projections originating from VTA
and/or NAc GABA neurons which receive direct monosynaptic input from mPFC pyramidal
cells (Sesack et al., 2003). In line with this conclusion, several studies, but not all (see
Sesack et al., 2003), have reported that mPFC glutamate neurons provide an inhibitory
control on NAc DA release (Jackson et al., 2001; Taber et al., 1996; Takahata and
Moghaddam, 2000). Thus, it is tempting to speculate that stimulation of mPFC 5-HT2CRs
would function to reduce excitatory glutamate output within the mesoaccumbens system
leading to an indirect increase of accumbal DA outflow consequent to decreased GABA
transmission in the VTA and/or the NAc. Nevertheless, the possible involvement of
additional circuits underlying the effect of mPFC 5-HT2CRs on NAc DA release has to be
considered. First, the 5-HT2CR also localizes to glutamate pyramidal neurons (Carr et al.,
2002; Liu et al., 2007; Visokanov et al., 1998). Second, recent anatomical studies have
shown that a small portion of mesoaccumbens DA neurons receives direct synaptic input
from axons labelled for the vesicular glutamate transporter that is expressed by mPFC
pyramidal neurons (Omelchenko and Sesack, 2007), Third, control of the mesoaccumbens
DA pathway activity by mPFC may cover multisynaptic pathways involving brain regions,
such as the amygdala, the habenula, the mediodorsal nucleus of the thalamus, the lateral
hypothalamus, the brainstem laterodorsal/peduncolopontine tegmentum, the dorsal raphe
nucleus, which receive projections from the mPFC pyramidal neurons (Gabbott et al., 2005;
Sesack et al., 2003), and project in turn to the VTA and/or the NAc (Azmitia and Segal,
1978; Geisler et al., 2007; Omelchenko and Sesack, 2007; Pinto et al., 2003; Sesack et al.,
2003). Hence, the control of mesoaccumbens DA pathway may involve a functional balance
between mPFC 5-HT2CR populations providing opposite indirect (GABA-mediated) and
direct effects on glutamate pyramidal cells, which in turn positively modulate accumbal DA
release through polysynaptic cortico-subcortical pathways afferent to the mesoaccumbens
DA system. Further research is needed to unravel the mechanisms and circuitry underlying
this interaction.

Finally, the obtained results suggest that NAc DA outflow cannot account for all of the
effects of 5-HT2CR selective compounds on DA-dependent behaviors induced by cocaine.
On the one hand, peripheral administration of 5-HT2CR antagonists increases both
behavioral (Bubar and Cunningham, 2006; Higgins and Fletcher, 2003; Fletcher et al., 2006)
and neurochemical (Navailles et al., 2004) effects of cocaine. Intra-VTA injection of 5-
HT2CR agonist or antagonist also elicits parallel changes of accumbal DA efflux (Navailles
et al., 2008) and DA-dependent behaviors evoked by cocaine (Fletcher et al., 2004;
McMahon et al., 2001). Intra-NAc shell administration of 5-HT2CR agonist or antagonist
facilitates both cocaine-induced behavior (Filip and Cunningham, 2002; McMahon et al.,
2001) and accumbal DA release (Navailles et al., 2008), although this latter effect is
observed only after the infusion of low concentration of 5-HT2CR ligands (Navailles et al.,
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2008). On the other hand, the intraperitoneal administration of the 5-HT2CR agonist Ro
60-0175 (1 mg/kg) has no influence on cocaine-stimulated accumbal DA outflow (Navailles
et al., 2004), but potently reduces the hyperlocomotive and reinforcing properties of cocaine
(Higgins and Fletcher, 2003; Fletcher et al., 2008). In addition, local injection of 5-HT2CR
compounds into the mPFC facilitated accumbal DA outflow (present study), but inhibited
behavioral responses induced by cocaine (Filip and Cunningham, 2003). As discussed
elsewhere (Navailles et al., 2004, 2008), it is unlikely that the different experimental
procedures used in behavioral and neurochemical studies, including anesthesia, may account
for the different effect of 5-HT2CR agents on the neurochemical and behavioral responses
induced by cocaine. More likely, our findings, together with the data mentioned above,
suggest that, as already shown for the 5-HT1AR (Müller et al., 2007), 5-HT2CRs may
facilitate cocaine-induced DA behaviors independently from a net action on NAc DA
outflow, by controlling DA transmission downstream from DA neurons (Navailles et al.,
2004, 2008; Zachariou et al., 2002).

In conclusion, the present study provides the first neurochemical evidence that mPFC 5-
HT2CRs are able to modulate cocaine-evoked DA efflux in the NAc shell in an excitatory
manner. This finding confirms and extends the idea that the overall inhibitory effect exerted
by the 5-HT2CR on cocaine-induced DA outflow may result from a functional balance
between excitatory and inhibitory effects involving different populations of 5-HT2CRs
localized within the mPFC, VTA and NAc (Filip and Cunningham, 2002, 2003; Navailles et
al., 2004, 2008). Furthermore, in keeping with the differential effects of 5-HT2CR agents on
DA outflow and DA-dependent behaviors induced by cocaine (Filip and Cunningham, 2003;
Navailles et al., 2004, 2008), our findings indicate that 5-HT2CRs can modulate
mesoaccumbens DA activity by controlling NAc DA transmission independently of changes
of accumbal DA release itself. Finally, the obtained results afford additional knowledge into
the prominent role of the 5-HT2CR in the regulatory neurochemistry of mesoaccumbens DA
functions, and its potential for improved treatments of cocaine abuse and dependence (Bubar
and Cunningham, 2006; Di Giovanni et al., 2006; Higgins and Fletcher, 2003).
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Figure 1.
Histological verification of injection and perfusion sites. Filled circles in the top coronal
sections indicate the location of injection cannula tips in the infralimbic (IL) subregion of
the medial PFC (mPFC). Straight lines in the bottom coronal sections indicate the location
of microdialysis probe membranes (2 mm) in the nucleus accumbens (NAc) shell. Plates are
taken from Paxinos and Watson atlas (1986), and the number beside each plate corresponds
to millimeters from interaural point. For clarity, the schematic diagram shows the
representative sites of cannulae and probes placements for only a subset of the animals used.
R = right hemisphere; L = left hemisphere.
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Figure 2.
Time course effect of the intra-mPFC administration of the 5-HT2CR agonist Ro 60-0175
and the 5-HT2CR antagonist SB 242084 on the increase in accumbal DA outflow induced by
cocaine. Ro 60-0175 (Ro; left panels) and SB 242084 (SB; right panels) were injected into
the mPFC (vertical arrows) 15 min before cocaine. The doses injected are indicated in
parentheses in µg/ 0.2 µl. Cocaine (coc) was administered intraperitoneally at 10 mg/kg at
time zero. Data are presented as the mean ± SEM percentages of the baseline calculated
from the three samples preceding the first drug administration (n= 6–10 animals/group).
***p<0.001 versus the vehicle/vehicle (v / v) group and ++p<0.01 versus the vehicle/cocaine
(v / coc) group (Fisher's PLSD test).
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Figure 3.
Time course effect of the intra-mPFC administration of the 5-HT2CR antagonist SB 243213
on the increase in accumbal DA outflow induced by cocaine. SB 243213 was injected into
the mPFC (vertical arrows) 30 min before cocaine. The doses injected are indicated in
parentheses in µg/ 0.2 µl. Cocaine (coc) was administered intraperitoneally at 10 mg/kg at
time zero. Data are presented as the mean ± SEM percentages of the baseline calculated
from the three samples preceding the first drug administration (n= 5–8 animals/group).
***p<0.001 versus the vehicle/vehicle (v / v) group and ++p<0.01, +++p<0.001 versus the
vehicle/cocaine (v / coc) group (Fisher's PLSD test).
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Figure 4.
Schematic representation of the possible circuits involved in the control of mesoaccumbens
DA neurons by mPFC 5-HT2CR. In the mPFC, the 5-HT2CR is expressed on GABA
interneurons as well as on pyramidal glutamate neurons (Liu et al., 2007; Visokanov et al.,
1998). The majority of pyramidal glutamate neurons do not provide direct innervation to
mesoaccumbens DA neurons in either the VTA or the NAc (Sesack et al., 2003;
Omelchenko and Sesack, 2007). Within the mesoaccumbens system, GABAergic neurons
provide an inhibitory interface between glutamate input and mesoaccumbens DA neurons.
(1) Stimulation of 5-HT2CR on GABA interneurons would function to reduce excitatory
glutamate output to the mesoaccumbens DA pathway, thereby leading to an increase in DA
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neuron activity consequent to reduced GABA transmission within the VTA and/or NAc. (2)
Stimulation of 5-HT2CR on pyramidal cells would increase excitatory glutamate output,
thereby increasing GABA transmission within the VTA and/or NAc and, consequently,
decreasing DA neuron activity. (3) Activation of pyramidal neurons could also provide
indirect control of the mesoaccumbens DA pathway via other brain regions (amygdala,
mediodorsal nucleus of the thalamus, lateral hypothalamus, brainstem laterodorsal/
peduncolopontine tegmentum, dorsal raphe nucleus) receiving input from the mPFC
pyramidal neurons (Gabbott et al., 2005; Sesack et al., 2003), and innervating the VTA and/
or the NAc (Azmitia and Segal, 1978; Geisler et al., 2007; Omelchenko and Sesack, 2007;
Pinto et al., 2003; Sesack et al., 2003). DA= dopamine; mPFC= medial prefrontal cortex;
VTA= ventral tegmental area; NAc= nucleus accumbens; Pyr= pyramidal neuron; Glu=
glutamate.
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