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Estudis precedents del nostre laboratori havien examinat com els receptors
de serotonina 5-HT,x de 'EPFm modulen el sistema serotoninérgic en el cervell
de rata (Martin-Ruiz et al., 2001; treball 1 de la present tesi). Degut a la
importancia dels ratolins per I'existencia de soques d’aquesta espéecie nul-les
per a diferents receptors de 5-HT, en aquest treball fem un estudi complet del
control de Tlalliberaci6 de 5-HT en I'EPF mitjancada pel receptor 5-HToa
(incloent estudis anatomics de localitzacié del receptor) en el cervell de ratoli.

Tots els resultats presentats concorden amb els observats en rata.

També examinem com afecta la aplicacié local d’antipsicotics a I'increment
en l'alliberacié de 5-HT induida pel DOI resultant en una reversié del I'efecte

tant pels antipsicotics classics com pels atipics.
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Abstract

In the rat, postsynaptic 5-hydroxytryptamine,, receptors medial prefrontal cortex control the activity of the serotonergic system through
changes in the activity of pyramidal neurons projecting to the dorsal raphe nucleus. Here we extend these observations to mouse brain.
The prefrontal cortex expresses abundant 5- hydroxytryptamine,, receptors, as assessed by immunohistochemistry, Western blots
and in situ hybridization procedures. The application of the 5-hydroxytryptaminezasec agonist DOI (100 uM) by reverse dialysis in the
medial prefrontal cortex doubled the local release of 5-hydroxytryptamine. This effect was reversed by coperfusion of tetrodotoxin, and
by the selective 5-hydroxytryptamine,a receptor antagonist M100907, but not by the 5-hydroxytryptamine,c antagonist SB-242084.
The effect of DOI was also reversed by prazosin («;-adrenoceptor antagonist), BAY x 3702 (5-hydroxytryptamine, 4 receptor agonist),
NBQX (a-amino-3-hydroxy-5-methyl-4-isoxazole-4-propionate/kainic acid antagonist) and 15,3S-ACPD (mGIuR I/l agonist), but not
by dizocilpine (N-methyl-D-aspartate antagonist). a-Amino-3-hydroxy-5-methyl-4-isoxazole-4-propionate mimicked the 5-hydroxytryp-
tamine elevation produced by DOI, an effect also reversed by BAY x 3702. Likewise, the coperfusion of classical (chlorpromazine,
haloperidol) and atypical antipsychotic drugs (clozapine, olanzapine) fully reversed the 5-hydroxytryptamine elevation induced by DOI.
These observations suggest that DOI increases 5-hydroxytryptamine release in the mouse medial prefrontal cortex through the
activation of local 5-hydroxytryptamines, receptors by an impulse-dependent mechanism that involves/requires the activation of local
«-amino-3-hydroxy-5-methyl-4-isoxazole-4-propionate receptors. This effect is reversed by ligands of receptors present in the medial
prefrontal cortex, possibly in pyramidal neurons, which are involved in the action of antipsychotic drugs. In particular, the reversal by
classical antipsychotics may involve blockade of a4-adrenoceptors, whereas that of atypical antipsychotics may involve 5-hydro-

xytryptamineo, receptors and «q-adrenoceptors.

Introduction

Serotonin (5-hydroxytryptamine, 5-HT) acts on different pre- and
postsynaptic receptors to modulate neural function (Barnes & Sharp,
1999). Serotonergic neurons participate in many physiological func-
tions, and are involved in the pathophysiology and treatment of
psychiatric disorders (Jacobs & Azmitia, 1992; Montgomery, 1994;
Meltzer, 1999). Many higher brain functions reside in the prefrontal
cortex (Fuster, 1997), and prefrontal abnormalities occur in certain
psychiatric conditions, such as major depression and schizophrenia
(Andreasen et al., 1997; Drevets et al., 1997).

5-HT; 4 receptors are predominantly located in the neocortex, with a
large density in the prefrontal cortex (Pazos et al., 1985; Pompeiano
et al., 1994), which suggests an involvement in higher brain functions,
such as working memory (Williams et al., 2002). Moreover, 5-HT,4
receptor agonists, such as LSD or 1-[2,5-dimethoxy-4-iodophenyl-2-
aminopropane] (DOI) are hallucinogens, whereas atypical antipsycho-
tic drugs and some antidepressant drugs (e.g. nefazodone, trazodone)
possibly exert their therapeutic action partly through the blockade of
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5-HT,4 receptors (Titeler et al., 1988; Kroeze & Roth, 1998; Meltzer,
1999).

In the rat, prefrontal 5-HT,, receptors are located on pyramidal
neurons and, to a lower proportion, in vy-aminobutyric acidergic
(GABAergic) interneurons (Willins et al., 1997; Jakab & Goldman-
Rakic, 1998; Jakab & Goldman-Rakic, 2000; Cornea-Hebert er al.,
1999). The axons of layer V pyramidal neurons constitute the main
output of the prefrontal cortex and project to many subcortical regions,
including the brainstem aminergic nuclei (Aghajanian & Wang, 1977;
Thierry er al., 1983; Sesack er al., 1989; Takagishi & Chiba, 1991;
Sesack & Pickel, 1992; Hajos et al., 1998; Jodo er al., 1998; Peyron
et al., 1998; Au-Young er al., 1999). Consistently with these anato-
mical relationships, it has been shown that the medial prefrontal cortex
(mPFC) of the rat controls the activity of midbrain serotonergic
neurons (Hajos et al., 1998; Celada et al., 2001; Martin-Ruiz et al.,
2001). In particular, the stimulation of prefrontal 5-HT,, receptors by
the 5-HT;a2c agonist DOI increased serotonergic firing rate in the
dorsal raphe nucleus (DR) and 5-HT release in mPFC by a 5-HT:4-
dependent mechanism (Martin-Ruiz et al., 2001). These effects are
mediated by an activation of pyramidal neurons in mPFC (Puig et al.,
2003) and involve «-amino-3-hydroxy-5-methyl-4-isoxazole-4-pro-
pionate (AMPA)-mediated glutamatergic inputs (Martin-Ruiz et al.,
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2001; Puig et al., 2003), as also observed for the 5-HT-elicited,
5-HT,5-mediated excitation of layer V pyramidal neurons (Aghaja-
nian & Marek, 1997; Aghajanian & Marek, 1999; Aghajanian &
Marek, 2000).

The above experiments have been conducted in rat brain. However,
it is not known whether the same chain of events takes place in other
mammalian species. Because of the interest of murine transgenic
models to investigate the mechanism of action of psychotropic drugs,
in the present study we extended our observations to mouse brain, also
examining the effect of antipsychotic drugs on the stimulatory action
of DOI. These drugs are used for the treatment of schizophrenia and
treatment-resistant depression (Kroeze & Roth, 1998; Ostroff &
Nelson, 1999; Shelton et al., 2001; Marangell er al., 2002), and show
high affinity for receptors present in pyramidal neurons, such as
5-HT, 4 and «j-adrenoceptors (Sebban et al., 1999; Amt & Skarsfeldt,
1998; Bymaster et al., 1999a, b).

Materials and methods

Animals

C57BL/6 adult male mice (Iffa Credo, Lyon, France) weighing 22—
28 g at the time of experiments were kept in a controlled environment
(12h light : dark cycle and 22 + 2 °C room temperature) with food and
water provided ad libitum. Animal procedures were approved by a
local Ethical Committee and care followed the European Union

regulations (O.J. of E.C. L358/1 18/12/1986).

Drugs and reagents

5-HT oxalate (S)-AMPA, chlorpromazine, DOI, dizocilpine [(+)
MEK-801], 2,3-dihydroxy-6-nitro-7-sulphamoyl-benzo(f)quinoxaline
(NBQX), 6-chloro-5-methyl-1-[6-(2-methylpyridin-3-yloxy) pyridin-
3-yl carbamoyl] indoline (SB 242084), prazosin and tetrodotoxin
(TTX) were from Sigma/RBI (Natick, MA, USA). 1S,35-Aminecy-
clopentane dicarboxylic acid (1S5,3S-ACPD), haloperidol and clozapine
were from Tocris (Bristol, UK). R-(-)-2-{4-[(chroman-2-ylmethyl)-
amino]-butyl}-1,1-dioxo-benzo[d]isothiazolone-HCl (BAY x 3702),
citalopram-HBr, R-(+)-a-(2,3-dimethoxyphenyl)- 1-[4-fluorophenylethyl]-
4-piperidinemethanol (M100907) (Lilly code LY 368675) and olanza-
pine were from Bayer AG, H. Lundbeck A/S and Eli Lilly, respectively.
Other materials and reagents were from local commercial sources. For
the assessment of local effects, drugs were dissolved in the perfusion
fluid or water (except clozapine, dissolved in acetic acid, and olanza-
pine, dissolved in HCI), and diluted to appropriate concentrations in
artificial cerebrospinal fluid (aCSF). Concentrated solutions (1 mm; pH
adjusted to 6.5-7 with NaHCO; when necessary) were stored at
—80°C and working solutions were prepared daily by dilution in
aCSF. Concentrations are expressed as free bases. Control mice were
perfused for the entire experiment with aCSFE. The bars in the figures
show the period of drug application (corrected for the void volume of
the system).

Surgery and microdialysis procedures

The microdialysis procedures were adapted from those previously
described for rats (Adell & Artigas, 1998). Thus, the shaft of the
concentric dialysis probes was made up of 15-mm-long, 25-gauge
(0.5Imm OD, 0.30mm ID) stainless-steel tubing (A-M systems,
Carlsborg, WA, USA). The inflow and outflow tubes threaded through
the 25-gauge tubing consisted of fused silica capillary tubing of
0.11'mm OD and 0.04mm ID (Polymicro Technologies, Phoenix,
AZ, USA). The upper exposed ends of silica tubings were inserted
into 7-mm-long, 27-gauge (0.41 mm OD, 0.20 mm ID) stainless-steel
tubing. The probes were secured to the skull with dental cement and

two 2-mm-long, 0.95-mm @ screws (Microbiotech/se AB, Stockholm,
Sweden). Anaesthetized mice [pentobarbital, 40 mg/kg intraperitone-
ally (i.p.)] were stereotaxically implanted with one concentric micro-
dialysis probe equipped with a Cuprophan membrane in the mPFC
(AP+2.2, L —0.2, DV —3.4; probe tip: 2mm) (coordinates in mm
taken from bregma and top of skull; Franklin & Paxinos, 1997).
Microdialysis experiments were performed on the following day in
freely moving mice. The probes were perfused at 1.5 pL/min with
aCSF (in mm: NaCl, 125; KCIl, 2.5; CaCl,, 1.26; MgCl,, 1.18)
containing 1 pM citalopram. After 100-min stabilization period, fow
fractions were collected to obtain basal values before local (reverse
dialysis) administration of drugs. Successive 20-min (30 pL) dialysate
samples were collected. In most experiments, the partial 5-HT542¢
receptor agonist DOI was applied alone for 2 h (six fractions), followed
by its application together with other drugs for another 2-h period. Af
the end of experiments, mice were killed by an overdose of pento-
barbital, brains were removed and the correct location of probes was
checked by visual inspection after perfusing a dye through the micro-
dialysis probe. In some cases, mice were perfused transcardially with
0.1 M phosphate-buffered saline (PBS), and coronal sections (50 pm)
were cut at the mPFC level and stained with Neutral red (Fig. 1).

The concentration of 5-HT in dialysate samples was determined by
high-performance liquid chromatography (HPLC), as described (Adell
& Artigas, 1998). 5-HT was separated using a Beckman (San Ramon.
CA, USA) 3-pum particle size column and detected with a Hewlett-
Packard 1049 electrochemical detector at +0.6 V. Retention time was
between 3.5 and 4 min, and the limit of detection was typically 1 fmols
sample.

FiG. 1. Localization of the microdialysis probe in the mouse medial prefrontal
cortex. Coronal section of a mouse brain at approximately bregma +2.2 mm
showing the track left by the probe (arrowheads).
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Immunohistochemistry

Adult mice were anaesthetized with pentobarbital and transcardially
perfused with 0.1 M PBS, followed by cold 4% paraformaldehyde in
0.1 m PBS, pH7.4. Brains were immediately dissected and fixed by
immersion in the same fixative solution for 6 h at 4 °C. Transverse
serial sections (50 pum thick) of prefrontal cortex were cut and collected
in PBS containing 0.1% Triton X-100 for free-floating immunostain-
ing with the different antibodies. Sections were washed in PBS con-
taining 0.1% Triton X-100 and 0.1% bovine serum albumin, and
incubated with the primary antibody (mouse anti-5HT,,, 1:1000,
Pharmingen, San Diego, CA, USA) overnight at 4 °C. Sections were
then washed in PBS and incubated for 1h at room temperature with
antimouse conjugated to Alexa-594 (Molecular Probes). The bound
antibody was visualized with a confocal microscope.

Western blotting

Immunoblots were performed as previously described (Pons et al.,
1995). Briefly, prefrontal cortices were dissected out and homogenized
in NaCl, 150 mm; Tris—HCI, 20mm, pH7.4; NP40, 1%; aprotinin,
I pg/mL; leupeptin, 1pg/mL; and phenylmethylsulphonylfluoride
(PMSF), 1 mM; using 15mL of buffer per gram of tissue. Insoluble
material was removed by centrifugation, and 75 pg of protein per lane
of the supernatants were separated by sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
nitro-cellulose membranes. After blocking for | h with 8% fat-free dry
milk in TTBS (Tris—HCI, 20 mm, pH 7.4; NaCl, 150 mm; 0.1% Tween-
20), membranes were incubated overnight with the different antibodies
in TTBS, washed and incubated with protein A-HRP (Pierce, Cultek,
Madrid, Spain), and finally developed with the ECL-R reaction
(Amersham).

In situ hybridization studies

Tissue sections, 14pum thick, were cut using a microtome-cryostat
(HMS500-OM  Microm, Walldorf, Germany), thaw-mounted onto
3-aminopropyltriethoxysilane (APTS; Sigma, St. Louis, MO, USA)-
coated slides, and kept at —20°C until use. Different oligonucleotides
were used to detect 5-HT,, receptor messenger ribonucleic acid
(mRNA) in rat brain (Pompeiano et al., 1994). We used three oligonu-
cleotides complementary to the mRNA coding for the 5-HT, 4 receptor,
corresponding to the amino terminus (bases 669-716), third cytoplasmic
loop (bases 1882-1520) and carboxy terminus (bases 1913-60) (Pritch-
ett et al., 1988). Probes were synthesized on a 380 Applied Biosystem
DNA synthesizer (Foster City Biosystem, Foster City, CA, USA) and
purified on a 20% polyacrylamide/8 M urea preparative sequencing
gel. Each 5-HT,, receptor oligodeoxyribonucleotide (2pmol) was
individually labelled at its 3’-end with ['“P]ot-dATP (>3000 Ci/mmol,
Amersham Pharmacia Biotech, Little Chalfont, UK) using terminal
deoxynucleotidyltransferase (TdT, Roche Diagnostics GmbH, Man-
nheim, Germany). Labelled probes were purified through QIAquick
Nucleotide Removal columns (QIAGEN GmbH, Hilden, Germany).
In situ hybridization histochemistry was performed as described
(Tomiyama et al., 1997) For hybridization, the radioactively labelled
probes were pooled at final individual concentrations of approximately
1.5 nM. Sections were dipped into Ilford K5 nuclear track emulsion
(Ilford, Mobberly, UK), exposed in the dark at 4 °C for 6 weeks, and
finally developed. Tissue sections were examined in a Wild 420
macroscope (Leica, Heerbrugg, Germany) and in a Nikon Eclipse
E1000 microscope (Nikon, Tokyo, Japan) equipped with bright- and
dark-field condensers for transmitted light. Micrography was per-
formed using a digital camera (DXM1200 3.0, Nikon) and analySIS
Software (Soft Imaging System GmbH, Miinster, Germany).

5-HT;, receptors and 5-HT release 1237

Data and statistical analysis

Data (mean = SEM) are expressed as fmol/fraction (uncorrected for
recovery) and shown in figures as percentages of basal values, aver-
aged from four predrug fractions. Statistical analysis of drug effects on
dialysate 5-HT was performed using analysis of variance (ANOvA) for
repeated measures of raw data, with time as repeated factor and
concentration as independent factor. The effect of DOI was compared
with basal values, whereas that of DOI+ drugs was compared with
DOI alone. Statistical significance has been set at the 95% confidence
level (two-tailed).

Results

Histological localization of 5-HT.4 receptors and 5-HT 4
receptor mRNA in the mPFC of the mouse

Given the absence of reports on the cellular localization of 5-HT,
receptors in the mPFC of the mouse, we studied their distribution by
immunohistochemical labelling using a commercial antibody raised
against the 5-HT, 5 receptor. Figure 2A shows the presence of abundant
large immunopositive cells in the mouse mPFC. Western blots from
prefrontal cortex tissue showed a band at the expected molecular
weight (52 kDa) labelled with the same antibody used in immunohis-
tochemical analyses (Fig.2B).

We also used in situ hybridization to label 5-HT,, mRNA-expres-
sing cells in the mPFC of the mouse. Figure3 shows dark-field
photomicrographs of a coronal section of the mouse cortex at an
AP level similar to that where dialysis probes were placed. A large
number of cells were detected that expressed the 5-HT,, receptor
mRNA in superficial, middle and internal layers of the prefrontal
cortex. Likewise, many cells expressing the 5-HT,, receptor transcript
were also evident in the cingulate and prelimbic areas (Fig. 3B and C).

Effect of DOl on 5-HT output in mPFC

Baseline 5-HT wvalues in dialysate samples from mPFC were
15.2 + 0.7 fmol/fraction (n=117). The perfusion of aCSF did not
significantly alter the 5-HT output. The perfusion of DOI from 30
to 300 uM increased the 5-HT output in a concentration-dependent
manner (Fig. 4A). 5-HT raised from 9.0 £ 1.9 fmol/fraction (baseline)
to a maximum of 25.7 +4.9 fmol/fraction at 300 pm, decreasing to
18.2 + 3.4 fmol/fraction at 500 pum. One-way repeated measures
ANOVA conducted with the averaged 5-HT values at each concentration
indicated a significant effect of DOI (F4 6= 11.9, P < 0.00015). Post-
hoc Duncan’s test revealed a significant difference between the con-
centrations of 100, 300 and 500uM vs. baseline and a significant
difference between the effects of 300 and 500 pum (Fig.4A). In an
additional experiment, we examined the effects of these different
DOI concentrations perfused increasingly in the same animals. The
mean 5-HT elevations, expressed as percent of baseline, were 176 +
9% (100pM, n=11), 227+ 18% (300puM, n=4) and 187 £5%
(500 pM, n = 6). One-way ANOVA revealed a significant effect of the
concentration (Fs;5=>5.28), with post-hoc significant differences
between 300 uM and the other two concentrations used (Duncan test)
(Fig. 4B). From these data we chose the concentration of 100 uMm for
subsequent experiments.

The local application of 100 um DOI in mPFC of mice resulted in an
increase of the 5-HT output that persisted for all the perfusion time
(Fis5,150=13.36, P < 0.000001; one-way repeated measures ANOVA).
In a subgroup of four rats, the infusion of DOI was followed by
coperfusion of 1 pM TTX. This resulted in a dramatic fall of the 5-HT
output, reaching 31+3% of baseline (F;27=7.67, P <0.00002)
(Fig. 5).
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FiG.2. Expression of 5-HT,4 receptor in mouse prefrontal cortex. The expression of 5-HT,, receptor in murine prefrontal cortex was estimated using
immunohistochemistry (Al and A2) and Western blot (B) approaches. The prefrontal cortices of two adult mice were dissected and the tissue was sliced as
described in Materials and methods. Representative pictures of each animal show abundant prefrontal neurons stained with 5-HT, 4, antibodies and developed with
antimouse-Alexa 594 (Al and A2). (B, lanes 1 and 2) The expression of 5-HT> 4 receptor in homogenates of prefrontal cortex from two different animals. The Western
blot was performed using the same antibody as in A and developed with antimouse peroxidase and enhanced chemiluminescence reaction. The expected molecular

weight of the receptor is 52 kDa. Scale bar, 50 um.

FiG. 3. (A) Low-level magnification dark-field photomicrographs of 5-HT,4 receptor mRNA in the mouse prefrontal cortex. 5-HT,, receptor mRNA was detected
using **P-labelled oligonucleotides (see text). Note the distribution of cells expressing the receptor in superficial, intermediate and internal cortical layers
(arrowheads). (B and C) Enlargements of the cingulated, prelimbic areas (B) and infralimbic (C) areas of the prefrontal cortex. Scale bar, 1 mm (A); 400 pm (B and C).

Pharmacological characterization

The perfusion of the selective 5-HT> 4 antagonist M 100907 (100 pm)
elicited a partial but significant reversal of the 5-HT increase induced
by DOI (Fy 54 =3.37, P <0.025, one-way repeated measures ANOVA
of fractions 7-16, i.e. four fractions with stable DOI effect plus all
DOI +M100907 fractions) (Fig. 6A). A greater M100907 concentra-
tion (300 um) completely reversed the 5-HT elevation induced by

100 uM DOI (Fy 36 = 8.66, P < 0.000001). In contrast, the effect of

DOI was unaltered by the coperfusion of the selective 5-HT¢ receptor
antagonist SB-242084 (100 pm), as seen in Fig. 6B.

The 5-HT elevation induced by DOI was completely reversed by the
coapplication of the o;-adrenoceptor antagonist prazosin (100 pm,
n=135). One-way repeated measures ANOVA of fractions 7-16 showed
a significant effect of prazosin on 5-HT values (Fo3=7.17, P<
0.000007) (Fig. 7). Similarly, the application of the selective 5-HT 5
receptor agonist BAY x 3702 (30 um, n=8) fully reversed the 5-HT
elevation induced by DOI (Fo 63 = 14,14, P < 0.000001) (Fig. 8).
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FiG. 4. (A) Effect of the local perfusion of the 5-hydroxytryptaminesspoe (5-
HT:a2¢) agonist 1-[2,5-dimethoxy-4-iodophenyl-2-aminopropane] (DOI) on
the 5-HT output in the mPFC of the freely moving mice. DOI was perfused at
increasing concentrations (30-500 uM, four fractions each; shown by horizontal
bars). The maximal elevation was noted at 300 pM. Data from five mice. (B)
Effect of the local perfusion of DOI (100, 300 and 500 pm) for 12 fractions. Data
from 11, four and six rats, respectively. As in (A), the maximal effect of DOI
was noted at 300 uM. See text for statistical analysis.

Previous work in the mPFC of the rat showed that the 5-HT-increasing
effect of DOI was counteracted by NBQX [AMPA/kainic acid (KA)
receptor antagonist], 18,35-ACPD (mGluR II/IIII agonist) and
mimicked by AMPA application (Martin-Ruiz et al., 2001). We
therefore examined whether glutamatergic mechanisms were also
involved in the action of DOI in the mPFC of the freely moving
mouse. The application of the AMPA/KA receptor antagonist NBQX
(300 pM) markedly attenuated the 5-HT increase induced by DOI
application in mPFC (Fg36=15.55, P <0.00009; Fig.9A). However,
the application of the N-methyl-D-aspartate (NMDA) receptor antago-
nist MK-801 (300 um) did not alter significantly the effect of DOI
(Fig.9B). The application of the mGluR II/IIl agonist 15,3S-ACPD at
3mM™ also counteracted in a significant manner the effect of DOI
(Fo36 =4.04, P < 0.0015), although the antagonism was not complete
(Fig. 9C). A lower concentration of 18,35-ACPD (1 mM) caused only a
minor, nonsignificant (15-20%) reduction of the effect of DOI (data
not shown).

The effect of DOI was also mimicked by the application of AMPA
(300 um). AMPA induced a sustained increase of dialysate 5-HT

5-HT,, receptors and 5-HT release 1239
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FiG.5. The local perfusion of [-[2,5-dimethoxy-4-iodophenyl-2-aminopro-
pane] (DOI) 100puM induced a sustained increase in 5-hydroxytryptamine
(5-HT) output that remained stable for at least 4h (n=11; filled circles). In
a subgroup of four mice, the subsequent addition of 1 uM tetrodotoxin (TTX)
abolished the effect of DOT and reduced 5-HT values to 31% of baseline. Shown
also is the effect of the continuous perfusion of artificial cerebrospinal fluid
(aCSF, n=6: open circles). The period of drug application is shown by
horizontal bars. *P < 0.05 vs. baseline; “P < 0.05 vs. DOI alone (Duncan’s
test postANOVA).

that reached 282 +30% of baseline at the end of the experiment
(Fys.75 = 12.58, P < 0.000001) (Fig. 10). The effect of AMPA on 5-HT
output was also reversed by the coapplication of 30 uM BAY x 3702
(Fo36=28.33, P<0.000001; ANOVA of fractions 7-16) (Fig. 10).

Effect of antipsychotic drugs

The above observations indicated that the DOI-stimulated 5-HT
release in mouse mPFC was reversed by compounds that share some
characteristics with classical and/or atypical antipsychotics, i.e. 5-
HT, 4 receptor antagonists, aj-adrenoceptor antagonists and 5-HT) 5
receptor agonists. We therefore examined the effect of the local
application of the atypical antipsychotics clozapine and olanzapine
on the DOIl-stimulated 5-HT release. Both agents (300 puM each)
completely reversed the increase in 5-HT elicited by DOI
(Fo90=16.65, P < 0.000001 and Fy 45 =8.58, P < 0.000001, respec-
tively) (Fig. 11A). Likewise, the classical antipsychotic drugs chlor-
promazine and haloperidol also reversed the 5-HT elevation induced
by DOI at the same concentration as the atypical antipsychotics
(300 um). Repeated measures ANOVA showed a significant effect of
haloperidol  (Fg»7=13.91, P<0.000001) and chlorpromazine

Discussion

The present results confirm and extend previous observations in rat
brain to the mouse brain, showing that the application of the partial
5-HT3as2¢ agonist DOI in mPFC enhanced the local 5-HT release. We
also show that this effect is reversed by the «;-adrenoceptor antagonist
prazosin and by antipsychotic drugs, either classical (chlorpromazine,
haloperidol) or atypical (clozapine and olanzapine).

Localization of 5-HT ., receptors in mouse prefrontal cortex

In the rat prefrontal cortex, 5-HT,, receptors occur in pyramidal
neurons, GABAergic interneurons and nerve terminals (Jakab &
Goldman-Rakic, 1998; Miner ef al., 2003). The latter (much smaller)
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FiG. 6. The increase in 5-hydroxytryptamine (5-HT) output elicited by 1-[2,5-
dimethoxy-4-iodophenyl-2-aminopropane] (DOI) was reversed by the simul-
taneous application of the selective 5-HT,,, receptor antagonist M 100907 [100
and 300 puM; n=7 and 5, respectively, (A)] but not by the selective 5-HT,¢
receptor antagonist (6-chloro-5-methyl-1-[6-(2-methylpyridin-3-yloxy) pyri-
din-3-yl carbamoyl] indoline) [SB-242084, 100 pMm: n=8, (B)]. The period
of drug application is shown by horizontal bars. P < 0.05 vs. DOI alone
(Duncan’s test postANOVA ). For clarity’s sake, the significance of the time points
during the perfusion of DOI alone is not shown. The dotted line shows the effect
of DOI alone.

population is unlikely to represent 5-HT nerve terminals as 5-HT
neurons do not express 5-HT> 4 receptors (Pompeiano er al., 1994; Fay
& Kubin, 2000). The dialysis probes were implanted in a prefrontal
area rich in 5-HT, receptors, as assessed by autoradiography (Lopez-
Gimeénez et al., 2002). The present immunohistochemical observations
indicate the existence of abundant cells expressing this receptor in
limbic areas of the mouse prefrontal cortex. 5-HT,, receptors are
located on the membrane of large cells (possibly pyramidal neurons),
whereas the amount of labelling in cell processes was low using the
present immunohistochemical procedure. Likewise, the results
obtained with the technique of in situ hybridization show the presence
of a large number of cells expressing the 5-HT»4 receptor mRNA in
superficial, middle and deep layers of the mouse prefrontal cortex. In
the mPFC, large numbers of cells in the cingulated and prelimbic areas
were seen, with a somewhat lesser abundance in the infralimbic cortex.
Additional studies are required to ascertain whether 5-HT, receptors
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FiG. 7. Reversal of the effect of 1-[2,5-dimethoxy-4-iodophenyl-2-aminopro-
pane] (DOI) on 5-hydroxytryptamine (5-HT) release by the o-adrenoceptor
antagonist prazosin (100 pM; n = 5). The period of drug application is shown by
horizontal bars. P <0.05 vs. DOI alone (Duncan’s test postANOVA). For
clarity’s sake, the significance of the time points during the perfusion of
DOI alone is not shown. The dotted line shows the effect of DOI alone.

are expressed in GABA interneurons, as observed in rat brain (Willins
et al., 1997).

Involvement of 5-HT ., receptors in the effect of DOI

The activation of 5-HT, receptors in prefrontal cortex has been shown
to increase and decrease the excitability of presumed or identified
pyramidal neurons (Ashby er al., 1990; Araneda & Andrade, 1991;
Ashby et al., 1994; Aghajanian & Marek, 1997; Zhou & Hablitz,
1999). Excitatory effects of 5-HT or DOI likely reflect a direct action
on pyramidal 5-HT,, receptors, whereas inhibitory effects may
involve GABA interneurons (Aghajanian & Marek, 1997; Zhou &
Hablitz, 1999). Our own data in anaesthetized rats indicate that the
systemic administration of DOI elicits both 5-HT; 4 receptor-mediated
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FiG. 8. The selective 5-hydroxytryptamine, 4 (5-HT) ») receptor agonist { R-(-)-
2-{4-[(chroman-2-ylmethyl)-amino]-butyl }-1,1-dioxo-benzo[d]isothiazolo-
ne-HCl} (BAY = 3702, 30 uMm; n = 8) completely reversed the 5-HT elevation
induced by 1-[2,5-dimethoxy-4-iodophenyl-2-aminopropane] (DOI). The per-
iod of drug application is shown by horizontal bars. "F < 0.05 vs. DOI alone
(Duncan’s test postANOVA). For clarity’s sake, the significance of the time points
during the perfusion of DOI alone is not shown. The dotted line shows the effect
of DOI alone.
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Fi16.9. Involvement of the AMPA-mediated glut lergic tr: ion in the
effect of 1-[2,5-dimethoxy-4-iodophenyl-2-aminopropane] (DOI). The 5-
hydroxytryptamine (5-HT) elevation induced by the local application of
DOl was reversed by the coperfusion of the AMPA/KA antagonist
(2,3-dihydroxy-6-nitro-7-sulphamoyl-benzo(f)quinoxaline) (NBQX, 300 pm;
n=235) (A), but not by the coperfusion of the NMDA receptor antagonist
dizocilpine (MK-801, 300 um: n=35) (B). The mGluR II/IIT receptor agonist
(18.3S-aminecyclopentane dicarboxylic acid) (1S,3S-ACPD, 3 mm: n=5) also
reversed the 5-HT elevation induced by DOI (C). The period of drug application
is shown by horizontal bars. "P < 0.05 vs. DOI alone (Duncan’s test post-
ANOVA). For clarity’s sake, the significance of the time points during the
perfusion of DOI alone is not shown. The dotted line shows the effect of
DOI alone.

5-HT;, receptors and 5-HT release 1241

AMPA 300 pM
BAY x 3702 30 uM
» 300+
z 3 I
w S
Q% 2004
2“3 *x *
0 u—
a © 100-
X
i —O— AMPA
i —e— AMPA + BAY x 3702
T T 1 1 1
0 4 8 12 16 20

Fraction number (20 min each)

FiG. 10. The local application of a-amino-3-hydroxy-5-methyl-4-isoxazole-4-
propionate (AMPA, 300 uM, n =6) elevated the 5-hydroxytryptamine (5-HT)
output in mPFC to an extent similar to that produced by DOL In another group
of mice, the effect of AMPA was reversed by the subsequent application of the
selective 5-HT) 4 receptor agonist { R-(-)-2-{4-[(chroman-2-ylmethyl)-amino]-
butyl}-1.1-dioxo-benzo[d]isothiazolone-HCl} (BAY 3702, 30uM: n=35).
The period of drug application is shown by horizontal bars. *Fractions 5-16
significantly different from baseline (P <0.05, Duncan’s test postANOVA);
P <0.05 vs. AMPA alone (Duncan’s test postANOVA).

excitations and inhibitions of pyramidal neurons in mPFC, with an
overall 240% increase in their firing rate (Puig er al., 2003). This
predominance of an excitatory action in vive is consistent with the
increase in serotonergic firing rate observed after the local application
of DOI in rat mPFC (Martin-Ruiz er al., 2001; Puig et al., 2003).
Indeed, although the microdialysis approach does not allow to discern
which receptor subset mediates the action of DOl on 5-HT release, the
greater proportion of 5-HT,, receptors in pyramidal neurons, com-
pared with GABAergic cells (Santana er al., in preparation), and the
overall excitatory action of DOI on pyramidal cell firing in vive suggest
that the action on pyramidal 5-HT,, receptors overcomes that in
GABAergic cells. Thus, despite the lack of tracing studies in mouse
brain reporting a mPFC-DR connectivity, by analogy with rat brain,
we suggest that the effect of DOI on 5-HT release in mouse mPFC is
due to the activation of a 5-HT>4-containing subpopulation of neurons
in mPFC that project to ascending 5-HT neurons.

Pyramidal neurons in mPFC control the activity of DR 5-HT
neurons in a complex manner. Both direct excitatory (Celada et al.,
2001) and GABA-mediated inhibitory influences have been reported
(Celada er al., 2001; Varga er al., 2001). Pyramidal cells in the rat
mPFC that express 5-HT, 4 receptors project to the DR, as indicated by
the presence of orthodromic and antidromic pyramidal spikes after the
electrical stimulation of the DR (Puig et al., 2003). However, it is not
known whether the excitatory axons of 5-HT,-expressing pyramidal
neurons (likely a subpopulation of all neurons in mPFC) synapse on 5-
HT or on GABA neurons in midbrain. The local application of DOI in
rat mPFC increases DR 5-HT cell firing and terminal 5-HT release
(Martin-Ruiz et al., 2001; Puig er al., 2003; this study). Likewise, the
increase of AMPA-mediated neurotransmission in mPFC by various
means (local application of S-AMPA, inhibition of glutamate reuptake,
disinhibition of thalamic afferents to mPFC) increases pyramidal cell
firing and terminal 5-HT release (Martin-Ruiz et al., 2001; Puig et al.,
2003). Conversely, the local application of 5-HT, 5 agonists in mPFC
reduces local 5-HT release and 5-HT cell firing in the DR (Casanovas
et al., 1999; Celada et al., 2001), and the ability of 8-OH-DPAT to
suppress 5-HT cell firing is reduced by removal of the mPFC and
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FiG. 11. (A) The local application of the atypical antipsychotics clozapine
(open circles; n=11) and olanzapine (filled circles; n=6) (300 um each)
completely reversed the 5-hydroxytryptamine (5-HT) elevation induced by
1-[2,5-dimethoxy-4-iodophenyl-2-aminopropane] (DOI). (B) Likewise, the
classical antipsychotics chlorpromazine (open triangles; n = 5) and haloperidol
(filled triangles: n=4) fully reversed the effect of DOL. The period of drug
application is shown by horizontal bars. *P < 0.05 vs. DOI alone (Duncan’s test
postANOVA). For clarity's sake, the significance of the time points during the
perfusion of DOI alone is not shown. The dotted line shows the effect of DOI
alone.

cortical transection (Ceci et al., 1994; Hajos et al., 1999). Together,
these observations suggest an overall excitatory influence of prefrontal
neurons expressing 5-HT,, and 5-HT,, receptors on serotonergic
activity, yet the electrical stimulation of the bulk of mPFC neurons may
elicit GABA-mediated inhibitions on DR 5-HT neurons. The scheme
in Fig. 12 summarizes the anatomical and functional relationships
between the mPFC and the DR and the main receptors/transmitters
putatively involved. However, despite the present and previous data
accord with and effect of DOI on 5-HT release via long loops, a local
action may also be accountable (see below).

In mice, the magnitude of the effect of 100 pm DOI was similar to
that observed in rat mPFC at the same concentration (Martin-Ruiz
et al., 2001). DOI increased the 5-HT release approximately threefold
at 300 pM. A higher concentration (500 uM) resulted in an attenuated
effect. The reasons for this bell-shaped concentration relationship are
unclear, but may be related to the stimulation of 5-HT,, receptors on

GABAergic interneurons at higher concentrations. Indeed, the appli-
cation of DOI in PFC increased extracellular GABA (Abi-Saab et al.,
1999). However, the relationship to the present observations is unclear
as dialysate GABA is unlikely to reflect synaptic release (Timmerman
& Westerink, 1997; Bubser er al., 1998). Given the in vitro nM affinity
of DOI and M100907 for 5-HT,, receptors, the concentrations used
herein may appear nonselective. However, effective concentrations
applied by reverse microdialysis to stimulate/block brain receptors or
transporters differ typically by three—four orders of magnitude from in
vitro affinities (see, e.g. Tao et al., 2000; Hervis et al., 2000; Sakai &
Crochet, 2001; West et al., 2002). This difference is mainly due to
the low application rates used together with the continuous clearance
of applied drugs via the brain capillaries and the CSF so that only a
small fraction of the drug reaches the target receptors. As an example,
the application of 100uM WAY-100635 (plus 100nM {N-[2-(4-(2-
methoxyphenyl)- 1 -piperazinyl)ethyl]-N-(2-pyridyl)cyclohexane car-
boxamide.3HCL} [*HJWAY-100635 used as a tracer) by reverse
dialysis in the DR labelled only a small proportion of 5-HT 5 receptors
in this nucleus (Celada et al., 2001). This factor is particularly
important in the present study as the effect of DOI on 5-HT release
is indirect and involves the mPFC-DR circuit, i.e. DOI must stimulate
a substantial population of 5-HT,, receptors in projection neurons to
the DR in order to elicit a measurable increase in terminal 5-HT
release. The reversal by TTX precludes a direct releasing action (e.g.
fenfluramine-like) on 5-HT nerve endings as this is TTX-insensitive
(Carboni & Di Chiara, 1989).

Using in vitro intracellular and whole-cell recordings of layer V
pyramidal neurons in prefrontal slices, Aghajanian, Marek and associ-
ates showed that the stimulation of 5-HT; 4 receptors by 5-HT resulted
in an increased excitability of the recorded cells, possibly as a result of
an increased glutamate release from thalamocortical afferents (Agha-
janian & Marek, 1997; Aghajanian & Marek, 1999; Aghajanian &
Marek, 2000; Marek er al., 2001). This effect is TTX-dependent and
involves the activation of AMPA receptors, as observed for the
stimulation of 5-HT release in rat and mouse mPFC (Martin-Ruiz
et al., 2001; this study). However, despite the fact that the stimulation
of 5-HT release by DOI can be mimicked by thalamic stimulation/
disinhibition and reversed by the mGluR IIIII agonist 1S,3S-ACPD
(Martin-Ruiz er al., 2001; Puig et al., 2003; this study), the effect of
DOI on pyramidal cell firing and 5-HT release in rat mPFC does not
depend on an excitatory thalamic input (Puig er al., 2003). A plausible
explanation for this apparent discrepancy between in vitro and in vivo
effects of 5-HT,, receptor stimulation is the loss of active glutama-
tergic inputs in the slice preparation.

Modulation of the effect of DOI by other receptors

As previously observed in rat mPFC (Martin-Ruiz et al., 2001), the
effect of DOI was reversed by the concurrent application of the
selective 5-HT,, receptor agonist BAY x 3702 (De Vry et al.,
1998; Casanovas et al., 1999; Casanovas et al., 2000). The mPFC
contains abundant 5-HT) 4 receptors in pyramidal neurons (Pompeiano
et al., 1992; Kia et al., 1996). Cortical 5-HT 5 and 5-HT,, receptors
are located postsynaptically to 5-HT axons (Blue er al., 1988:; Kia et al.,
1996), partly colocalize in cortical pyramidal neurons (Martin-Ruiz
et al., 2001) and have opposite effects on neuronal excitability
(Araneda & Andrade, 1991; Ashby er al., 1994). Recent findings
indicate that the mRNAs of both receptors are coexpressed in a large
proportion of prefrontal neurons (A. Bortolozzi, J. Serrats, G. Mengod
& F. Artigas, unpublished observations). These observations suggest
that DOI and BAY x 3702 have opposite effects on 5-HT release in
mPFC possibly through an increase and decrease, respectively, of the
activity of descending excitatory pathways to midbrain 5-HT neurons
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FiG. 12. Scheme of the interactions between the medial prefrontal cortex (mPFC) and midbrain 5-hydroxytryptamine (5-HT) neurons, with some of the receptors and
neurotransmitters putatively involved in the action of 1-[2,5-dimethoxy-4-iodophenyl-2-aminopropane] (DOI) on 5-HT release. Previous anatomical and functional
studies indicate the existence of a marked reciprocal connectivity between the mPFC and neurons in the midbrain raphe nuclei. A very large proportion of pyramidal
neurons in the rat mPFC exhibit antidromic spikes after the electrical stimulation from the dorsal raphe nucleus (DR, Puig et al., 2003), which additionally supports
this connectivity. Pyramidal neurons express 5-HT, 4 receptors and «,-adrenoceptors, whose activation by 5-HT and noradrenaline results in neuronal depolarization
(Araneda & Andrade, 1991; Aghajanian & Marek, 1997). DOI increases (a) the firing rate of prefrontal pyramidal neurons, (b) the firing rate of 5-HT neurons, and (c)
terminal 5-HT release. Likewise, the activation of pyramidal a-amino-3-hydroxy-5-methyl-4-isoxazole-4-propionate (AMPA) receptors produced by the local
application of S-AMPA or by the disinhibition of thalamic afferents increases pyramidal cell firing and terminal 5-HT release in rat mPFC (Martin-Ruiz et al., 2001;
Puig et al., 2003), although the latter effect might perhaps also involve AMPA receptors putatively located on 5-HT nerve terminals (see Discussion). The excitatory
effect of DOI in mPFC is reversed by the activation of 5-HT, , and mGlu IIII receptors, and by blockade of 5-HT; 4 (but not 5-HT3¢), AMPA (but not NMDA) and
a,-adrenoceptors. Antipsychotic drugs counteract the effect of DOI possibly by an action at «t;-adrenoceptors (classical antipsychotics) and at a;-adrenoceptors plus

5-HT,,, receptors (atypical antipsychotics), thus reducing the activity of pyramidal cells and, hence, the increase in 5-HT release produced by DOI.

(Fig. 12). Likewise, BAY x 3702 also reversed the increase in 5-HT
release induced by the local application of S-AMPA, with a direct
action on pyramidal AMPA receptors. A putative local (e.g. terminal)
effect of AMPA receptor activation is suggested by release studies
(Ohta et al., 1994; Whitton et al., 1994; Maione et al., 1997; Tao et al.,
1997), but lacks anatomical support as GluR subunits, which constitute
AMPA receptors, do not appear to be expressed in axon terminals
(Petralia & Wenthold, 1992). However, a recent report (Shenk et al.,
2003) indicates that AMPA receptors can be targeted to presynaptic
membranes upon neuronal depolarization in cell cultures. Should this
occur in vive in 5-HT axons, the effect of AMPA on 5-HT release might
also be accounted for by a direct effect on 5-HT terminals. Notwith-
standing this alternative interpretation, the reversal by BAY x 3702
must necessarily involve postsynaptic 5-HT),  receptors, as these are
not present in nerve terminals (Kia er al., 1996).

5-HT, receptors and o -adrenoceptors share intracellular effector
mechanisms (phospholipase C), and their activation depolarized (Ara-
neda & Andrade, 1991) and increased the excitability of pyramidal
neurons of the rat mPFC (Marek & Aghajanian, 1999). There is a
marked overlap in the cortical distribution of both receptors in rat and
mouse brain (Pazos et al., 1985; Palacios et al., 1987; Pieribone et al.,
1994; Pompeiano et al., 1994; Day et al., 1997; Lopez-Giménez et al.,
2002) although, to our knowledge, there is no evidence of coexpression
in prefrontal neurons. These observations suggest that the activation of
5-HT,, and aj-adrenoceptors may have similar in vivo effects on
prefrontal neurons. In parallel with the present neurochemical obser-
vations, both prazosin and haloperidol prevented DOl-induced head-
shakes, an effect possibly attributable to the ability of these agents to
interact with «,-adrenoceptors (Schreiber er al., 1995; Dursun &
Handley, 1996). Prazosin lacks direct affinity for 5-HT,, receptors

and therefore this effect must necessarily involve interactions at
cellular or circuit level. For instance, as prazosin exhibits inverse
agonist properties at cloned a,-adrenoceptors (Zhu er al., 2000; Hein
et al., 2001), its application might counteract the increase in phos-
pholipase C-linked intracellular messengers elicited by 5-HT, 4 recep-
tor activation. Furthermore, M100907 and prazosin reduced the basal
5-HT release and reversed the increase in prefrontal 5-HT release
induced by the local application of the o-adrenoceptor agonist
cirazoline (M. Amargés-Bosch er al., in press). This suggests a tonic
role of both 5-HT;, and aj-adrenoceptors on the control of prefrontal
5-HT release, possibly through the modulation of the activity of
prefrontal neurons.

Modulation of the effect of DOI by antipsychotic drugs

Atypical antipsychotic drugs display high affinity for 5-HT,, and
ay-adrenoceptors, and block responses mediated by these receptors
(Arnt & Skarsfeldt, 1998; Bymaster et al., 1999a, b; Meltzer, 1999;
Sebban er al., 1999). Likewise, they display either direct 5-HT), 4
agonist properties (e.g. ziprasidone, aripiprazole) or increase the 5-
HT, »-mediated neurotransmission through blockade of 5-HT>, recep-
tors (Ichikawa et al., 2001). The atypical antipsychotic drugs clozapine
and olanzapine antagonize 5-HT,, and a,-adrenoceptors with high
potency (Bymaster et al., 1999a, b). Hence, both drugs likely reversed
the DOI-stimulated 5-HT release by a blockade of its action on 5-HT,
receptors. Blockade of «-adrenoceptors may also be accountable, in
view of the reversal of the effect of DOI by prazosin and the classical
antipsychotics chlorpromazine and haloperidol. An additional effect of
haloperidol (but not of chlorpromazine) on 5-HT,, receptors cannot
be fully excluded given its moderate affinity for this receptor. Thus,
a;-adrenoceptor blockade may contribute to the therapeutic effects of
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haloperidol and chlorpromazine (with nM affinity for a,-adrenocep-
tors) in a manner similar to that produced by 5-HT., receptor
blockade, i.e. by reducing an increased excitability of prefrontal
pyramidal neurons. This view is supported by the observation that
o -adrenoceptor blockade potentiates the antipsychotic effects of
dopamine D2 antagonists (Wadenberg er al., 2000). Hence, it is
interesting to note that these three activities of antipsychotic drugs
(5-HT, 4 and/or a-adrenoceptor blockade, 5-HT, 5 receptor activa-
tion) counteracted the effect of DOI on prefrontal 5-HT release.
Because these receptors are expressed by prefrontal pyramidal neu-
rons, we suggest that these are a common cellular target for the action
antipsychotic drugs, irrespectively of the initial pharmacological
mechanism triggered.

In summary, DOI increases 5-HT release in mouse mPFC through
the selective stimulation of local 5-HT4 receptors. This effect is
possibly due to a synergistic interaction with AMPA inputs in mPFC
pyramidal (projection) neurons, which eventually translates into an
increased activity of ascending 5-HT neurons and 5-HT release. This
view is consistent with the antagonism of the DOI-induced effect on 5-
HT release by mechanisms reducing pyramidal cell activity, such as
the blockade of 5-HT, 4, «-adrenoceptor or AMPA receptors as well
as activation of 5-HT,, and mGluR II/III receptors. However, an
additional effect of S-AMPA on 5-HT release through terminal AMPA
receptors cannot be excluded. The striking similarity between the
affinity of atypical antipsychotic drugs for certain neurotransmitter
receptors present in prefrontal pyramidal neurons and the reversal of
the DOI-stimulated 5-HT release by ligands of these receptors suggests
that this effect may be relevant for the therapeutic actions of anti-
psychotic drugs.
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