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Abstract

Rationale Second-generation antipsychotics have some ben-
eficial effect on cognition. Recent studies, furthermore,
indicate differential effects of second-generation antipsy-
chotics on impairment in executive cognitive function.
Objective We evaluated the effect of the second-generation
antipsychotic drug, sertindole, on extracellular levels of
dopamine (DA), acetylcholine (ACh), and glutamate (Glu)
in the rat medial prefrontal cortex (mPFC). Risperidone was
studied for comparison. Moreover, selective serotonin 5-
HT,a, 5-HT,c, and 5-HT¢ receptor antagonists were used,
given alone and in combination with the preferential DA D,
receptor antagonist, haloperidol, to further clarify the action
of the two drugs.

Materials and methods Rats were treated acutely with
vehicle or drugs, and extracellular levels of neurotransmit-
ters were assessed by microdialysis in freely moving
animals.

Results Sertindole and risperidone significantly increased
extracellular levels of DA. Haloperidol; the 5-HT,4
receptor antagonist, M100907; the 5-HT,c receptor antag-
onist, SB242084; and the 5-HT, receptor antagonist, GSK-
742457, induced minor increases in levels of DA, but the

A. Mork (><) - L. M. Witten
Department of Neurophysiology,
Discovery Pharmacology Research,
H. Lundbeck A/S, Ottiliavej 9,
2500 Valby, Copenhagen, Denmark
e-mail: arm@lundbeck.com

J. Amt

Lundbeck Research DK,

H. Lundbeck A/S,

Valby, Copenhagen, Denmark

three latter compounds raised the DA levels notably in
combination with haloperidol. Sertindole and risperidone
significantly increased the extracellular levels of ACh but
only sertindole raised the extracellular levels of Glu. The
selective 5-HT4 receptor antagonist, SB-271046, signifi-
cantly increased the extracellular levels of Glu.

Conclusion Sertindole and risperidone markedly in-
creased extracellular levels of DA in mPFC. The built-
in 5-HT,A/5-HT,c/D, receptor antagonism of the two
drugs might be involved in this action. Both drugs
increased the extracellular levels of ACh but only
sertindole enhanced Glu levels. The high affinity of
sertindole for the 5-HT¢ receptor compared to risperidone
may differentiate sertindole from risperidone.

Keywords Schizophrenia - Sertindole - Risperidone -
Haloperidol - Dopamine - Acetylcholine - Glutamate -
Rat medial prefrontal cortex - Antipsychotic - Microdialysis

Introduction

Several lines of evidence suggest that current antipsychotics
have one common denominator regarding their mechanism
of action; they interfere with dopaminergic neurotransmis-
sion in the brain (Arnt and Skarsfeldt 1998). Moreover,
current antipsychotics have the ability to block dopamine
(DA) D, receptors to a varying degree at therapeutically
relevant doses (Talbot and Laruelle 2002). While conven-
tional D, receptor-blocking antipsychotics primarily have
clinical effect on positive symptoms of schizophrenia, the
second-generation antipsychotics, which have a broader
receptor profile, seem to have some beneficial effects on
negative symptoms and moderate effects on cognitive
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deficits as well (Meltzer and McGurk 1999; O'Grada and
Dinan 2007; Pratt et al. 2008; Remington and Kapur 2000).
The additional 5-HT,, receptor antagonistic property of
some second-generation antipsychotics is assumed to be
involved in their therapeutic mechanism of action (Wood et
al. 2000).

Dopaminergic hypofunction in the prefrontal cortex
(PFC) has been suggested to be associated with the etiology
of negative symptoms and cognitive dysfunction of
schizophrenia (Abi-Dargham and Moore 2003; Stone et
al. 2007). The lack of ability of D, receptor antagonism
alone to robustly mediate DA neurotransmission in the PFC
(Ago et al. 2005; Kuroki et al. 1999; Li et al. 2005) may be
implicated in the lack of effect of conventional antipsy-
chotics on negative symptoms and cognitive dysfunction
(Didriksen et al. 2007; Grayson et al. 2007). In contrast,
second-generation antipsychotics have been reported to
produce increases in DA levels in the medial prefrontal
cortex (mPFC; Kuroki et al. 1999). Kuroki et al. (1999)
suggested that the ability of some antipsychotics to produce
greater increases in extracellular levels of DA in the mPFC
compared to the nucleus accumbens may in part be related
to weak D, receptor affinity relative to 5-HT,, receptor
antagonism. Moreover, 5-HT; receptor agonism (Ago et
al. 2005; Bortolozzi et al. 2007) and alpha,-adrenoceptor
antagonism (Devoto et al. 2004) have been proposed to be
capable of releasing prefrontal DA.

Acetylcholine (ACh) activity has been suggested to be of
significance for attention and various aspects of cognition
(Gray and Roth 2007). Shirazi-Southall et al. (2002)
demonstrated that the second-generation antipsychotics,
olanzapine and clozapine, markedly increased the levels
of ACh in the rat hippocampus, leaving the conventional
antipsychotics, haloperidol, thioridazine, and chlorproma-
zine, with a very modest increase. Furthermore, clozapine,
olanzapine, risperidone, and ziprasidone, but not haloperi-
dol, sulpiride, and thioridazine, increased ACh release in
the rat mPFC (Ichikawa et al. 2002b). In the latter study,
none of the drugs affected the level of ACh in the nucleus
accumbens or striatum. The multireceptor profile of the
second-generation antipsychotics is probably involved in
these ACh effects, but so far it has not been possible to
clarify the mechanism of action (Ichikawa et al. 2002a, c;
Shirazi-Southall et al. 2002).

As previously mentioned, dopaminergic hypofunction in
the PFC is thought to have a major role in the etiology of
negative symptoms and cognitive dysfunction of schizo-
phrenia (Abi-Dargham and Moore 2003; Stone et al. 2007).
However, in humans, the N-methyl-pD-aspartate (NMDA)
receptor antagonists, phencyclidine (PCP) and ketamine,
induce psychotic symptoms and neurocognitive disturban-
ces with similarities to those observed in schizophrenia
(Enomoto et al. 2007; Javitt 2007; Krivoy et al. 2008; Stone
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et al. 2007; Tan et al. 2007). Thus, it has been hypothesized
that insufficient glutamate (Glu) neurotransmission is
involved in the pathophysiology of schizophrenia. This
hypothesis has led to clinical trials with several positive
NMDA modulators with encouraging findings (for review,
see Javitt 2007). Although single administration of an
NMDA antagonist to rodents seems to reflect some facets
of schizophrenia (Enomoto et al. 2007), withdrawal from
repeated NMDA antagonist treatment reproduces
schizophrenia-like psychosis (positive/negative symptoms
and cognitive dysfunctions) and induces neurochemical and
neuroanatomical changes (Abdul-Monim et al. 2007;
Cochran et al. 2003; Enomoto et al. 2007; Hajszan et al.
2006; Noda et al. 2000). Thus, the latter approach might be
a valuable animal model of schizophrenia. Though single
injection with the NMDA antagonist, MK-801, has been
reported to increase extracellular levels of Glu in the mPFC
(Lopez-Gil et al. 2007; Zuo et al. 2006), repeated
administration of MK-801 decreased Glu levels in the
mPFC (Zuo et al. 2006). Interestingly, 5-HT4 antagonism
has been demonstrated to increase Glu release in the rat
PFC (Dawson et al. 2001).

Second-generation antipsychotics may improve cog-
nitive impairments in schizophrenic patients since
sertindole, risperidone, and clozapine, but not haloper-
idol, were observed to reverse cognitive deficits induced
by repeated PCP administration measured by the Morris
water maze (Didriksen et al. 2007). Recent animal
studies indicate differential effects of second-generation
antipsychotics on impairment in executive cognitive
function, since sertindole induced a significant reversal
of impairment in extradimensional set shifting, while
risperidone, olanzapine, and clozapine were ineffective
(Goetghebeur and Dias 2009; Rodefer et al. 2008). The
latter differences may be associated with different receptor
profiles. As indicated in Table 1, sertindole and risper-
idone have a broad receptor profile with shared potent
antagonistic effects on the D, receptor subfamily as well
as on the 5-HT,5, 5-HT,c, and the alpha,-adrenergic
receptors. Moreover, sertindole has high 5-HTg receptor
affinity, while that of risperidone is negligible (Arnt and
Skarsfeldt 1998; Leysen 2000).

In the present work, we studied the effects of
sertindole on extracellular levels of neurotransmitters in
the brain. Furthermore, the effects of risperidone and
haloperidol as well as selective antagonists of the 5-
HT,4, 5-HT,¢, or 5-HTg4 receptor on extracellular levels
of neurotransmitters in the rat mPFC were studied. The
drug doses chosen in these experiments were based on a
study demonstrating antipsychotic-like action in the
conditioned avoidance response model where drug effects
were related to plasma levels of drugs and D, receptor
occupancy (Olsen et al. 2008).
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Table 1 Selected in vitro
receptor binding profiles of Receptor Tissue Risperidone Sertindole
risperidone and sertindole pK;
values, —log M Dopamine
D, Rat striatum 6.21 6.89
hD,p Human D,; -CHO 8.39 7.94
Serotonin
h5-HT ;A Human 5-HT; 5-Hela 6.37 6.46
h5-HT, A Human 5-HT4-1L929 9.39 9.97
p5-HT,c Pig choroid plexus 7.12 8.84
h5-HTs Human 5-HTe-HEK293 5.53 9.13
15-HT, Rat 5-HT,-HEK293 9.01 7.97
Acetylcholine
All measurements were Muscarinic Rat striatum <5 5.61
performed under a temperature Adrenaline
condition of 37°C (adapted from rAlpha, Rat cortex 861 871

Leysen 2000)

Materials and methods
Animals

Male Sprague—Dawley rats (Charles River), initially weigh-
ing 250 g, were used. The animals were housed two per
cage in Makrolon cages (20 x 35 ¢cm) with one plastic house
for enrichment. The animals were kept in an animal room at
room temperature under a 12-h light/dark cycle (lights on at
0600 hours). Food and water were available ad libitum. The
rats had a minimum of 5 days adaptation in the animal
facility prior to the initiation of experiments and the
animals were brought to the experimental room the day
before the experiment. Ethical permission for the proce-
dures used in this study was granted by the Animal Welfare
Committee, appointed by the Danish Ministry of Justice
and all animal procedures were carried out in compliance
with EC Directive 86/609/EEC and with Danish law
regulating experiments on animals.

Compound administration

Sertindole (free base; H. Lundbeck A/S) was dissolved in
isotonic water to which was added a small amount of acetic
acid and administered per os (p.o.) in a volume of 5 mL/kg.
Risperidone (free base; Jansen) and haloperidol (free base;
Sigma) were dissolved in saline to which was added a small
amount of HCI and tartaric acid, respectively. M100907 (R
(+)-x-(2,3-dimethoxyphenyl)-1-[2-(4-fluorophenylethyl)-
4-piperdine-methanol]; free base; Axon Biochemicals
BV) was dissolved in 0.1 M methanesulfonic acid.
SB242084 (6-chloro-5-methyl-1-[6-(2-methylpiridin-3-
yloxy)pyridin-3-yl carbamoyl] indoline; dihydrochloride;
Sigma), GSK742457 (3-benzenesulfonyl-8-piperazin-1-
yl-quinoline; free base, Custom Synthesis, Sundia

Meditech), and SB-271046 (5-chloro-N-(4-methoxy-3-
piperazin-1-yl-phenyl)-3-methyl-2-benzothio-phenesulfo-
namide; hydrochloride; Axon Biochemicals BV) were
dissolved in 10% 2-hydroxypropyl-beta-cyclodextrin. Ris-
peridone, haloperidol, M100907, SB242084, and
GSK742457 were administered subcutaneously (s.c.) in
volumes of 2.5 mL/kg. SB-271046 was administered s.c.
in a volume of 5 mL/kg.

Microdialysis

Male Sprague—Dawley rats were anesthetized and intracere-
bral guide cannulas (CMA/12) were stereotaxically implanted
into the brain positioning the dialysis probe tip in the mPFC
(coordinates=3.2 mm, anterior to bregma; 0.8 mm, lateral;
4.0 mm ventral to dura) or the nucleus accumbens (coor-
dinates=1.7 mm, anterior to bregma; 0.7 mm, lateral; 8.0 mm
ventral to dura; Paxinos and Watson 1998). The microdialysis
probe (CMA/12, 0.5 mm diameter, 2 or 3 mm length) was
inserted through the guide cannula and perfused with filtered
Ringer's solution (145 mm NaCl, 3 mM KCI, 1 mM MgCl,,
and 1.2 mM CaCl, [+0.5 puM neostigmine for ACh
measurements]) at a constant flow rate of 1 pL/min.

Analysis of dialysate DA

The content of DA in the dialysates was analyzed by means of
high-performance liquid chromatography (HPLC) with elec-
trochemical detection. The monoamines were separated by
reverse-phase liquid chromatography (ODS 150 x2 mm
column). The mobile phase consisted of 150 mM NaH,POy,,
4.8 mM citric acid monohydrate, 3 mM dodecyl sulfate,
50 uM ethylenediaminetetracetic acid, 11.3% methanol, and
16.7 % acetonitrile (pHS5.6); flow rate of 0.2 mL/min.
Electrochemical detection was accomplished using a coulo-
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metric detector; potential was set at E2=200 mV (Coulo-
chem II, ESA). The lowest level of quantification was
0.5 fmol/20 puL.

Analysis of dialysate Glu

The content of Glu in the dialysates was determined by means
of HPLC with fluorescence detection after precolumn online
derivatization with o-phthalaldehyde (OPA) using a fully
automated HPLC fluorescence system (Agilent 1100). The
reaction buffer was a 0.4 M boric acid buffer adjusted to pH
9.0 with NaOH. Using the autoinjector of the HPLC system,
5 uL reaction buffer, 1 pL OPA derivatization solution (OPA,;
10 mg/mL), and 1 pL microdialysis sample was mixed and
allowed to react for 2 min and thereafter injected onto the
HPLC system. Glu was separated on a Hypersil AA-ODS
column (5 pm, 2.1 x 200 mm, Agilent) with oven temperature
of 40°C. Flow rate was 0.45 mL/min. Mobile phase A
consisted of 20 mM sodium acetate, 0.018% triethylamine,
and 3% tetrahydrofuran (pH7.2). Mobile phase B consisted of
20 mM sodium acetate, 40% acetonitrile, and 40% methanol.
A linear gradient was applied from 0 min (A/B=100:0 v/v) to
7 min (A/B=40:60 v/v) after which (from 8 min) elution was
carried out with mobile phase B alone. A 5 min re-
equilibration period was allowed between samples. The
Agilent 1100 fluorescence detector was set to excitation at
340 nm and emission at 450 nm. The lowest level of
quantification was 100 fmol/uL.

Analysis of dialysate ACh

The content of ACh in the dialysates was analyzed by means
of HPLC with electrochemical detection using a mobile phase
consisting of 100 mM Na,HPO,4, 2.0 mM octane sulfonic
acid, 0.5 mM tetramethyl ammonium chloride, and 0.005%
MB (ESA), pHS8.0. A precolumn enzyme reactor (ESA)
containing immobilized choline oxidase eliminated choline
from the injected sample (10 pL) prior to separation of ACh
on the analytical column (ESA ACH-250); flow rate
0.35 mL/min, temperature 35°C. After the analytical column,
the sample passed through a postcolumn solid-phase reactor
(ESA) containing immobilized acetylcholine esterase and
choline oxidase. The latter reactor converted ACh to choline
and subsequently choline to betaine and H,O,. The latter was
detected electrochemically by using a platinum electrode;
potential was set at E1 =300 mV (Coulochem III, ESA, model
5040). The lowest level of quantification was 25 fmol/10 uL.

Data presentation
The mean value of three consecutive dialysis samples

immediately preceding compound administration served as
the basal level for each experiment and data were converted to
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percentage of basal (mean basal preinjection values normalized
to 100%). All data are presented as mean values + SEM. Data
were analyzed by two-way analysis of variance followed by the
Bonferroni post hoc test for between-groups multiple compar-
isons. Data were evaluated by SigmaStat version 3.0.1.

Results

Basal levels of neurotransmitters in the dialysates from rat
mPFC

Basal levels of DA, Glu, and ACh in the dialysates
obtained from rats used in the study were 2.4+0.2 fmol/
20 uL (n=35, rats used for sertindole and risperidone
experiments), 22.0+3.0 pmol/20 uL (n=32), and 302.6+
30.0 fmol/10 pL (n=24), respectively.

Effects of sertindole and risperidone on the level of DA
in dialysates from rat mPFC

Administration of sertindole (2.5 and 10 mg/kg p.o.; 86 =
42.60, p<0.001) and risperidone (1 mgkg s.c.; Fij00=
133.24, p<0.001) significantly increased extracellular levels
of DA in the mPFC compared to vehicle-treated animals
(Fig. 1a, b). Moreover, sertindole (2.5 and 10 mg/kg p.o.)
and risperidone (1 mg/kg s.c.) induced equivalent and
significant increases in the extracellular levels of DA in the
nucleus accumbens (by 200% and 190%, respectively)
compared with their respective effects in the mPFC (data
not shown).

Effects of haloperidol, M100907, SB242084, GSK-742457,
and the combination of haloperidol plus M100907,
SB242084, or GSK-742457 on the level of DA

in dialysates from rat mPFC

The administration of haloperidol alone (0.5 mg/kg s.c.)
enhanced the DA levels to a minor degree in the mPFC
(122 % at =60 min, normalizing the preinjection levels
to 100%) compared to vehicle-treated animals (F; 45=
7.45, p=0.009). M100907 (0.5 mg/kg s.c.; F'y 40=7.4,p=
0.01) induced a minor but significant overall increase in
the DA levels. SB242084 (0.5 mg/kg s.c.; F16,=3.9, p=
0.052) also tended to increase the DA levels when
administered alone (Fig. 2a). GSK-742457 (1.25 mg/kg s.c;
F34=8.06, p=0.006) induced a slight but significant overall
increase in the DA levels (Fig. 2b). However, the combinations
of haloperidol plus M100907 (F3=31.58, p<0.001),
SB242084 (F1‘55:40.36, p<0001), or GSK742457 (Fl,lll =
26.50, p>0.001) induced robust increases in the extracellular
levels of DA compared to that in vehicle-treated animals
(Fig. 2a, b).
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Fig. 1 Time-dependent effects of sertindole and risperidone on the
level of DA in dialysates from rat mPFC. The drugs were administered
at =0 (arrow). Data are presented as the means + SEM. a Sertindole
and b risperidone induced significant increases in extracellular DA.
*p<0.05 versus vehicle treatment

Effects of sertindole and risperidone on the level of ACh
in dialysates from rat mPFC

Both sertindole (10 mg/kg p.o.; F213=20.94, p<0.001)
and risperidone (1 mgkg s.c.; Fy3;=22.21, p<0.001)
significantly increased the extracellular levels of ACh in the
mPFC compared to vehicle-treated animals (Fig. 3a, b).

Effects of sertindole and risperidone on the level of Glu
in dialysates from rat mPFC

Sertindole (10 mg/kg p.o.; Fj 99=15.89, p<0.001), but not
risperidone (1 mg/kg s.c.), significantly increased the
extracellular level of Glu in the mPFC compared to
vehicle-treated animals (Fig. 4a, b).

Effect of SB-271046 on the level of Glu in dialysates
from rat mPFC

SB-271046 (10 mg/kg s.c.; [y ga=16.44, p<0.001) signif-
icantly increased the extracellular level of Glu in the mPFC
compared to vehicle-treated animals (Fig. 5).

Discussion
In the present study, the selected doses of sertindole and

risperidone have been shown to induce D, receptor
occupancies that correspond to therapeutically effective
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Fig. 2 a Effects of haloperidol (0.5 mg/kg s.c.), M100907 (0.5 mg/kg s.c.),
SB242084 (0.5 mg/kg s.c.), and the combinations of haloperidol plus
M100907 and haloperidol plus SB242084 on the level of DA in
dialysates from rat mPFC. b Effects of haloperidol (0.5 mg/kg s.c.),
GSK742457 (1.25 mg/kg s.c.), and the combination of haloperidol and
GSK742457 on the level of DA in dialysates from rat mPFC. The
compounds were administered at =0 (arrow). Data are presented as the
means = SEM. *p <0.05 versus vehicle treatment
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Fig. 3 Time-dependent effects of sertindole and risperidone on the
level of ACh in dialysates from rat mPFC. The drugs were
administered at =0 (arrow). Data are presented as the means =+
SEM. a Sertindole and b risperidone significantly increased extracel-
lular levels of ACh in the mPFC. *p<0.05 versus vehicle treatment

levels (Olsen et al. 2008) and induce behavioral effects in a
number of animal models of psychosis (Arnt and Skarsfeldt
1998). Moreover, the risperidone dose has been used
frequently to study the effect on neurotransmitter systems
(Kuroki et al. 1999; Shirazi-Southall et al. 2002).

As previously mentioned, both sertindole and risperi-
done have a broad receptor profile with shared potent
effects on the D, receptor subfamily as well as on the 5-
HT,4, 5-HT,¢, and alpha;-adrenergic receptors (Arnt and
Skarsfeldt 1998). Furthermore, sertindole has high 5-HTg
receptor affinity, while that of risperidone is negligible
(Leysen 2000; Table 1).

In this study, we demonstrated that acute treatment with
sertindole increases the extracellular levels of DA in the
mPFC and nucleus accumbens. This was also observed for
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Kuroki et al. 1999). The increase in extracellular levels of
DA in the nucleus accumbens induced by sertindole and
risperidone may primarily be due to blockade of presynap-
tic D, receptors (Westerink and De Vries 1989), since D,/3
receptor affinities of antipsychotics correlate to their
preferential effects on DA levels in the nucleus accumbens
(Kuroki et al. 1999). The increase in mPFC DA levels
induced by second-generation antipsychotics appears to
involve additional receptors giving the fact that most
prefrontal dopaminergic neurons do not possess D, autor-
eceptors (Lammel et al. 2008). In the present study,
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Fig. 4 Time-dependent effects of sertindole and risperidone on the
level of Glu in dialysates from rat mPFC. The drugs were
administered at =0 (arrow). Data are presented as the means =+
SEM. a Sertindole significantly increased extracellular levels of Glu in
the mPFC. b Risperidone did not affect the levels of extracellular Glu.
*p<0.05 versus vehicle treatment
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Fig. 5 Time-dependent effect of SB-271046 on the level of Glu in
dialysates from rat mPFC. The compound was administered at t=0
(arrow). Data are presented as the means + SEM. SB-271046
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haloperidol induced a small increase in the DA levels in the
mPFC in agreement with other observations (Li et al. 2005;
Liegeois et al. 2002).

Serotonergic pathways seem to be of significance for the
regulation of extracellular DA in the mPFC (Gobert et al.
2000; Li et al. 2005). In the rat, prefrontal 5-HT,, receptors
are located on pyramidal neurons and, to a lower degree, on
GABAergic interneurons (Cornea-Hebert et al. 1999; Jakab
and Goldman-Rakic 2000). Local activation of 5-HT,A
receptors in the mPFC influences DA neuron activity in the
ventral tegmental area (VTA) and DA release in the
mesocortical pathway (Bortolozzi et al. 2005). The 5-
HT,4 antagonist, M100907, has been reported to increase
(Schmidt and Fadayel 1995) or exert no effect on DA levels
in the mPFC (Liegeois et al. 2002). It has been suggested
that the increase in DA levels in the mPFC, relative to those
in the nucleus accumbens, following the administration of
second-generation antipsychotics, which produce relatively
weaker D, receptor blockade and more potent 5-HT,a
receptor blockade, largely depend on combined D,/5-HT; 4
receptor blockade (Kuroki et al. 1999; Li et al. 2005;
Liegeois et al. 2002). At higher doses, which produce
greater D, receptor occupancy, other mechanisms may be
involved, e.g., alpha,-adrenoceptor (Devoto et al. 2004) or
5-HT,¢ receptor antagonism (Gobert et al. 2000; Pozzi et
al. 2002). It has been suggested that the combination of D,
and 5-HT,, receptor blockade increases DA release via the
5-HT o receptor since some (Ichikawa et al. 2001) but not
all (Assie et al. 2005) studies have shown that the 5-HT o
antagonist, WAY 100635, antagonizes DA release induced
by the D, and 5-HT,, receptor combination. In the present
study, M100907 alone induced a minor but significant

increase in extracellular DA levels, but in combination with
haloperidol, M100907 robustly enhanced the DA levels in
the mPFC, indicating that the D,/5-HT,, antagonism of
sertindole and risperidone may critically control the DA
release in the mPFC. However, at present, the mechanism
of action of the combined D, and 5-HT,, antagonism on
extracellular levels of DA in the mPFC is unclear.

As previously mentioned, sertindole and risperidone
have 5-HT,c receptor antagonistic properties (Arnt and
Skarsfeldt 1998). A recent study on 5-HT,c receptor
immunoreactivity revealed that 5-HT,c receptors are
located on GABAergic interneurons in the VTA and on
DA neurons in the middle VTA (Bubar and Cunningham
2007). Systemic administration of the selective 5-HT,c
receptor agonist, WAY-163909, decreased the number of
spontaneously active DA neurons in the VTA (Marquis et
al. 2007). Administration of the selective 5-HT,c receptor
agonist, Ro-60-0175, locally into the VTA antagonized
stress-induced increases in DA levels in the mPFC without
affecting basal DA levels (Pozzi et al. 2002). Thus, 5-HT,¢
receptors may regulate DA efflux in the mesocortical
system by activating tonic GABA inhibition or influencing
5-HT,¢ receptors on DA neurons in the VTA. In the present
study, a lower dose of SB242084 (0.5 mg/kg s.c.) tended to
increase the DA levels in the mPFC, but the increase did
not reach statistical significance (p=0.052). However, in
combination with haloperidol, SB242084 enhanced the DA
levels distinctly in the mPFC compared to the vehicle-
treated animals, suggesting that the D,/5-HT,¢ antagonism
of sertindole and risperidone may also contribute to the DA
release in the mPFC.

In the present study, the administration of the potent 5-
HTg antagonist, GSK-742457 (Upton et al. 2008), induced
a slight but significant increase in the mPFC DA levels
when injected alone. When combined with haloperidol, the
increase in DA levels was distinct compared to vehicle-
treated animals. The dose of GSK-742457 in the present
study has been shown to yield approximately 90%
occupancy at the 5-HTg receptor in vivo (unpublished in-
house data), consistent with data reported by Upton et al.
(2008). In a recent study, the 5-HT antagonist, SB-
271046 at 10 mg/kg p.o., produced augmented levels of
DA and noradrenaline without altering the serotonin levels
in the mPFC (Lacroix et al. 2004). Another study using
the 5-HTg receptor antagonist, SB-399885, reported that
this antagonist did not affect basal levels of DA in the rat
mPFC significantly and had no effect on haloperidol
(0.1 mg/kg s.c.)-induced DA efflux but potentiated
risperidone (1.0 m/kg s.c.)-induced DA efflux (Li et al.
2007). This indicates that 5-HT4 antagonism may affect
cortical DA levels positively when administered alone or
in combination with current antipsychotics. However,
since sertindole and risperidone have similar effects on
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the DA levels, the 5-HTg4 antagonistic effect of sertindole
may not be of significant importance for the effect on the
DA levels.

Sertindole may enhance DA levels in the mPFC by
affecting the above-mentioned receptor types. Restoration of
prefrontal DA levels would be expected to increase transmis-
sion through the D; receptor, which may alleviate cognitive
impairments and negative symptoms (Abi-Dargham and
Moore 2003).

In the present study, sertindole, like risperidone, was found
to increase the extracellular levels of ACh in the mPFC. As
previously described, second-generation antipsychotics mark-
edly increased the levels of ACh in the rat hippocampus,
leaving conventional antipsychotics with a very modest
increase (Shirazi-Southall et al. 2002). Moreover, olanzapine,
but not haloperidol, increased ACh release in the rat mPFC
(Ichikawa et al. 2002b). In the latter study, none of the drugs
affected the level of ACh in the nucleus accumbens or
striatum. So far, it has not been possible to clarify the
mechanism by which second-generation antipsychotics affect
ACh levels. The combination of M100907 and haloperidol,
which enhances DA release in the mPFC, did not affect the
ACh release (Ichikawa et al. 2002a). Shirazi-Southall et al.
(2002) reported that 5-HT,4, 5-HT,¢c, D», or 5-HTg receptor
antagonism alone increased ACh levels approximately 50%
in the rat hippocampus without attaining statistical signifi-
cance, while olanzapine and clozapine, both possessing high
affinities for muscarinic receptors, induced robust ACh
increases. The selective 5-HTy receptor antagonists, 4-(2-
bromo-6-pyrrolidin-1-ylpyridine-4-sulfonyl)phenyl-amine
(Riemer et al. 2003) and SB-399885 (Hirst et al. 2006),
increased rat cortical ACh levels significantly. However,
since sertindole and risperidone have similar effects on the
ACh levels, the 5-HT¢ antagonistic effect of sertindole may
not be of significant importance for the effect on the ACh
levels. A recent study showed that local infusion of the D,
receptor agonist, quinelorane, into the nucleus accumbens
simultaneous with the infusion of NMDA blocked the
nucleus accumbens NMDA receptor-mediated increases in
ACh in the rat mPFC (Brooks et al. 2007), indicating a
complex regulation of the ACh efflux in the mPFC. It is,
however, likely that the broad receptor profile of the second-
generation antipsychotics is involved in the facilitating effect
on the ACh neurotransmission in the mPFC.

It should be noted that, in the present work, the drug
effects on ACh levels were measured in the presence of
neostigmine in the perfusion solution to detect potential
effects of the drugs reliably. However, increased basal
levels of ACh due to ACh esterase inhibition are assumed
to activate muscarinic autoreceptors (Moor et al. 1998).
Thus, this condition may complicate the interpretation of
results from experiments with drugs, which have additional
muscarinic receptor antagonism, e.g., clozapine produced
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greater increases in the ACh levels in mPFC in the presence
of neostigmine (Ichikawa et al. 2002b). However, since
sertindole and risperidone do not block muscarinic recep-
tors (Table 1), this is not considered an issue in the present
study.

In the present study, sertindole and SB-271046 increased
the extracellular levels of Glu in the mPFC. Enhanced
extracellular levels of Glu in the rat frontal cortex induced
by SB-271046 have been observed previously (Dawson et
al. 2000, 2001). Thus, the potent affinity of sertindole for
the 5-HT¢ receptor may be involved in the effect on the Glu
levels. It is notable that the onset of increases in Glu levels
induced by sertindole and SB-271046 seems to be rather
slow. This might indicate that the effect of the compounds
on Glu levels is mediated through indirect mechanisms.
However, plasma levels of SB-271046 peaks 3—4 h after
administration (Routledge et al. 2000). This may also
explain the slow onset of increase in Glu levels as regards
SB-271046.

It is well-established that acute PCP treatment increases
release of brain Glu levels in the brain (Enomoto et al.
2007; Jentsch and Roth 1999). Adams and Moghaddam
(2001) concluded that the acute PCP Glu activation model
lacks predictive validity for current antipsychotics, since
haloperidol, clozapine, and M100907 were ineffective in
inhibiting the dopaminergic and motoric effects of acute
PCP (Adams and Moghaddam 2001). By comparing acute
and repeated PCP treatments, it has been concluded that
care should be taken when arguing for a complete
isomorphism between acute NMDA antagonist-induced
behavioral deficits in animals and symptoms of schizophre-
nia (Enomoto et al. 2007; Jentsch and Roth 1999). In
contrast, repeated PCP treatment has been suggested to be a
valid animal model of schizophrenia (for reviews, see
Jentsch and Roth 1999; Enomoto et al. 2007). Subchronic
treatment with PCP induced increased depolarization of
pyramidal neurons in the PFC after the application of
exogenous NMDA (Arvanov and Wang 1999). This may
indicate an upregulation of NMDA receptors due to
reduced glutamatergic transmission. In the same study, it
was demonstrated that clozapine administration prevented
the functional hypersensitivity. Accordingly, acute admin-
istration of the NMDA antagonist, MK-801, increased the
extracellular levels of Glu in the mPFC (Lopez-Gil et al.
2007; Zuo et al. 2006), while repeated administration of
MK-801 decreased Glu levels in the mPFC (Zuo et al.
2006). Moreover, basal DA levels seem to be reduced in the
rat PFC after subchronic PCP (Jentsch and Roth 1999).
Since released Glu facilitate cholinergic transmission in the
PFC (Parikh et al. 2008), a normalization of glutamatergic
hypofunction may positively affect DA and ACh functions
in the PFC. The selective 5-HT¢ antagonist, SB-399885,
was shown to fully reverse the deficit in spatial learning in



Psychopharmacology (2009) 206:39—49

47

aged rats and scopolamine-induced deficit in the novel
recognition paradigm (Hirst et al. 2006).

The increase in extracellular Glu levels in the PFC, which
may be regulated by 5-HT¢ receptor antagonism, differ-
entiates sertindole from risperidone. As previously described,
sertindole induced a significant reversal of impairment in
extradimensional set shifting, while risperidone was ineffec-
tive (Goetghebeur and Dias 2009; Rodefer et al. 2008).

Basal level of Glu of synaptic origin may be difficult to
measure due to the fact that Glu apparently barely escapes the
synaptic cleft during basal conditions. Astroglial cells have
been suggested to be an important source of basal Glu levels
(Schousboe and Waagepetersen 2006) and more than 60% of
the basal extracellular level of Glu has been suggested to be
of nonsynaptic origin (Bogen et al. 2008; Fonnum 1984).
Microdialysis experiments using potassium depolarization
and extracellular calcium removal have indicated small
releasable pools of synaptic Glu in the brain (Frantz et al.
2002; Herrera-Marschitz et al. 1996). However, a variety of
studies have detected synaptic Glu release by microdialysis
by means of chemical, electrical, and behavioral stimulation
(for review, see van der Zeyden et al. 2008). Despite the fact
that the source of the reported Glu changes after acute and
chronic NMDA antagonist and 5-HT¢ antagonist treatments
is unclear at present, it is likely that the increased Glu levels
facilitate the function of the NMDA receptor.

One consideration for any drug that acts to modulate Glu
would be the potential for excitotoxicity. However, various
strategies aimed at different neurotransmitter systems actually
alter the activity of glutamatergic neurons. For example, ACh
esterase inhibitors increase the release of Glu (Dijk et al.
1995b), while 5-HT; o antagonism potentiates the effects of
both muscarinic agonists and NMDA on Glu release (Dijk et
al. 1995a). Thus, it is possible that cognitive benefits of
drugs directed at these targets involve actions on glutama-
tergic neurons. More direct approaches include ampakines,
which are positive modulators of the action of Glu at AMPA
receptors (Arai and Kessler 2007), and as previously
mentioned, strategies for increasing the NMDA receptor
function (Javitt 2007). In the context of reduced Glu function
in schizophrenia and the fact that the above compounds have
actions, which modulate the efficacy of Glu released in
normal synaptic transmission, an excitotoxicity potential
would appear to be less of a concern. In comparison,
cerebral ischemia has been reported to induce fivefold to
eightfold increase in extracellular Glu levels in the rat brain
(Benveniste 2009; Dohmen et al. 2005).

In the present study, we demonstrate that the second-
generation antipsychotic drug, sertindole, enhances extra-
cellular levels of DA, ACh, and Glu in the rat mPFC. Thus,
restoration of insufficient dopaminergic and glutamatergic
transmission and strengthening of the cholinergic transmis-
sion in the PFC may be involved in the beneficial effects of

sertindole on cognitive function and the superior effect
against negative symptoms compared to risperidone
reported in a clinical study on sertindole and risperidone
(Azorin et al. 2006).
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