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Abstract

Rationale Blockade of N-methyl-d-aspartic acid (NMDA)
receptors in the rat medial prefrontal cortex (mPFC) impairs
performance in the five-choice serial reaction time task (5-
CSRTT) and increases glutamate (GLU) release. Recent
research suggests that excessive GLU release may be
critical for attention deficits.

Objectives We tested this hypothesis by investigating the
effects of the atypical antipsychotics sertindole and cloza-
pine on 3-(R)-2-carboxypiperazin-4-propyl-1-phosphonic
acid (CPP)-induced performance deficits in the 5-CSRTT
and on the CPP-induced GLU release in the mPFC.
Methods The 5-CSRTT, a test of divided and sustained
visual attention providing indices of attentional functioning
(accuracy of visual discrimination), response control (an-
ticipatory and perseverative responses) and intracortical
microdialysis in conscious rats were used to investigate the
effects of sertindole and clozapine.

Results Low doses of sertindole (0.02-0.32 mg/kg) pre-
vented CPP-induced accuracy deficits, anticipatory over-
responding and the rise in GLU release. In contrast, doses
ranging from 0.6 to 2.5 mg/kg had no effect or even
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enhanced the effect of CPP on anticipatory responding.
Similarly, 2.5 mg/kg sertindole was unable to reverse CPP-
induced rise in GLU release. Clozapine (2.5 mg/kg)
prevented accuracy deficits and the increase in anticipatory
responding and abolished the rise in GLU release induced
by CPP.

Conclusions These findings show that the ameliorating
effects of sertindole and clozapine on NMDA receptor
dependent attention deficit is associated with suppression in
GLU release in the mPFC. This supports the proposal that
suppression in GLU release might be a target for the
development of novel drugs aimed at counteracting some
aspects of cognitive deficits of schizophrenia.

Keywords Antipsychotics - Cognitive deficits - Glutamate -
Medial prefrontal cortex - NMDA receptor -antagonists

Introduction

Dysfunctional glutamate (GLU) transmission in the medial
prefrontal cortex (mPFC) has been implicated in aspects of
cognitive deficits of schizophrenia, including attention
disorders and deficits in executive functions (Braff 1993;
Frith 1987; Javitt and Zukin 1991). Hypofunction of
N-methyl-d-aspartic acid (NMDA) receptors in the patho-
physiology of schizophrenia stems from clinical observa-
tion that non-competitive NMDA receptor antagonists such
as phencyclidine (PCP) and ketamine cause schizophrenia-
like symptoms in normal people and exacerbates psychotic
and negative symptoms in schizophrenic patients and
cognitive deficits associated with the disease (Javitt and
Zukin 1991; Krystal et al. 1994; Lahti et al. 1995; Luby et
al. 1962; Malhotra et al. 1997). Based on these findings,
administration of single or repeated doses of NMDA

@ Springer


http://dx.doi.org/10.1007/s00213-010-2066-6

626

Psychopharmacology (2011) 214:625-637

receptor antagonists has become a widely used pharmaco-
logical model of schizophrenia in rodents. Findings that
drugs that abolished cognitive deficits induced by PCP and
ketamine also prevented increased extracellular GLU in the
mPFC (Moghaddam et al. 1997; Moghaddam and Adams
1998) suggested that excessive GLU on non-NMDA
receptors in the mPFC might cause cognitive impairment.
Accordingly, selective blockade of mPFC NMDA receptors
with the competitive NMDA receptor antagonist 3-(R)-2-
carboxypiperazin-4-propyl-1 phosphonic acid (CPP) caused
attention deficit (decreased accuracy of visual discrimina-
tion) and loss of inhibitory response control (increase in
anticipatory and perseverative responses) in a task of
divided and sustained attention such as the five-choice
serial reaction time task (5-CSRTT) (Mirjana et al. 2004).
Furthermore, CPP increased extracellular GLU in the
mPFC (Ceglia et al. 2004). These effects were prevented
by the blockade of 5-HT,, receptors (Ceglia et al. 2004;
Mirjana et al. 2004) or stimulation of 5-HT; 5 and 5-HT,c
receptors (Calcagno et al. 2009; Carli et al. 2006). In
addition, antipsychotic drugs such as haloperidol and
clozapine also prevented CPP-induced deficits in rats’
performance in the 5-CSRTT although, differences were
noted in the ability of these drugs to control various aspects
of performance such as anticipatory and perseverative
responding and accuracy (Baviera et al. 2008). Antipsychotic
drugs show a complex pharmacology involving various
monoaminergic receptors (Arnt and Skarsfeldt 1998). Al-
though the greater efficacy of newer antipsychotics com-
pared to the first-generation antipsychotics in controlling
cognitive disturbances in schizophrenic patients is contro-
versial, there is some indication that drugs such as clozapine
(a prototype of atypical antipsychotics), characterized by
high affinity and antagonistic effect at 5-HT, receptors are
somewhat more effective than conventional antipsychotics in
improving some aspects of cognitive deficits (Harvey and
Keefe 2001; Keefe et al. 1999; Meltzer and McGurk 1999).
However, it has been argued that cognitive improvement
with clozapine might be due to practice effects with the
testing instruments (Goldberg et al. 2007).

Sertindole is a novel antipsychotic drug showing
efficacy against positive and negative symptoms of schizo-
phrenia and low propensity to cause extrapyramidal side
effects (Kane and Tamminga 1997; Zimbroff et al. 1997). It
has also been shown to improve some aspects of cognitive
functions of schizophrenic patients (Gallhofer et al. 2007)
and reverse cognitive deficits induced by acute or sub-
chronic PCP in rats such as Morris’ water maze test, and in
tests of reversal learning, object recognition and attentional
set shifting (Didriksen et al. 2007; Idris et al. 2010; Rodefer
et al. 2008).

The present study investigated the ability of sertindole to
improve CPP-induced performance impairment in the 5-
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CSRTT and changes in GLU release. The behavioural and
neurochemical effects of sertindole were compared to that
of clozapine.

Materials and methods
Animals

Male Lister—Hooded rats (Charles River, UK) weighed
between 300 and 350 g before surgery and throughout the
experiments were used in behavioural studies, whereas rats
used in microdialysis studies were male CD rats (Charles
River, Calco, Italy), which weighed approximately 250—
300 g. They were housed at a constant room temperature
(21+1°C) and relative humidity 50+5%, with a 0700-
1900 hday/night cycle. Food was freely available for CD
rats while Lister—Hooded rats had limited access to food
(about 15 g of Altromin pellets for rats) at the end of each
day's testing to keep the animals at 85-90% of their initial
free-feeding weight. Water was freely available for all rats.
Lister Hooded rats were preferred for behavioural studies as
they reach high levels of performance after training on the
5CSRT task. On the other hand, CD rats were preferred for
microdialysis as previous studies were done on this strain
(Calcagno et al. 2009; Calcagno et al. 2006; Ceglia et al.
2004) and no gross differences in the response to intra-
cortical CPP were noted between Lister Hooded and CD
rats (Carli et al. 2010).

All experiments were conducted in conformity with the
institutional guidelines that are in compliance with national
(D.L. n. 116, G.U., suppl. 40, 18 Febbraio 1992, Circolare
No. 8, G.U,, 14 Luglio 1994) and international laws and
policies (EEC Council Directive 86/609, OJ L 358,1,
Dec.12, 1987; Guide for the Care and Use of Laboratory
Animals, U.S. National Research Council, 1996).

Behavioural studies
Five-choice serial reaction time task

The apparatus consisted of four specially designed boxes
(Campden Ins. UK) controlled online by Whisker software
(Cambridge University Technical Services, Ltd. UK). The
apparatus and training procedures are described elsewhere
(Carli et al. 1983).

Briefly, rats were trained to wait for a fixed time (5 s)
before a brief visual stimulus (0.5 s) was presented in one
of the five holes. While the light was on and for a short
period afterwards (limited hold), response in the hole that
was illuminated (correct response) resulted in the delivery
of a food pellet. Responses in the holes that had not been
illuminated (incorrect responses) or failure to respond
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within the limited hold (omissions) caused the house light
to be turned off for a short period (time out). Throughout
the study, each rat had only one session consisting of 100
trials per day.

The following performance measures were recorded:
choice accuracy (the proportion of correct responses in the
total number of correct plus incorrect responses), omissions
(the proportion of omissions in the total number of correct+
incorrect+omissions), anticipatory responses (responses
made in the holes during the waiting period before presenta-
tion of the target), perseverative responses (responses repeated
in the holes after a correct response but before collecting the
food pellet). Correct response latency (the time from the
stimulus onset to a correct response) and magazine latency
(the time from the correct response to the collection of food
from the magazine) were also recorded. Rats were considered
to have acquired the task when their accuracy was about 80%
correct responses with no more than 20% omissions.

Surgery, drug administration and microinjection procedure

Rats previously trained to a stable level of performance
were anesthetized by an intraperitoneal (IP) injection
(2 ml/kg) of 40 mg/ml ketamine and 5 mg/ml xylazine.
All animals received 0.1 mg/kg atropine sulfate IP. The
rats were secured in a stereotaxic frame (model 900, David
Kopf Instruments, USA) with the incisor bar set at
—3.3 mm relative to the inter-aural line. Bilateral 23-
gauge, stainless steel guide cannulae (Cooper’s Needles,
U.K.) were implanted in the mPFC using standard
stereotaxic techniques. The coordinates used were: AP
+3.7 mm from bregma, L £0.7 mm from midline and DV
—2.8 from dura (Paxinos and Watson 1986). Thirty-gauge
stainless steel stylets were inserted flush with the end of
the guide cannulae.

On each test day, rats were given vehicle (2 ml/kg) or
sertindole (0.02, 0.08, 0.32, 0.625, 1.25 and 2.5 mg/kg)
orally, whereas clozapine (2.5 mg/kg) or 2 ml/kg vehicle
were given intraperitoneally. Four hours later (30 min for
clozapine), while the rat was held, the stylets were removed
and two injection units terminating 2 mm below the tip of
the guides were inserted. One microliter per hemisphere of
CPP (50 ng/ul) or vehicle was delivered into the mPFC, at
a rate of 0.5 ul/min, with a 10-ul syringe mounted in a
CMA/100 infusion pump (CMA Microdialysis, Sweden),
connected by PE10 tubing to the injection units, which
were left in place for 1 min to allow for diffusion.

Microdialysis and analytical procedures
Behaviourally naive rats were anesthetized with 3 ml/kg

Equithesin and placed on a stereotaxic apparatus (model
900, David Kopf Instruments, USA). A hole was drilled in

the skull and a small incision made in the dura with a bent
needle tip. The probe, while being perfused (1 pl/min) with
artificial cerebrospinal fluid (aCSF), was lowered slowly
into the rat mPFC and fixed vertically to the skull using two
to three stainless steel anchorage screws and acrylic
cement. Stereotaxic coordinates (in mm) for the probe tip
were: AP=+3.7, L=+0.7, V=—4.8 from bregma and dura
surface according to the stereotaxic atlas (Paxinos and
Watson 1986).

Vertical dialysis probes were prepared essentially as
described elsewhere (Robinson and Whishaw 1988) with a
dialysis membrane made of Cuprophan (Sorin Biomedica,
Italy; 216 pum outer diameter; 3,000 Da cutoff). The
exposed membrane was 4 mm long. Rats were allowed to
recover from anesthesia one per cage with free access to
food and water. About 20 h after surgery, the rat was placed
in a cage and the inlet cannula of the probes connected by
polyethylene tubing to a 2.5-ml plastic syringe containing
artificial cerebrospinal fluid (aCSF; composition (in mM):
145 NaCl, 3 KCl, 1.26 CaCl,-2 H,0, 1 MgCl,-6 H,0, 7.2
glucose in distilled water and buffered at pH 7.4 with 2 mM
sodium phosphate buffer). Probes were perfused at a
constant flow rate of 1 pl/min with a CMA/100 micro-
infusion pump (CMA/Microdialysis, Stockholm, Sweden).
After 30-60 min washout, consecutive 20-min samples of
perfusate were collected in minivials with a refrigerated
fraction collector (Microsampler 820, TSE, Germany). At
least four samples were collected before drug administra-
tion (basal).

Concentrations of GLU and 5-HT in the dialysate were
measured in the same sample by high performance liquid
chromatography coupled to electrochemical (5-HT) or
fluorometric (GLU) detection as previously described
(Ceglia et al. 2004).

Histology

At the end of behavioural and neurochemical experi-
ments, rats were deeply anesthetized with chloral hydrate
(400 mg/kg, IP) and killed by decapitation. The brain
was removed and frozen on dry ice. Correct probe and
cannula placement was checked by visual inspection of
the tracks on 30-pum coronal sections. Only rats with
correct cannula and probe placements were included in
the results.

Drugs

CPP (Tocris, USA) was dissolved in saline (behavioural
experiments) or in aCSF (microdialysis). Sertindole (H.
Lundbeck A/S, Denmark) was dissolved in water with the
addition of few drops of lactic acid, buffered with NaOH to
pH 6-7 and administered orally 4 h before administering
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CPP. This long pre-treatment time is due to a half-life of
13-15 h (Didriksen et al. 2007). Clozapine (Tocris) was
dissolved in water with the addition of few drops of lactic
acid, buffered with NaOH to pH 6-7 and was injected
intraperitoneally 30 min before CPP.

Statistics
Behavioural studies

The effects of sertindole on CPP-induced performance deficits
were tested as follows: a group of 11 rats was employed to test
the effects of 0.625 and 1.25 mg/kg, whereas 2.5 mg/kg
sertindole was tested in 15 rats. Doses of 0.02, 0.08 and
0.32 mg/kg sertindole were tested in 12 rats. Another group of
11 rats was used to test the effects of clozapine.

The effects of CPP in combination with various doses of
sertindole or clozapine on: (a) the percentage of correct
responses, (b) the percentage of omissions, (c) mean correct
response latency, (d) the number of anticipatory responses
and (e) the number of perseverative responses were
analyzed by repeated-measures two-way analysis of vari-
ance (ANOVA) with factors sertindole or clozapine and
CPP. The means of the individual treatment combinations
were compared by Tukey’s test.

Microdialysis

Extracellular levels of GLU were expressed as percentages
of basal values and analyzed by ANOVA for repeated
measures with treatments (CPP, sertindole or clozapine) as
the between-subject factors and time as the within-subject
factor. The analysis was applied to the part of the curve
corresponding to the duration of CPP infusion (60 min)
(from 240 to 300 min after sertindole or from 20 to 80 min
after clozapine). The effect of sertindole in rats given vehicle
or CPP was analyzed separately and the corresponding data
are presented in separate panels. Post-hoc comparisons were
done with Tukey’s test.

Results
Behavioural studies
Effects of high doses of sertindole

Table 1a shows that 0.6 and 1.25 mg/kg sertindole had no
effects on CPP-induced reduction in accuracy (% correct
responses) as indicated by the lack of significant interaction
sertindolexCPP (F, 50=0.17, P>0.05) no effect of sertin-
dole (F250=0.2, P>0.05) but a significant effect of CPP
(F150=24.4, P<0.0001). Post-hoc Tukey’s test indicated
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that CPP reduced accuracy (V+CPP versus V+V; Tukey’s
test, P<0.05) and that 0.625 and 1.25 mg/kg sertindole did
not prevent this effect (S0.6+CPP and S1.25+CPP versus
V+CPP; Tukey’s tests, P>0.05). On its own, sertindole had
no effect on accuracy (S0.6+V or S1.2+V versus V+V,
Tukey’s test, P>0.05).

The effects of 0.625 and 1.25 mg/kg sertindole on
CPP-induced increase in the number of anticipatory
responses (Table la) (SxCPP, F,s0=4.98, P=0.01; S,
F550=6.7, P=0.002; CPP, F;s50=49.6, P<0.0001) was
bell shaped. CPP significantly increased the number of
anticipatory responses (V+V versus V+CPP, Tukey’s test,
P<0.05) and 0.625 mg/kg sertindole significantly en-
hanced this effect (S0.6+CPP versus V+CPP; Tukey’s
test, P<0.05). However, 1.25 mg/kg had no effect on the
anticipatory over-responding (S1.25+CPP versus V+CPP,
Tukey’s test, P>0.05).

Perseverative over-responding induced by CPP was not
affected by sertindole (SxCPP, F, 50=0.7, P>0.05; S, F; 50=
0.13, P>0.05; CPP, F)5,=43.5, P<0.0001) (Table la).
Comparison between treatment means found a significant
effect of CPP (V+V versus V+CPP; Tukey’s test, P<0.05)
but no effect of sertindole (S0.6+CPP or S1.2+CPP versus
V+V; Tukey’s test, P>0.05).

Sertindole did not affect the CPP-induced increases in
the percentage of omissions (SxCPP, F2,50=0.7, P>0.05;
S, F2,50=1.4, P>0.05; CPP, F1,50=53.4, P<0.0001) or
the latency to make a correct response (SxCPP, F2,50=
0.1, P>0.05; S, F2,50=0.2, P>0.05; CPP, F1,50=4.4, P=
0.04). There was a significant increase in omissions and
the correct response latency due to CPP (for both
measures, V+CPP versus V+V, Tukey’s test, P<0.05),
but no effect of sertindole (for both measures, S0.6+CPP
or S1.25+CPP versus V+CPP, both Tukey’s tests, P>
0.05). By itself sertindole had no effect on these
performance measures (S0.6+V or S1.2+V versus V+V,
both Tukey’s tests, P>0.05).

In Table 1b, we report the effects of 2.5 mg/kg
sertindole, CPP and their combination on various parame-
ters of the 5-CSRTT. Two-way repeated-measures ANOVA
indicated a significant effects of CPP on all measures (%
correct, F 4,=17.6, P<0.0001; anticipatory, I 4,=12.4,
P<0.001; perseverative, I 4,=34.6, P<0.0001; % omis-
sions, F4,=78.5, P<0.0001; correct response latencies,
Fy4,=13.4, P<0.0005). The F values of interaction
between sertindole and CPP or of the effect of sertindole
on the various measures were not statistically significant
and are not reported.

Effects of low doses of sertindole

As shown in Fig. 1a, low doses of sertindole (S) prevented
CPP-induced reduction in accuracy. Two-way repeated-



Psychopharmacology (2011) 214:625-637

629

Table 1 Effects of high doses of sertindole on CPP-induced performance deficit in the 5-CSRT task

Treatment % Correct Anticipatory Perseverative % Omissions Response latency (s)
(a)

V+V 77.7+£2.2 6.4+0.9 22.6£3.9 9.5+1.3 0.86+0.05
S0.6+V 74.5+3.3 6.7+1.5 23.2+3.9 9.1£1.0 0.85+0.06
S1.25+V 75.3+3.7 49+1.2 18.94+3.2 14.6+4.2 0.84+0.03
V+CPP 64.6+4.6* 19.6+5.6* 40.6+3.6* 40.1+£5.7* 0.97+0.09*
S0.6+CPP 64.0£3.1 35.0+6.0# 37.4+3.2 30.1+4.3 1.03£0.13#
S1.25+CPP 65.2+4.4 15.5+£2.9 41.7 +4.7 38.0+6.6 0.94+0.07
(b)

V+V 78.2+1.8 5.7+0.9 22.54£2.6 11.54+2.0 0.81+0.05
S2.5+V 73.8+£2.5 4.6+0.9 16.3+3.1 10.6+1.6 0.79+0.05
V+CPP 65.24+3.6* 17.7+4.2% 40.5+2.9* 42.8+4.7* 0.96+0.06
S2.5+CPP 65.2+34 13.0+£3.5 40.1+4.4 36.7+£5.5 1.07+0.10

Values are mean+SEM of 11 rats in (a) and 15 rats in (b)

In (a), vehicle (V) or sertindole 0.625 (S 0.6), 1.25 mg/kg (S 1.25) were administered orally 4 h before rats were injected with vehicle (V) or
50 ng/ul CPP (CPP) into the mPFC. In (b), rats received 2.5 mg/kg sertindole (S 2.5) orally 4 h before vehicle (V) or 50 ng/pul CPP (CPP) into the
mPFC. All drugs and their combinations were administered according to a Latin square design. Due to the long half-life of sertindole, only one

testing session per week was done
*P<0.05 versus V+V; #P<0.05 versus V+CPP, Tukey’s test

measures ANOVA showed a significant interaction sertin-
dolexCPP (F3,77=6.3, P=0.0007) and significant effects of
sertindole (3 77,=5.8, P=0.001) and CPP (F, 77=58.8, P<
0.0001). Post-hoc comparisons indicated that CPP reduced
accuracy (V+CPP versus V+V; Tukey’s test, P<0.05) and
that 0.02, 0.08 and 0.32 mg/kg sertindole prevented this
effect (S0.02+CPP, S0.08+CPP and S0.32+CPP versus V
+CPP; Tukey’s tests, P<0.05). On its own sertindole had
no effect on accuracy (S0.02+V or S0.08+V or S0.32+V
versus V+V, Tukey’s test, P>0.05).

In the experiment on the effect of low doses of sertindole
(Fig. 1a), CPP seems somewhat more effective in reducing
the number of correct response than in other experiments. It
could be argued that with a lower baseline level of
performance sertindole might produce a proportionally
greater increase compared for instance to the baseline
group in experiment of Fig. 2a. Although this possibility
cannot be ruled out, observation of individual data showed
that low doses sertindole improved rats performance to a
similar extent regardless of the magnitude of CPP’s effect.

The effects of low doses of sertindole on CPP-induced
increase in the number of anticipatory responses are shown
in Fig. 1b. Repeated-measures two-way ANOVA indicated
no significant interaction between sertindole and CPP
(F577=1.9, P>0.05) but significant main effects of CPP
(£177=93.3, P<0.0001) and sertindole (F377=2.7, P=
0.05). Comparison between means showed that anticipatory
responses were increased after CPP (V+V versus V+CPP,
Tukey’s test, P<0.05) and that only the intermediate dose

of 0.08 mg/kg (S0.08+CPP versus V+CPP; Tukey’s test,
P<0.05) reduced this increase (S0.02+CPP or S0.32 + CPP
versus V+CPP, Tukey’s test, P>0.05).

Perseverative over-responding induced by CPP was
not affected by sertindole (SxCPP, F;7;=1.1, P>0.05; S,
F377=19, P>0.05; CPP, F, 77=82.8, P<0.0001) (Fig. lc).
Comparison between treatment means found a significant
effect of CPP (V+V versus V+CPP; Tukey’s test, P<0.05)
but no effect of sertindole in CPP injected rats (S0.02+CPP
or S0.08+CPP or S0.32+CPP versus V+CPP; Tukey’s test,
P>0.05) or in rats given vehicle (S0.02+V or S0.08+V or
S0.32+V versus V+V; Tukey’s test, P>0.05).

As shown in Table 2a, the CPP-induced increases in the
percentage of omissions (SxCPP, F3,77=0.2, P>0.05; S,
F3,77=0.6, P>0.05; CPP, F1,77=85.4, P<0.0001) was not
affected by any dose of sertindole (S0.02+CPP or S0.08+
CPP or S0.32+CPP versus V+CPP, all Tukey’s tests, P>
0.05). On its own, these low doses of sertindole had no
effect on omissions (S0.02+V or S0.08+V or S0.32+V
versus V+V, all Tukey’s tests, P>0.05). The correct
response latency was increased by CPP and this effect
was prevented by sertindole (SxCPP, F3,77=2.9, P=0.04;
S, F3,77=5.2, P=0.002; CPP, F1,77=121.5, P<0.0001).
Post-hoc comparisons of various treatments means showed
that 0.08 (S0.08+CPP versus V+CPP; P<0.05) and
0.32 mg/kg (S0.32+CPP versus V+CPP; P<0.05) but not
0.02 mg/kg (S0.02+CPP versus V+CPP; P>0.05) sertin-
dole prevented the increase in correct response latencies
induced by CPP (V+CPP and V+V; P<0.05).
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Sertindole 0 0.02 008032 0 002 0.08 032
" WVEHICLE = +CPP

Fig. 1 Histograms are mean+SEM of 12 rats. vehicle (0) or
sertindole 0.02, 0.08 and 0.32 mg/kg were administered orally 4 h
before bilateral injections of vehicle (+VEHICLE) or 50 ng/ul CPP
(+CPP) into the mPFC. Ten minutes later, the rats started the test
session. Rats were treated according to a Latin square design. Only
one test session per week was performed

Effects of clozapine

Figure 2a shows that both 1.25 and 2.5 mg/kg doses of
clozapine (C) prevented the CPP-induced reduction in
accuracy. Two-way repeated-measures ANOVA showed a
significant interaction between clozapine and CPP (Cx CPP,
F550=5.3, P<0.01) and significant effects of CPP (CPP,
F50=5.5, P<0.02) but not clozapine (C, F;50=0.8, P>
0.05). This interaction reflected the fact that CPP reduced
% correct responses (V+CPP versus V+V, Tukey’s test,
P<0.05) and that clozapine prevented this effect (C1.25+
CPP or C2.5 + CPP versus V+CPP, Tukey’s test, P<0.05).
No dose of clozapine by itself had any effect on accuracy
(C1.25+Vor C2.5 + V versus V+V, Tukey’s test, P>0.05).

The CPP-induced increase in anticipatory responding
(Fig. 2b) was dose-dependently reduced by clozapine
(CxCPP, F,50=3.3, P<0.05; C, F,50=5.6, P<0.005; CPP,
F.50=20.6, P<0.0001) while perseverative over-responding
was not affected (CxCPP, F, 50=0.7, P>0.05; C, F, 50=2.3,
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P>0.05; CPP, F,5,=15.7, P<0.0002) (Fig. 2¢). Post-hoc
comparisons of treatment means showed that rats injected
with CPP made significantly more anticipatory (V+CPP
versus V+V, Tukey’s test, P<0.05) and perseverative
responses (V+CPP versus V+V, Tukey’s test, P<0.05)
than vehicle controls and that pre-treatment with 1.25 and
2.5 mg/kg clozapine dose-dependently prevented the effects
of CPP (C1.25+CPP or C2.5 + CPP versus V+CPP) on
anticipatory (both Tukey’s test, P<0.05) but not persevera-
tive responding (both Tukey’s test, P>0.05). On its own,
clozapine (C1.25+V or C2.5 + V versus V+V) had no effect
on the number of anticipatory or perseverative responses
(both, Tukey’s test, P>0.05).

Table 2b shows that the increase in the percentage of
omissions (CxCPP, F2,50 =0.8, P>0.05; C, F2,50=2.8, P=
0.06; CPP, F1,50=31.9, P<0.0001) and latency to make a
correct response (CxCPP, F2,50=4.7, P=0.01; C, F2,50=
1.4, P>0.05; CPP, F1,50=11.3, P<0.001) induced by CPP
was not affected by clozapine. Comparison of treatment
means indicated no effect of clozapine on CPP-induced

100+
90+
80+

70+

% CORRECT
RESPONSES

40+

304

204 #

RESPONSES

104

N. OF ANTICIPATORY T

60+

40+

RESPONSES

N. OF PERSEVERATIVE ©

LE

Clozapine .0 1.25 2.5l .0 125 2.5l

" +VEHICLE +CPP

Fig. 2 Histograms are mean+SEM of 11 rats. Vehicle (0) or clozapine
1.25 and 2.5 mg/kg were injected intraperitoneally 30 min before
bilateral injections of vehicle (+VEHICLE) or 50 ng/ul CPP (+CPP)
into the mPFC. Ten minutes later, the rats started the test session. Rats
were treated according to a Latin square design with at least 72 h of
washout period between test sessions
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Table 2 Effects of low doses of sertindole and clozapine on
omissions and correct response latency

Treatment Omissions Response Latency (s)
(a)

V+V 15.7+£2.9 0.67+0.03
S0.02+V 15.2+3.5 0.63+0.04
S0.08+V 15.5+£3.6 0.62+0.03
S0.32+V 18.1+4.4 0.67+£0.03
V+CPP 35.6+£2.3* 1.19+0.06*
S0.02+CPP 32.0+5.5 1.06+£0.08
S0.08+CPP 322435 0.89+0.06#
S0.32+CPP 352433 0.97+0.06#
(b)

V+V 12.0+3.1 0.58+0.02
Cl1.25+V 16.4£3.1 0.72+0.04
C2.5+V 25.6+4.2# 0.84+0.05#
V+CPP 35.34+5.3* 0.99+0.13*
C1.25+CPP 33.6+5.7 0.85+0.05
C2.5+CPP 39.1+£7.2 0.83+0.06

Values are mean+SEM of 12 rats in (a) and 11 rats in (b)

In (a), sertindole (S) 0.02, 0.08 or 0.32 mg/kg were administered
orally 4 h before rats were injected with vehicle (V) or 50 ng/ul CPP
(CPP) into the mPFC. In (b), vehicle (V) or clozapine 1.25 (C 1.25)
and 2.5 mg/kg (C 2.5) were injected 30 min before CPP. All drugs
were administered according to a Latin square design. Two testing
session per week separated by at least 72 h were performed when
testing the effects of clozapine while only one session per week was
done when testing the effects of sertindole either at high or low doses

*P<0.05 versus V+V; #P<0.05 versus V+CPP, Tukey’s test

increase in omissions or the latency to make a correct
response (for both measures C1.25+CPP or C2.5 + CPP
and V+CPP; Tukey’s test, P>0.05). However, 2.5 mg/kg
clozapine increased the proportion of omissions and the
latency to make a correct response in vehicle injected
rats (for both measures C2.5+V versus V+V; Tukey’s test,
P<0.05).

Mean basal levels of GLU

Mean basal levels of GLU (+SEM) in pmol/20 ul for each
treatment groups were as follows: Figure 3a: V+aCSF, 16.8+
1.0 (n=7); V+CPP, 14.6+£2.2 (n=6); S0.02+CPP, 15.1£3.5
(n=5), S0.32+CPP, 14.8+1.6 (n=5); S2.5+CPP, 16.9£1.9
(n=6). Figure 3b: S0.02+aCSF, 14.5+2.6 (n=5), S0.32+
aCSF, 14.6+1.9 (n=5); S2.5+aCSF, 13.7+3.5 (n=5).
Figure 4: V+aCSF, 13.8+2.1 (n=5); V+CPP, 15.0£1.9
(n=5); C+CPP, 17.1£1.3 (n=5), C+aCSF, 16.2+1.1 (n=5).

No significant differences in basal GLU were found
across groups (F;5,=0.33, P>0.05; one-way ANOVA).
Pooled data yield mean basal GLU levels of 15.3+
0.6 pmol/20 ul (n=63).

Effects of sertindole and clozapine on GLU efflux
in the mPFC

The effect of sertindole on basal and CPP-induced rise of
extracellular GLU is shown in Fig. 3. The infusion of
100 uM CPP through the probe increased extracellular
GLU in the rat mPFC, reaching 305% of basal values at
60 min. The effect of CPP was prevented by sertindole
(Fig. 3a). ANOVA indicated a significant effect of
sertindole (F3,18=14.3, P<0.0001), CPP (F3,54=17.5, P=
0.0003) and sertindolexCPP interaction (F9,54=5.4,
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Fig. 3 Effects of sertindole (S) on CPP-induced rise of extracellular
GLU in the mPFC. Drug or vehicle (V) were given orally (arrows) 4 h
before the infusion of 100 uM CPP (a) or aCSF (b) through the probe.
Horizontal bar indicates the duration of CPP infusion. Experimental
groups in (a) were as follows: V+aCSF (n=7), V+CPP (n=6),
S0.02 mg/kg+CPP (n=5), S0.32 mg/kg+CPP (n=5), S2.5 mg/kg+
CPP (n=6). (b) V+aCSF the same as in a (dotted line), S0.02 mg/kg+
aCSF (n=5), S0.32 mg/kg+aCSF (n=5) and S 2.5 mg/kg+aCSF (n=
5). Data are expressed as mean percentages of basal values+SEM. For
the sake of clarity, data from 20 to 220 min were omitted from (a).
The whole curves are shown in Fig. S1. *P<0.05 versus basal values
(Tukey’s test)
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Fig. 4 Effects of clozapine on CPP-induced rise of extracellular GLU
in the mPFC. Clozapine (CLOZ) or vehicle (V) were given orally
(arrows) 20 min before the infusion of 100 uM CPP or aCSF through
the probe. Horizontal bar indicates the duration of CPP or aCSF
infusion. Experimental groups were as follows: V+V, V+CPP, CLOZ+
CPP, CLOZ+aCSF. Data are expressed as percentages of basal values
and are the mean+SEM of five rats per group. *P<0.05 versus basal
values (Tukey’s test)

P<0.0001). Post-hoc analysis showed that in rats given
0.02 and 0.32 mg/kg sertindole CPP had no significant
effects while a significant increase of GLU was found in
those given 2.5 mg/kg sertindole. The increase of extracel-
lular GLU in rats pretreated with vehicle or 2.5 mg/kg
sertindole was not significantly different.

Figure 4 shows the effect of 2.5 mg/kg clozapine on
basal and CPP-induced rise of extracellular GLU (Fig. 4a).
In rats pre-treated with vehicle, extracellular GLU reached
298% of basal values 60 min after CPP infusion. ANOVA
shows that CPP had no significant effect in rats given
2.5 mg/kg clozapine (clozapine, F1,8=14.4, P=0.005;
CPP, F3,24=5.8, P=0.004; clozapinexCPP, F3,24=5.4,
P=0.006).

Individually, sertindole and clozapine had no significant
effect on extracellular GLU (Figs. 3b and 4b).

Discussion

The data show that sertindole and clozapine, at doses
preventing the CPP-induced attention deficit in the 5-
CSRTT, abolished CPP’s effects on cortical GLU release.
Thus, suppression of GLU release may play a major role in
the effects of these drugs on accuracy deficit (a measure of
attentional functioning) in the 5-CSRTT and further extend
our previous observations that 5-HT receptor agents
preventing accuracy deficits, abolish cortical GLU release
induced by CPP or MK-801 (Calcagno et al. 2009;
Calcagno et al. 2006; Ceglia et al. 2004; Lopez-Gil et al.
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2009). In addition, the mGlu 2/3 receptor agonist
LY379268 reversed CPP-induced impairment in attentional
functioning and the effect on cortical GLU release (Pozzi et
al., submitted). Thus, these findings strongly favour the
hypothesis that excessive cortical GLU release is deleteri-
ous for cognitive functions dependent on the mPFC
(Moghaddam and Adams 1998).

Possible limitation to this interpretation is the disparity
in the CPP administration between behavioural and
microdialysis experiments. As in behavioural experiments
CPP was injected into the mPFC for 1 min while
continuous infusion over 1 h was used in microdialysis
experiments, it may be argued that the two conditions are
not comparable. However, we found that the intracortical
injection of 50 ng/pl CPP, the same dose and route used in
the 5-CSRTT, yielded a rapid increase of extracellular
GLU which was similar in magnitude to that observed
after its infusion through the probe (Calcagno et al. 2009).
It should be noted that CPP’s effects on GLU was
measured in behaviourally naive rats and thus, it could
not be assumed that CPP would have had similar effect on
GLU in rats performing the 5-CSRTT.

As summarized in Table 3, no consistent relationship can
be established between the CPP-induced impulsivity (as
measured by anticipatory responses), or perseverative
responding and changes in prefrontocortical GLU release
(Calcagno et al. 2006; Carli et al. 2000).

Impulsivity in the 5-CSRTT has been consistently
associated with changes in endogenous 5-HT stores and
release (Carli and Samanin 2000; Harrison et al. 1997;
Winstanley et al. 2004a). However, no association between
the increase in 5-HT release in the PFC and CPP-induced
impulsivity, impairment in accuracy or perseverative over-
responding (Table 3) was reported (Calcagno et al. 2006;
Carli et al. 2006). Thus, the ability of sertindole and
clozapine to reverse CPP-induced rise in 5-HT release
(Figs. S1 and S2) is unlikely to have contributed to their
ability to control accuracy or other aspects of performance
deficits.

The association between cognitive deficits and enhanced
GLU release is in contrast with the hypothesized hypo-
function of NMDA receptors in schizophrenia. However, an
unbalance between excitatory and inhibitory drive due to
the loss of cortical GABA interneurons (Benes and Berretta
2001; Lewis and Moghaddam 2006) has been suggested to
underlie the schizophrenia pathophysiology (Gordon 2010).
Enhanced GLU release in response to blockade of NMDA
receptors probably reflects the reduced drive of cortical
inhibitory interneurons (Homayoun and Moghaddam 2007;
Jackson et al. 2004). Consistently, NMDA receptor antag-
onists including CPP, reduced extracellular GABA in the
rat mPFC (Calcagno et al. 2009; Yonezawa et al. 1998). In
addition, blockade of NMDA receptors caused cortical
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Table 3 Summary of the effects typical and atypical antipsychotics and selective 5-HT receptor agents on various aspects of attentional
performance in the 5-CSRTT and on GLU and 5-HT eftlux in the rat mPFC

5-CSRTT GLU 5-HT
Accuracy Impulsivity Compulsivity Efflux (PFC) Efflux (PFC)
NMDA antagonist U n ft ft f
+ Antipsychotics
Aripiprazole® (1.0-3.0 mg/kg) + 0 + + +
Haloperidol™® (0.03-0.1 mg/kg) 0 + + 0 +
Clozapine®™ (2.5 mg/kg) + + 0 + +
Olanzapine® (0.3—1.0 mg/kg) + + 0 + +/0
Sertindole' (0.02-0.32 mg/kg) + + 0 + +
Sertindole' (0.6-2.5 mg/kg) 0 n 0 0 0
+ 5-HT agents
M100907%¢ (5-HT,, antagonist) + + 0 +
8-OH-DPAT®! (5-HT, » agonist) + 0 + +
R060-01758 (5-HT,c agonist) + + 0 +
SB242084" (5-HT,¢ antagonist) 0 0 0 0 i

U reduction, " increase, 0 no effect, + reversal, +/0 reversal only at low dose

? Carli et al. (2010)

® Baviera et al. (2008)
€ Mirjana et al. (2004)
d Ceglia et al. (2004)

€ Carli et al. (2006)
fCalcagno et al. (20006)
€ Calcagno et al. (2009)
" Higgins et al. (2003)

" This study

activation in rodents (Gozzi et al. 2008; Homayoun and
Moghaddam 2007; Jackson et al. 2004; Suzuki et al. 2002)
and these effects were prevented by the blockade of 5-
HT2A receptors or stimulation of mGlu 2/3 receptors
(Gozzi et al. 2010; Homayoun et al. 2005), which also
prevented the release of GLU induced by NMDA receptor
blockade (Ceglia et al. 2004; Moghaddam and Adams
1998). Cortical activation in response to the NMDA
receptor antagonist ketamine was also observed in human
volunteers (Breier et al. 1997; Vollenweider et al. 1997),
suggesting that NMDA receptors of the prefrontal cortex
may be involved in mediating the cognitive impairment
caused by this drug both in humans and rodents. Although
we found a consistent relationship between the ability of
drugs to improve CPP-induced attention deficits and
suppress cortical GLU release (summarized in Table 3), it
cannot be ruled out that other mechanisms, such as an
increase in cortical DA release, may have contributed (see
Robbins 2002).

One of the features of the 5-CSRTT is that different
aspects of attention control, such as attentional capacity, as
indexed by accuracy of correctly reporting the location of a

brief visual stimulus, and the inhibitory response control
related to executive attention processes and assessed by
anticipatory and perseverative responses, are under control
of distinct neural substrates and neurotransmitter mecha-
nisms (Chudasama and Robbins 2006; Passetti et al. 2002;
Robbins 2002). These measures of executive attention
processes may also be dissociated at the level of receptor
mechanisms (Besson et al. 2010; Carli et al. 2006; Granon
et al. 2000; Winstanley et al. 2003; Winstanley et al.
2004Db). Specifically, accuracy has been shown to depend
on prefronto-cortical dopamine D1 (Granon et al. 2000) as
well as serotonin 5-HT1A and 5-HT2A receptors (Carli et
al. 2006; Winstanley et al. 2003) whereas the role of D2
receptors (Baviera et al. 2008; Granon et al. 2000) is
controversial as D2 antagonists have been reported to have
no effect but also to prevent the accuracy deficit (Passetti et
al. 2003; Pezze et al. 2009). In addition, serotonin 5-HT2A
and 5-HT1A and dopamine D2 receptors exert differential
control over anticipatory and perseverative responding
(Baviera et al. 2008; Carli et al. 2006).

Although the mechanisms accounting for the observed
findings were not addressed in the present study, comparing
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the effects of sertindole and clozapine with those of
selective antagonists at neurotransmitter receptors may help
suggest possible mechanisms by which these drugs might
improve different aspects of cognitive abilities.

Sertindole and clozapine resembles the 5-HT2A receptor
antagonist, M100907, in preventing CPP-induced GLU
release and deficits in accuracy and impulsivity but not
perseverative responding (Ceglia et al. 2004; Higgins et al.
2003; Mirjana et al. 2004). The lowest doses of sertindole
preventing these effects preferentially occupy 5-HT2A
receptor in vivo (ED50, 0.09-0.13 mg/kg) (Idris et al.
2010; Schotte et al. 1996) and are close to the ED50 values
for the antagonism of 5-HT2A receptor agonists-induced
head twitches (0.015 mg/kg) and of DOI-induced discrim-
inative stimulus (0.034 mg/kg) (Sanchez and Arnt 2000).

Sertindole is a 5-HT2C, 5-HT6, D2 and «1-adrenoceptor
antagonist (Arnt 1992; Schotte et al. 1996). Blockade of
some of these receptors either alone or in combination might
contribute or limit sertindole’s effects on attention and GLU
release. Specifically, the acl-adrenoceptor antagonist prazosin
prevented GLU release induced by the non-competitive
NMDA receptor antagonist MK-801 (Lopez-Gil et al.
2009). By contrast, blockade of 5-HT2C receptors is unlikely
to contribute to sertindole’s effects on attention and GLU
release as the selective antagonist SB242084 had opposite or
no effects (Calcagno et al. 2009; Higgins et al. 2003).

D2 receptor antagonism may contribute to the effect of
sertindole on impulsivity, an effect shared by haloperidol,
but hardly explains the efficacy of this drug on correct
responses (Baviera et al. 2008). The picture might be even
more complex with clozapine, which shares the affinity for
some 5-HT and DA receptor subtypes with sertindole, but
in addition interacts with muscarinic, histaminergic H1, and
o2-adrenergic receptors (Arnt and Skarsfeldt 1998; Schotte
et al. 1996).

The effects of sertindole on CPP-induced attention
deficits and cortical GLU release are biphasic as low doses
(0.02-0.32 mg/kg) prevented CPP’s effects while at 0.6—
2.5 mg/kg it had no effect or even enhanced anticipatory
responding, an effect shared by the 5-HT2C receptor
antagonist SB242084 (Higgins et al. 2003). This suggests
that high doses of sertindole may act on mechanisms, such
as 5-HT2C receptors, that mask the ability of sertindole to
prevent CPP effects. Consistently, at doses of 0.5 mg/kg or
above, sertindole reversed 5-HT2C receptor-mediated dis-
criminative stimulus of MK-212, a preferential 5-HT2C
receptor agonist (Sanchez and Arnt 2000) and blockade of
these receptors by SB242084 prevented the effect of
M100907 on CPP-induced GLU release in the rat mPFC
(Calcagno et al. 2009). By contrast, the stimulation of 5-
HT2C receptors with Ro60-0175 mimicked the effects of
M100907 on GLU and CPP-induced deficits in accuracy
and impulsivity in the 5-CSRTT (Calcagno et al. 2009).
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However, it cannot be excluded that other mechanisms may
account for the inverted U-shaped dose-dependent effects
of sertindole on attention and GLU release.

A non-significant, transient increase of basal GLU
release was observed in rats given 2.5 mg/kg sertindole
(present study) and previous studies showed that 2.5 and
10 mg/kg sertindole significantly increased basal extracel-
lular GLU in the rat mPFC (Mork et al. 2007, 2009). This
effect is shared by the selective 5-HT6 receptor antagonist
SB271046 suggesting a possible contribution of these
receptors to sertindole action on GLU. Interestingly, 1.3
and 2.5 mg/kg sertindole and the selective 5-HT6 receptor
antagonist SB271046 abolished the deficit caused by
subchronic phencyclidine in an attentional set shifting task.
Clozapine, olanzapine, haloperidol and M100907 were
ineffective in this task while they consistently reduced the
effects of NMDA receptor antagonists in the 5-CSRTT
(Baviera et al. 2008; Higgins et al. 2003; Rodefer et al.
2008).

Four hours after oral administration of 2.5 mg/kg
sertindole, the plasma concentration in food deprived Lister
Hooded rats was 290+43 ng/ml (mean+SEM), which is
higher than those reported in previous studies (Didriksen et
al. 2006; Olsen et al. 2008; Rodefer et al. 2008) suggesting
that the lack of effect of high doses of sertindole cannot be
accounted for by insufficient drug exposure. The discrep-
ancies between the effective doses of sertindole in the 5-
CSRTT and attentional set shifting might depend on
differences in underlying neurochemical changes induced
by acute and subchronic blockade of NMDA receptors.
Acute and subchronic NMDA receptor antagonists had
opposite effects on extracellular GLU in the mPFC (Fattorini
et al. 2008). However, differences in cognitive processes
taxed by the tasks employed in different studies could not be
disregarded since olanzapine and clozapine, which had no
effects in attentional set shifting (Rodefer et al. 2008)
significantly attenuated the effect of subchronic PCP in a
reversal learning paradigm (Abdul-Monim et al. 2006).

The present study shows that sertindole ameliorates
NMDA receptor-dependent deficit in attentional function-
ing and suppresses GLU release in the mPFC most likely
by blocking 5-HT2A receptors. These findings support the
proposal that excessive GLU release impairs cognitive
functions and clinical observation that neurocognitive
measures reflecting patients’ capacity to maintain vigilance
in the Continuous Performance Test, the human analogous
of the rat 5-CSRTT, improve the most in schizophrenic
patients receiving atypical antipsychotics that are potent 5-
HT2A receptor antagonists (Keefe et al. 2004; Keefe et al.
1999; Meltzer and McGurk 1999). However, this conclu-
sion is somewhat limited by the results of clinical trials
addressing the beneficial effect of antipsychotic drugs in
ameliorating cognitive deficit of schizophrenia, which
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indicated their limited efficacy and substantial similarity
between novel and older drugs (Green et al. 2002; Keefe et
al. 2007).

In conclusion, suppression of GLU release might be a
target for the development of novel therapeutic strategies
aimed at counteracting some aspects of cognitive deficits of
schizophrenia.
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