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Abstract
Rationale Some novel antipsychotics manifest antagonistic
activity at serotonin-6 receptors; however, little is known
about the role of 5-HT6 receptors in ameliorating sensory
gating deficits.
Objective We evaluated the effects of the combined adminis-
tration of the 5-HT6 receptor antagonist SB 271046 with
clozapine and haloperidol, as well as the co-administration
of SB 271046 or SB 399885 with risperidone and the 5-HT2A
antagonist M100907, to overcome the deficits induced by
MK-801 in the prepulse inhibition (PPI) test.
Results MK-801 (0.1 mg/kg) produced reliable PPI deficits.
Administration of SB 271046 (6 and 9 mg/kg), SB 399885 (3
and 6 mg/kg), clozapine (2.5 mg/kg), haloperidol (0.1 and
0.2 mg/kg), risperidone (0.25–1 mg/kg), and M100907 (0.5
and 1 mg/kg) did not affect the MK-801-induced deficits, but
the administration of clozapine (5 mg/kg) did reverse the
effects of MK-801. In MK-801-treated rats, the co-
administration of inactive doses of clozapine (2.5 mg/kg) and
SB 271046 (6 mg/kg) reversed the PPI impairments compared
to animals that were administered inactive doses of either
clozapine or SB 271046 alone. Co-administration of risperi-
done (1 mg/kg) or M100907 (0.5 mg/kg) with SB 271046
(6 mg/kg) or SB 399885 (3 mg/kg) also attenuated the MK-
801-induced PPI deficits. In contrast, joint administration of
haloperidol and SB 271046 had no effect on the PPI deficit.
Conclusion The present results suggest that the 5-HT6 recep-
tors may play adjunctive roles in antipsychotic drug action,
and that the combination of 5-HT2A and 5-HT6 antagonism
may represent an important element in the pharmacological
profile of antipsychotic drugs.
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Introduction

Serotonin (5-HT) receptor signaling plays a key role in the
efficacy of a new generation of antipsychotic drugs. The
efficacy of atypical antipsychotics has been attributed to a
weaker dopamine D2 receptor blockade and stronger action
at serotonergic receptors (Newman-Tancredi and Kleven
2011). Clozapine is a prototype of a second-generation anti-
psychotic drug, and its therapeutic potential has been associ-
ated with higher affinity for the 5-HT2A receptor than the D2
receptors (Meltzer et al. 1989). Clozapine also demonstrates
high affinity for the 5-HT2C, 5-HT3, 5-HT6, and 5-HT7
receptors. The efficacy of clozapine to treat various symptoms
of schizophrenia-like psychoses has been attributed to its
complex, multi-receptor profile; however, it has not been
determined which receptor subtypes or combination of recep-
tors contribute to its therapeutic properties.

Converging lines of evidence have indicated that 5-HT6
receptors are an interesting target for the development of novel
antipsychotics. First, 5-HT6 receptors have been proposed to
modulate neurotransmitter systems in the brain regions impli-
cated in schizophrenia, and antagonists of 5-HT6 receptors
administered alone or in combination with other drugs en-
hance dopamine and glutamate efflux in the medial prefrontal
cortex and hippocampus (Li et al. 2007; Mork et al. 2009).
Furthermore, a number of studies suggest that the 5-HT6
receptors are implicated in cognitive functions, which are
compromised in schizophrenic patients (Mitchell and
Neumaier 2005; Mitchell and Neumaier 2008; Meneses
et al. 2011). Some novel antipsychotics, which are also potent
5-HT6 receptor antagonists, display pro-cognitive effects in
patients (Cincotta and Rodefer 2010; Hale et al. 2012). The
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putative role of 5-HT6 receptors in cognitive disorders has
been supported by a number of animal studies. Thus, 5-HT6
receptor antagonists have been shown to improve learning and
memory as evaluated by diverse behavioral procedures (Hirst
et al. 2006; Arnt et al. 2010). Moreover, they enhance cogni-
tive flexibility in the attentional set shifting task (Hatcher et al.
2005; Rodefer et al. 2008), a model used to assess the pre-
frontal flexibility that is compromised in schizophrenic
patients.

Studies evaluating the role of 5-HT6 receptors in amelio-
rating prepulse inhibition (PPI) deficits provide less consis-
tent results. For instance, the 5-HT6 antagonist SB 271046
has been reported to exert a beneficial effect on amphet-
amine, but not PCP-induced PPI deficits (Pouzet et al.
2002), while the other 5-HT6 antagonists Ro 04-6790 and
Ro 65-7199 failed to reverse the PPI disruption evoked by
LSD, apomorphine, and PCP (Leng et al. 2003). Another 5-
HT6 antagonist Ro-4368554, but not SB 258585, was ef-
fective in attenuating the apomorphine-induced prepulse in-
hibition deficit (Gravius et al. 2011). Our own unpublished
findings suggest that sertindole, an antipsychotic with high
5-HT6 receptor affinity, reversed the PPI deficit evoked by
MK-801.

The aim of the present study was to further explore the
involvement of 5-HT6 receptors in the action of antipsychot-
ic drugs using prepulse-induced inhibition of the acoustic
startle procedure (PPI), a paradigm in which both schizo-
phrenic patients and animals treated with drugs mimicking
some aspects of psychoses demonstrate similar deficits. The
reversal of PPI deficits has been considered to demonstrate
predictive validity for the detection of antipsychotic drug
action, and PPI is regarded as a model of attention and
information processing (Braff and Geyer 1990; Swerdlow
et al. 2000). We induced a PPI deficit by acute administration
of MK-801, a glutamate NMDA receptor antagonist with
psychoto-mimetic properties (Rujescu et al. 2006), thereby
mimicking the neuropsychological impairments that are
characteristic of schizophrenic patients. The disruptive ef-
fects of MK-801 on PPI in animals have been well docu-
mented; for review, see Geyer et al. (2001).

We first assessed the effects of clozapine in MK-801-
treated rats. Because previous reports provide conflicting re-
sults regarding the ability of clozapine to reverse theMK-801-
induced PPI deficits in rats (Hoffman et al. 1993; Bubenikova
et al. 2005; Gururajan et al. 2011), we evaluated clozapine’s
actions using a standard and a modified PPI protocol. To
examine whether 5-HT6 receptor inhibition could contribute
to the antipsychotic-like effects, we evaluated the effects of
the 5-HT6 receptor antagonist SB 271046 alone and in com-
bination with the multi-receptor (5-HT2A, 5-HT6, D2) cloza-
pine, the 5-HT2A/D2 (but not 5-HT6) preferential risperi-
done, the D2-preferential haloperidol, and the 5-HT2A antag-
onist M100907. The effects of the combined treatment of the

5-HT6 receptor antagonist with risperidone and with
M100907 on prepulse inhibition were also investigated using
another 5-HT6 antagonist, SB 399885, which has been char-
acterized as having a better brain penetrability (Upton et al.
2008).

Materials and methods

Animals

Male rats of the Sprague–Dawley strain were supplied by
Charles River (Germany). Animals were approximately
2 months old and weighed 350–400 g at the time of the
experiment. Rats were housed four per cage with free access
to food and water and were kept in an A/C controlled envi-
ronment with a 12/12 light–dark cycle (lights on at 0600). All
experimental procedures were approved by the ethics Com-
mittee of the Institute of Pharmacology, Polish Academy of
Sciences in Kraków.

Drug administration

MK-801 maleate (Abcam Biochemicals, Cambridge, UK)
was dissolved in distilled water and administered subcutane-
ously (s.c.) at a dose of 0.1 mg/kg. SB 271046 hydrochloride
and SB 399885 hydrochloride (TOCRIS Bioscience, Park
Elisville, MO, USA) were dissolved in 0.5 % methylcellu-
lose and administered intraperitoneally (i.p.) at doses of 6
and 9 mg/kg (SB 271046) or 3 and 6 mg/kg (SB 399885).
Clozapine (Abcam Biochemicals, Cambridge, UK) was
dissolved in 0.1 N HCl supplemented with distilled water
to the appropriate volume (final pH=5.0–6.0) and adminis-
tered i.p. at doses of 2.5 and 5 mg/kg. Haloperidol (Sigma-
Aldrich, St. Louis, MO, USA) was dissolved in 0.1 N HCl
supplemented with distilled water and administered i.p. at
doses of 0.1 and 0.2 mg/kg. Risperidone (Abcam Biochem-
icals, Cambridge, UK) was dissolved in 0.1 N HCl
supplemented with distilled water and administered i.p. at
doses of 0.25, 0.5, and 1 mg/kg. M100907 (Sigma-Aldrich,
St. Louis, MO, USA) was dissolved in warm 0.015 %
Tween-80 and administered s.c. at doses of 0.5 and 1 mg/kg.
The dose of MK-801 (0.1 mg/kg) is expressed as a free base;
whereas, the doses of other compounds are expressed as salts.
The drugs or their respective vehicles were injected in a
volume 1 mL/kg.

Apparatus

Rats were tested in the startle response apparatus (Med Asso-
ciates, St. Albans, VT), which consisted of acrylic animal
holders with a grid floor made of stainless bars and was
mounted on a startle platform; the apparatus was placed in a

270 Psychopharmacology (2014) 231:269–281



ventilated, sound-attenuating chamber. Acoustic stimuli were
generated by two speakers: the background noise speaker and
a stimulus speaker, placed at the back of the chamber 7 cm
from the animal holder. Startle responses were detected and
transduced by the load cell and were digitized and stored using
the Startle Reflex software (Med Associates, St. Albans, VT,
version 5).

PPI test procedure

The rats, which were used only once, were subjected to two
pre-test sessions: the afternoon session on the day before
testing and the morning session on the test day. This proce-
dure, adopted from the published protocols (Auclair et al.
2006; Long et al. 2006), was performed to habituate the
animals to the apparatus as the PPI test has been shown to
produce highly variable responses to the startle stimuli. Rats
were divided into groups based on their mean pulse amplitude
obtained in the first pre-test session. The pre-test on the test
day was performed approximately 2 h before the pharmaco-
logical challenge. The experimental protocols used during the
pre-test and test sessions were identical.

Sessions started with a 5-min acclimatization period. A
62-dB background white noise was continuously presented
once animals were placed inside the test chambers and was
maintained throughout the entire session. The following
types of acoustic stimuli were used in the test protocol:
pulse alone [intensity, 120 dB; duration, 40 ms, (P)], pulse
preceded by an acoustic prepulse of intensities 70, 73, and
76 dB [duration, 20 ms; (PP)] applied 100 ms before the
pulse (P), prepulse alone [intensity 70, 73, and 76 dB,
duration 20 ms], and a null period. The session consisted
of three blocks. During the first block, the animals were
exposed to 10 pulse alone trials. During the second block,
the following trials were presented in random order: pulse
alone, pulse preceded by each prepulse, along with 1 repe-
tition of each prepulse alone, and 4 null trials. The inter-trial
interval was 20 s. The third block consisted of 10 pulse
alone trials.

Prior to the proper experiments 2–6, a series of tests were
conducted to optimize the PPI protocol to study the effects of
the compounds. We used two types of test sessions. In exper-
iment 1, the test session consisted of 10 repetitions of each
trial type, and the PPI values were calculated for the total
duration of the test session as well as for the first part of the
session, which consisted of 4 presentations of each trial type.
Because the preliminary experiment (see Fig. 1) demonstrated
that 4 presentations of each trial type produced a reliable effect
when the rats were treated with clozapine, compared to the
more common 10 presentations protocol, in experiments 2–6,
we used 4 repetitions of each trial type. All experiments were
conducted during the light phase.

Experimental design

Experiment 1: effects of the number of repetitions of stimuli
presentations on the efficacy of clozapine in reversing
the MK-801-induced PPI deficit

Animals were pretreated with either the vehicle or clozapine
(5 mg/kg), and 10min later, they received either the vehicle or
MK-801 (0.1 mg/kg). A dose of 0.1 mg/kg MK-801 was
chosen for all experiments because it produces robust PPI
deficits (Bast et al. 2000). Fifteen minutes after the MK-801
injection, the rats were placed in the startle chambers, and the
session was started. The PPI values were computed for the
total duration of the test session (10 repetitions for each trial
type) as well as for the first part of the session, which consisted
of 4 repetitions of each trial type.
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Fig. 1 The number of repetitions of the stimuli presentations deter-
mines the efficacy of clozapine (CLOZ; 5 mg/kg) in reversing an MK-
801-induced (0.1 mg/kg) PPI deficit. a Results of the experiment
consisting of ten repetitions of each trial type. b Results of the exper-
iment consisting of four repetitions of each trial type. PPI was evaluated
at three prepulse intensities (70, 73, and 76 dB). The results are
expressed as the means±S.E.M. Symbols: *P<0.05 the main effect of
MK-801 on PPI or MK-801 effects versus the vehicle; #P<0.05 versus
the MK-801 treatment. For the detailed number of animals tested, see
Table 1
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Experiment 2: effects of 5-HT6 receptor antagonists SB
271046 and SB 399885 on the PPI deficit evoked by MK-801

Because experiment 1 revealed that clozapine effectively at-
tenuated the MK-801-induced PPI deficit with 4, but not 10,
repetitions of the stimuli presentations, we used the shorter
protocol for all further studies. Experiment 2 tested whether
the 5-HT6 antagonists SB 271046 and SB 399885 could
normalize the PPI deficit evoked by MK-801. Animals were
pretreated with either the vehicle, SB 271046 (6 and 9 mg/kg)
or SB 399885 (3 and 6 mg/kg), and 15 min later, they were
treated with either the vehicle or MK-801 (0.1 mg/kg). The
doses of SB 271046 were selected based on the dose range
tested against psychoactive drugs in the PPI model (Pouzet
et al. 2002); the doses of SB 399885 were lower due to its
better brain penetrability (Upton et al. 2008). Fifteen minutes
after MK-801 injection, the rats were placed in the startle
chambers, and the session was started.

Experiment 3: effects of clozapine alone and in combination
with SB 271046 on the PPI deficits evoked by MK-801

Experiment 3 was conducted in two steps. We first examined
the effects of clozapine (2.5 and 5 mg/kg) on the startle
amplitude and PPI deficits induced by MK-801 (0.1 mg/kg),
which was administered 10 min after clozapine. The choice of
the clozapine dose used was based on its ability to reverse PPI
impairments in various pharmacological models (Bakshi et al.
1994; Bubenikova et al. 2005) and in preliminary studies
conducted in our laboratory. Fifteen minutes after MK-801
injection, the rats were placed in the startle chambers, and the
session was started.

The following test was conducted to investigate the effects
of co-administration of an inactive dose of clozapine and SB
271046 on the startle amplitude and PPI deficit evoked by
MK-801. Animals were simultaneously pretreated with clo-
zapine (2.5 mg/kg or its vehicle) and SB 271046 (6 mg/kg or
its vehicle), and 10 min later, they were injected withMK-801
(0.1 mg/kg or its vehicle). Testing session started 15 min after
MK-801 injection.

Experiment 4: effects of haloperidol alone and in combination
with SB 271046 on the PPI deficits evoked by MK-801

This study was also carried out in two steps. First, the effects of
haloperidol (0.1 and 0.2 mg/kg) administration on the startle
amplitude and PPI deficits induced byMK-801were evaluated.
These doses of haloperidol were within a range shown to
reverse the PPI deficits evoked by apomorphine (Hart et al.
1998). Animals were pretreated with either the vehicle or
haloperidol (0.1 and 0.2 mg/kg), and 15 min later, they were
treated with either the vehicle or MK-801 (0.1 mg/kg). Fifteen
minutes after MK-801 injection, the testing session started.

Subsequently, the effects of a joint administration of a
lower dose of haloperidol and SB 271046 on the PPI deficit
evoked by MK-801 were examined. Animals were simulta-
neously pretreated with haloperidol (0.1 mg/kg or its vehicle)
and SB 271046 (6mg/kg or its vehicle) and were injected with
MK-801 15 min later (0.1 mg/kg or its vehicle). The testing
session started 15 min after MK-801 injection.

Experiment 5: effects of risperidone alone and in combination
with SB 271046 or with SB 399885 on the PPI deficits evoked
by MK-801

The ability of risperidone to normalize the PPI deficit elicited
byMK-801 was examined first. Animals were pretreated with
either the vehicle or risperidone (0.25, 0.5, and 1 mg/kg) and
then treated with either the vehicle or MK-801 (0.1 mg/kg)
15 min later. These doses were selected from the prior PPI
studies, which used a range of risperidone doses between 0.1
and 1 mg/kg (Bubenikova et al. 2005; McIntosh et al. 2013).
Fifteen minutes after MK-801 injection, the rats were placed
in the startle chambers, and the session started.

Because risperidone did not affect the PPI deficits evoked
by MK-801 at any of the doses studied, the effects of the co-
administration of risperidone at 1 mg/kg and SB 271046 or SB
399885 on MK-801-induced PPI deficits were studied. Rats
were simultaneously injected with risperidone or its vehicle
and SB 271046 (6 mg/kg or vehicle) or SB 399885 (3 mg/kg
or vehicle), and 15 min later, they were injected with MK-801
(0.1 mg/kg or its vehicle). The test session started 15 min after
MK-801 injection.

Experiment 6: effects of 5-HT2A receptor antagonist
M100907 alone and in combination with SB 271046
and with SB 399885 on the PPI deficits evoked by MK-801

The ability of the 5-HT2A antagonist to normalize the PPI
deficit elicited by MK-801 was examined first. Animals were
pretreated with either the vehicle orM100907 (0.5 and 1mg/kg)
and were then treated with either the vehicle or MK-801 15 min
later (0.1 mg/kg). Fifteen minutes after MK-801 injection, the
rats were placed in the startle chambers, and the session started.
The dose range of M100907 was based on a prior PPI study
(Varty et al. 1999) and on behavioral experiments conducted in
our laboratory.

The effects of the co-administration of inactive doses of
M100907 and SB 271046 or SB 399885 on the startle ampli-
tude and PPI deficits evoked by MK-801 were then studied.
Rats were simultaneously injected with M100907 (0.5 mg/kg
or its vehicle) and SB 271046 (6 mg/kg or vehicle) or SB
399885 (3 mg/kg or vehicle) and 15 min later, the animals
were injected withMK-801 (0.1mg/kg or its vehicle). The test
session started 15 min after MK-801 injection.
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Data analysis

For calculations, the measures obtained in the second block
were used. Themean response amplitude for the pulse alone [P]
and the prepulse+pulse [PP] trials were computed for each rat,
and PPI was determined according to the following formula:

PPI %ð Þ ¼ P−PPð Þ=P½ � � 100

All data are presented as the mean±S.E.M. The percentage
PPI data were analyzed using a three-way mixed design
ANOVA with a between-subject factor of MK-801, a
between-subjects factor of the respective treatments, and a
within-subject factor of three prepulse intensities. The pulse
amplitude values were analyzed using a two-way ANOVA
with a between-subject factor of MK-801 and a between-
subject factor of the respective treatments. Whenever signifi-
cant interactions were found, an ANOVA was followed by
Duncan’s post hoc test. A probability level of P <0.05 was
used to determine significance.

Results

Experiment 1: effects of the number of repetitions of stimuli
presentations on the efficacy of clozapine in reversing
the MK-801-induced PPI deficit

MK-801 significantly reduced PPI (F (1,17)=36.400; P <
0.001). As shown in Fig. 1a, an ameliorative effect of cloza-
pine (5 mg/kg) on the PPI deficit induced byMK-801 was not
detected when a session consisting of ten repetitions of each
trial type was used, as the interaction between MK-801 and
clozapine treatments was insignificant. While MK-801 elevat-
ed (F (1,17)=17.931; P <0.01) and clozapine reduced
(F (1,17)=9.985; P <0.01) the startle amplitude, no significant
interaction between the treatments was found on this measure
(Table 1).

The reversing effect of clozapine was detected when the
first four repetitions of each trial type were included in the
calculations, as an ANOVA revealed a significant interaction
between MK-801 and clozapine treatments (F(1,17)=4.913;
P <0.05, Fig. 1b). The interaction between MK-801, cloza-
pine, and stimuli intensity factors was insignificant. The post
hoc test in the MK-801-treated rats revealed that pretreatment
with clozapine (5 mg/kg) significantly elevated the PPI, com-
pared with the vehicle pretreated group. While MK-801 ele-
vated (F (1,17)=23.319; P <0.01) and clozapine reduced
(F (1,17)=16.401; P <0.01) the startle amplitude, no signifi-
cant interaction between the treatments was found in this
measure (Table 1).

Table 1 Effects of MK-801 (0.1 mg/kg), SB 271046, SB 399885,
clozapine, risperidone, haloperidol, M100907, and combinations of these
drugs on the startle amplitude of rats evoked using a 120-dB pulse tone

Drug/dose (mg/kg) Startle N

Experiment 1

A 10 repetitions

Veh+Veh 625±100 5

MK-801+Veh 1,096±107 5

Clozapine (5.0)+Veh 400±118 5

Clozapine (5.0)+MK-801 726±50 6

B 4 repetitions

Veh+Veh 799±173 5

MK-801+Veh 1,377±129 5

Clozapine (5.0)+Veh 137±37 5

Clozapine (5.0)+MK-801 907±160 6

Experiment 2

AVeh−Veh 349±44 8

MK-801+Veh 1,124±224 9

SB 271046 (6.0)+Veh 676±175 7

SB 271046 (6.0)+MK-801 1,275±156 9

SB 271046 (9.0)+Veh 396±85 7

SB 271046 (9.0)+MK-801 935±164 9

B Veh−Veh 310±79 10

MK-801+Veh 784±75 10

SB 399885 (3.0)+Veh 542±95 6

SB 399885 (3.0)+MK-801 725±117 6

SB 399885 (6.0)+Veh 605±126 5

SB 399885 (6.0)+MK-801 1,502±152 8

Experiment 3

AVeh+Veh 275.0±48 9

MK-801+Veh 1,006±106 9

Clozapine (2.5)+Veh 144.0±25 8

Clozapine (2.5)+MK-801 680±120 8

Clozapine (5.0)+Veh 223±69 7

Clozapine (5.0)+MK-801 928±139 9

B Veh+Veh 490±154 7

MK-801+Veh 1,879±382 7

Clozapine (2.5)+Veh 243±49 8

Clozapine (2.5)+MK-801 680±120 8

SB 271046 (6)+Veh 327±91 7

SB 271046 (6)+MK-801 882±76 9

Clozapine (2.5)+SB 271046 (6.0) 310±177 4

Clozapine (2.5)+SB 271046+MK-801 655±82 9

Experiment 4

AVeh+Veh 574±212 6

MK-801+Veh 1,868±367 6

Haloperidol (0.1)+Veh 1,697±474 6

Haloperidol (0.1)+MK-801 1,537±478 6

Haloperidol (0.2)+Veh 986±113 5
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Experiment 2: effects of 5-HT6 receptor antagonists SB
271046 and SB 399885 on the PPI deficit evoked by MK-801

MK-801 significantly reduced the PPI, and this deficit was not
counteracted by pretreatment with the 5-HT6 receptor antag-
onist SB 271046 (Fig. 2a). An ANOVA revealed the signifi-
cant effect of MK-801 (F(1,43)=27.647; P <0.001), but there
was no significant effect resulting from SB 271046 treatment,
nor was there a significant interaction between the MK-801
and SB 271046 treatments. There was a significant overall
effect of prepulse intensity (F (2,86)=6.196; P <0.01) and no
significant interactions of the factors and stimuli intensity. As
shown in Table 1, MK-801 significantly elevated the startle
amplitude (F(1,43)=23.353; P <0.001); however, there was
no significant effect of SB 271046, and no significant inter-
action between MK-801 and SB 271046 treatment was found
on this measure.

Similarly, the MK-801-induced PPI deficit was not
counteracted by pretreatment with the 5-HT6 receptor antag-
onist SB 399885 (Fig. 2b). An ANOVA revealed the signifi-
cant effect of MK-801 (F(1,39)=22.251; P <0.001), but there
was no significant effect due to SB 399885 treatment nor was
there a significant interaction between the MK-801 and SB
399885 treatments. There was a significant overall effect of
the prepulse intensity (F (2,78)=12.095; P <0.001) and insig-
nificant interactions of the factors and stimuli intensity. As
shown in Table 1, MK-801 significantly elevated the startle
amplitude (F (1,39)=30.838; P <0.001). Treatment with SB
399885 also had a significant effect on the startle amplitude
(F (2,39)=12.494; P <0.001), and a significant interaction
between the MK-801 and SB 399885 treatments was ob-
served (F(2,39)=4.630; P <0.05).

Table 1 (continued)

Drug/dose (mg/kg) Startle N

Haloperidol (0.2)+MK-801 1,671±206 5

B Veh+Veh 845±283 6

MK-801+Veh 1,029±213 5

Haloperidol (0.1)+Veh 564±149 6

Haloperidol (0.1)+MK-801 1,304±296 5

SB 271046 (6)+Veh 1,087±293 6

SB 271046 (6)+MK-801 889±188 8

Haloperidol (0.1)+SB 271046(6.0) 664±138 5

Haloperidol (0.1)+SB 271046+MK-801 1,290±206 5

Experiment 5

AVeh+Veh 463±88 6

MK-801+Veh 947±102 6

Risp (0.25)+Veh 454±86 5

Risp (0.25)+MK-801 1,077±152 8

Risp (0.5)+Veh 380±135 5

Risp (0.5)+MK-801 868±125 11

Risp (1.0)+Veh 416±109 5

Risp (1.0)+MK-801 920±243 9

B Veh+Veh 438±53 9

SB 271046 (6)+Veh 396±59 6

Risp (1.0)+Veh 275±82 8

Risp (1.0)+SB 271046 (6) 92±15 8

MK-801+Veh 914±193 7

SB 271046 (6)+MK-801 978±148 7

Risp (1.0)+MK-801 728±75 13

Risp (1.0)+SB 271046 (6)+MK-801 697±139 7

C Veh+Veh 300±56 13

SB 399885 (3)+Veh 556±97 6

Risp (1.0)+Veh 341±72 9

Risp (1.0)+SB 399885 (3) 266±52 8

MK-801+Veh 449±67 11

SB 399885 (3)+MK-801 659±93 7

Risp (1.0)+MK-801 719±123 8

Risp (1.0)+SB 399885 (3)+MK-801 537±52 13

Experiment 6

AVeh+Veh 459±70 8

MK-801+Veh 1,726±237 8

M100907 (0.5)+Veh 333±49 8

M100907 (0.5)+MK-801 1,002±183 6

M100907 (1.0)+Veh 566±93 8

M100907 (1.0)+MK-801 2,019±325 8

B Veh+Veh 725±133 9

MK-801+Veh 1,074±109 9

M100907 (0.5)+Veh 222±46 7

M100907 (0.5)+MK-801 934±143 8

Table 1 (continued)

Drug/dose (mg/kg) Startle N

SB 399885 (3)+Veh 396±85 7

SB 399885 (3)+MK-801 916±162 9

M100907 (0.5)+SB 399885 (3.0) 452±95 5

M100907 (0.5)+SB 399885+MK-801 1,162±312 9

C Veh+Veh 333±43 10

MK-801+Veh 746±77 10

M100907 (0.5)+Veh 463±75 12

M100907 (0.5)+MK-801 1,781±299 10

SB 399885 (3)+Veh 509±79 6

SB 399885 (3)+MK-801 638±96 5

M100907 (0.5)+SB 399885 (3.0) 258±32 4

M100907 (0.5)+SB 399885+MK-801 552±71 6

The results are presented as the means±S.E.M. The numbers in paren-
theses indicate the doses used
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Experiment 3: effects of clozapine alone and in combination
with SB 271046 on the PPI deficits evoked by MK-801

An ANOVA revealed the significant main effect of the MK-
801 treatment (F(1,44)=9.677; P <0.01) and the interaction
between the MK-801 and clozapine treatments (F (2,44)=
3.754, P <0.05, Fig. 3a). There was a significant overall effect
of the prepulse intensity (F(2,88)=11.899; P <0.01), but no
interactions of the factors with the stimuli intensity were
observed. The post hoc comparisons revealed that treatment
with MK-801 and clozapine (5 mg/kg) significantly elevated
the PPI compared with the MK-801 and the vehicle-treated
group. Clozapine did not change the PPI in the vehicle-treated
group. While MK-801 elevated the startle amplitude (F(1,44)
=68.839; P <0.01, Table 1), there was an insignificant effect
of clozapine and no significant interaction between MK-801
and clozapine treatment on this measure.

Figure 3b shows the effects of a combined treatment
of clozapine and SB 271046. An ANOVA revealed the

significant main effect of the MK-801 treatment (F(1,51)=
33.583; P <0.01), and the interaction among MK-801,
clozapine, and SB 271046 treatments (F (1,51)=11.101;
P <0.05). MK-801 near-significantly (P =0.06) reduced
the PPI compared with the vehicle treatment. Combined
administration of inactive doses of clozapine (2.5 mg/kg) and
SB 271046 (6 mg/kg) restored the PPI deficit evoked
by MK-801, compared to the clozapine+MK-801 and
compared to the SB 271046+MK-801 groups. There
was also an overall effect of the prepulse intensity
(F (2,102)=12.923; P <0.01), but no interaction between
this and other factors was observed. MK-801 significantly
elevated the startle amplitude (F (1,51)=33.913; P <0.01,
Table 1). A significant interaction between the MK-801 and
clozapine treatments (F (1,51)=6.161; P <0.05) suggests that
clozapine (2.5 mg/kg) attenuated the MK-801-enhanced
startle amplitude.
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Experiment 4: effects of haloperidol alone and in combination
with SB 271046 on the PPI deficits evoked by MK-801

MK-801 significantly reduced PPI, but in contrast to cloza-
pine, this deficit was not reversed by either dose of haloperidol
(Fig. 4a). An ANOVA revealed the significant main effect of
MK-801 (F (1,28)=19.191; P <0.01) and the insignificant
effect of haloperidol and the insignificant interaction between
MK-801 and haloperidol. There was a significant overall
effect of prepulse intensity (F (2,56)=14.11; P <0.01), and
no significant interactions of the factors and stimuli intensity
were observed. While MK-801 significantly elevated the star-
tle amplitude (F(1,28)=4.326; P <0.05), haloperidol did not
have a significant effect, and there was no significant interac-
tion between MK-801 and haloperidol treatment on this
measure.

Co-administration of haloperidol (0.1 mg/kg) and SB
271046 (6 mg/kg) produced no effect on the PPI deficit
evoked by MK-801 (Fig. 4b). An ANOVA demonstrated a
significant effect of MK-801 (F(1,38)=6.675; P <0.05), but
there was no significant interaction between MK-801,

haloperidol, and SB 271046. There was an overall effect on
the prepulse intensity (F (2,76)=14.124, P <0.01), but no
interaction was observed among the MK-801, haloperidol,
SB 271046, and the prepulse intensity factors. MK-801 sig-
nificantly elevated the startle amplitude (F(1,38)=4.218; P <
0.05, Table 1), but there were no interactions among the MK-
801, haloperidol, and SB 271046 factors on this measure.
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Experiment 5: effects of risperidone alone and in combination
with SB 271046 or with SB 399885 on the PPI deficits evoked
by MK-801

Risperidone at doses of 0.25–1 mg/kg did not attenuate the PPI
deficit inMK-801-treated rats (Fig. 5a). An ANOVA revealed a
significant effect of MK-801 (F(1,47)=17.017; P <0.001) but
an insignificant interaction between the MK-801 and risperi-
done treatments. There was a significant overall effect of the
prepulse intensity (F(2,94)=7.509; P <0.001) but an insignifi-
cant interaction between the prepulse intensity and other fac-
tors. While MK-801 significantly elevated the startle amplitude
(F(1,47)=19.232; P <0.01), the interaction between MK-801
and risperidone treatments was not significant (Table 1).

Figure 5b shows the effects of a combined treatment with
1 mg/kg risperidone and 6 mg/kg SB 271046. An ANOVA
revealed the significant main effect of the MK-801 treatment
(F (1,57)=35.619; P <0.001) and the risperidone treatment
(F (1,57)=5.226; P <0.05), as well as a significant interaction
among the MK-801, risperidone, and SB 271046 treatments
(F (1,57)=5.503; P <0.05). There was also a significant over-
all effect of the prepulse intensity (F(2,114)=6.310; P <0.01)
but no significant interactions of the factors and stimuli inten-
sity. Combined administration of an inactive dose of risperi-
done and SB 271046 restored the PPI deficit evoked by MK-
801, compared to SB 271046+MK-801 (P <0.001) and, less
significantly, to the risperidone+MK-801 (P=0.06) groups;
however, this effect was not significant when compared with
the vehicle+MK-801 group (P=0.07). While MK-801 signif-
icantly elevated (F (1,57)=50.296; P <0.001) and risperidone
significantly reduced the startle amplitude (F(1,57)=9.794;
P <0.01), other factors and interactions of this measure were
insignificant (Table 1).

Figure 5c shows the effects of a combined treatment with
1 mg/kg risperidone and 3 mg/kg SB 399885. An ANOVA
revealed the significant main effect of the MK-801 treatment
(F (1,67)=51.178; P <0.001) and the risperidone treatment
(F (1,67)=4.724; P <0.05), as well as a significant interaction
among the MK-801, risperidone, and SB 399885 treatments
(F (1,67)=4.719; P <0.05). There was also a significant over-
all effect of the prepulse intensity (F (2,134)=22.675;
P <0.01) and an interaction between the prepulse intensity
and SB 399885 treatment (F (2,134)=3.153; P <0.05); the
other factors did not interact with the prepulse intensity. Com-
bined administration of an inactive dose of risperidone and SB
399885 restored the PPI deficit evoked byMK-801 compared
to the SB 399885+MK-801 (P <0.001), the risperidone+
MK-801 (P <0.01), and the vehicle+MK-801 (P <0.01)
groups. MK-801 significantly elevated the startle amplitude
(F (1,67)=17.113; P <0.001), and there was a significant in-
teraction between the risperidone and SB 399885 treatments
(F (1,67)=10.977; P <0.01); however, the other factors and
interactions of this measure were insignificant (Table 1).

Experiment 6: effects of 5-HT2A receptor antagonist
M100907 alone and in combination with SB 271046
and with SB 399885 on the PPI deficits evoked by MK-801

The 5-HT2A receptor antagonist M100907 at doses of 0.5 and
1 mg/kg did not attenuate the PPI deficit in MK-801-treated
rats (Fig. 6a). AnANOVA revealed a significant effect ofMK-
801 (F (1,40)=41.819; P <0.001) but an insignificant
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Fig. 6 a Lack of effect of the 5-HT2A antagonist M100907 (0.5 and
1 mg/kg) given alone and the attenuating effect of combined administra-
tion of M100907 (0.5 mg/kg) with b SB 271046 (6 mg/kg) and c SB
399885 (3 mg/kg) on MK-801 (0.1 mg/kg)-induced PPI deficits. Sym-
bols: *P<0.05 versus the vehicle; #P<0.05 versus the MK-801 treat-
ment; ∫P <0.05 versus the M100907+SB 271046+MK-801 treatment
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interaction between the MK-801 and M100907 treatments.
There was a significant overall effect of the prepulse intensity
(F (2,80)=9.235; P <0.001) but an insignificant interaction
among the prepulse intensity and other factors. While MK-
801 significantly elevated the startle amplitude (F (1,40)=
52.924; P <0.01), the interaction between the MK-801 and
M100907 treatments was insignificant.

Figure 6b shows the effects of a combined treatment with
lower doses of M100907 and SB 271046. An ANOVA
showed the significant main effect of MK-801 treatment
(F (1,55)=41.591; P <0.001) and a significant interaction be-
tween the MK-801, M100907, and SB 271046 treatments
(F (1,55)=5.303; P <0.05). Combined administration of inac-
tive doses of M100907 (0.5 mg/kg) and SB 271046 (6 mg/kg)
restored the PPI deficit evoked by MK-801 compared to the
M100907+MK-801, the SB 271046+MK-801, and the vehi-
cle+MK-801 groups. While MK-801 significantly elevated
the startle amplitude (F(1,55)=19.543; P <0.01), other factors
and interactions of this measure were insignificant (Table 1).

Figure 6c shows the effects of combined treatment with
lower doses of M100907 and SB 399885. An ANOVA showed
the significant main effect of MK-801 treatment (F(1,55)=
59.740; P <0.001), the significant main effect of SB 399885
treatment (F(1,55)=4.236; P <0.05), the significant main effect
of M100907 treatment (F(1,55)=6.527; P <0.05), and most
importantly, the significant interaction between the MK-801,
M100907, and SB 399885 treatments (F (1,55)=4.666;
P <0.05). Combined administration of inactive doses of
M100907 (0.5 mg/kg) and SB 399885 (3 mg/kg) restored the
PPI deficit evoked by MK-801, compared to the M100907+
MK-801, the SB 399885+MK-801, and the vehicle+MK-801
groups. MK-801 significantly elevated the startle amplitude
(F(1,55)=21.749; P <0.001), but the interaction among all
three treatments was insignificant (Table 1).

Discussion

The major findings of the present study can be summarized as
follows: while 5-HT6 and 5-HT2A receptor antagonists, as well
as haloperidol and risperidone, did not affect the PPI deficit
produced byMK-801, clozapine dose-dependently ameliorated
it. However, co-administration of the 5-HT6 antagonists with
clozapine, risperidone, or the 5-HT2A antagonist, but not hal-
operidol, reversed the MK-801-induced PPI deficit.

Our results regarding haloperidol replicate previous findings
that demonstrated that “typical” antipsychotics are not effective
in restoring the PPI deficits induced by NMDA receptor antag-
onist administration (Keith et al. 1991). Clozapine produces
inconsistent effects on the disruptive effects of MK-801. While
some studies report that pretreatment with clozapine reversed
the deficits produced by MK-801 (Bakshi et al. 1994;
Bubenikova et al. 2005), this effect was not observed by others

(Hoffman et al. 1993; Varty and Higgins 1995; Bast et al. 2000;
Levin et al. 2005; Gururajan et al. 2011). This inconsistency
could be due to a number of the methodological issues. First, it
is possible that there is a rather short time window for clozapine
to ameliorate the PPI deficits evoked byMK-801, and therefore
in certain experimental settings, this effect could not be detect-
able. For example, the reversing effect of clozapine was ob-
servedwhen a relatively short testing protocol was employed (5
repetitions×4 trial types; Bubenikova et al. 2005). In another
study, a similar ameliorative effect of clozapine was detected
during the second half of a long session that totaled 62 trials
(Bakshi et al. 1994). Because our data replicated these obser-
vations (Fig. 1), in the present study, a protocol consisting of 4
repetitions of each trial type was used. Second, the PPI testing
procedure could produce stress, which might interfere with the
animals’ response to the stimuli and might mask the ameliora-
tive effects of clozapine on the MK-801-evoked deficit. To
overcome this problem, we conducted two habituation ses-
sions, which directly preceded the drug test session.

The efficacy of the antipsychotic drugs has been attributed to
their antagonistic activity at several receptor types (e.g., dopa-
mine D2, D3, serotonin 5-HT2A, 5-HT2C, and 5-HT6). Cloza-
pine exhibits a high affinity for 5-HT6 receptors (Ki=12.88 nM;
Boess et al. 1997) with a selectivity about 5-fold over D2
receptors and more than 10-fold over D3 receptors. Among
serotonin receptors, the affinity of clozapine for 5-HT2A recep-
tors (Ki=10.96 nM) is comparable to its affinity for 5-HT6
receptors, which is about 3-fold higher than its affinity for 5-
HT2C receptors (Ki=29 nM; PDSP certified data). To investi-
gate the involvement of the serotonin type-6 receptors in medi-
ating the reversal of the MK-801-induced PPI deficit, we used
the potent (Ki~0.7 nM) 5-HT6 receptor antagonists SB 271046
and SB 399885 (Upton et al. 2008). To investigate the role of the
5-HT2A receptors, we used the potent (Ki=1.92 nM; PDSP
certified data) 5-HT2A receptor antagonist M100907.

The administration of SB 271046 and SB 399885 (Fig. 2)
consistently failed to antagonize the PPI disruptions evoked
by MK-801. To date, there have been few studies on prepulse
inhibition disrupted by NMDA receptor antagonists, and all
these studies have reported negative results with the selective
5-HT6 antagonists SB 271046, Ro 04-6790, Ro 65-7199, and
Ro 4368554 (Pouzet et al. 2002; Leng et al. 2003; Schreiber
et al. 2007; Gravius et al. 2011). In two other studies, the 5-
HT6 receptor antagonists SB 271046 and Ro 4368554 re-
versed the PPI deficits evoked by amphetamine and apomor-
phine, respectively (Pouzet et al. 2002;Mitchell andNeumaier
2008). Thus, as expected, our study replicated the negative
findings in the model of PPI disruptions evoked by NMDA
receptor antagonists. Similarly, administration of the 5-HT2A
receptor antagonist did not antagonize the PPI disruptions
produced byMK-801 (Fig. 6a), which confirms earlier reports
(Bakshi et al. 1994; Swerdlow et al. 1996). However, these
and our results are contrasted by the finding that 1 mg/kg
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M100907 antagonized the PPI disruption induced byMK-801
(Varty et al. 1999). It is likely that differences in the experi-
mental protocols were responsible for these discrepancies.

While administration of SB 271046, SB 399885, or
M100907 alone did not affect the MK-801-induced PPI def-
icit, the combination of either 5-HT6 antagonist with the 5-
HT2A antagonist attenuated it (Fig. 6) in a manner compara-
ble to clozapine. The ability of a combined treatment with 5-
HT2A and 5-HT6 antagonists to reduce the disruptive effects
of MK-801 may suggest that inhibition of these serotonergic
receptors may sufficiently explain the similar ameliorating
effects of clozapine. This could be supported by the observa-
tion that 5-HT6 receptor antagonism potentiated the action of
an ineffective dose of clozapine (Fig. 3b). This idea is further
supported by the results of the combined administration of SB
271046 or SB 399885 and risperidone, an antipsychotic that
displays high affinities for the D2 (Ki~2 nM) and 5-HT2A
(Ki<1 nM) receptors, but not the 5-HT6 (Ki~2,000 nM)
receptors (PDSP certified data).

The 5-HT6 receptors are distributed most densely within the
medial prefrontal cortex, the hippocampus, and the basal ganglia
(Gerard et al. 1997). These brain regions are also a part of the
circuitry involved in the regulation of PPI (Swerdlow et al.
2001). It was also demonstrated that [3H]clozapine binding
resembles the distribution of 5-HT6 receptors in the brain
(Glatt et al. 1995).Moreover, chronic administration of clozapine
decreased 5-HT6 receptor expression in the hippocampus (Fred-
erick and Meador-Woodruff 1999). Therefore, the functional
interaction between clozapine and 5-HT6 receptors may support
our behavioral observation, suggesting the involvement of 5-
HT6 receptor antagonism in the antipsychotic-like action of
clozapine in restoring PPI deficits. In contrast, SB 271046 com-
bined with the “typical” antipsychotic haloperidol, regarded as a
preferential dopamine D2 antagonist (Ki=0.45 nM; PDSP certi-
fied data), was ineffective at inhibiting PPI deficits (Fig. 4b). This
suggests that the mixed D2/5-HT6 antagonistic effect of antipsy-
choticsmay not be of significant importance for the restoration of
PPI impairments.

\The efficacy of “atypical” antipsychotics in reversing the PPI
deficits induced byNMDA receptor blockade has been attributed
to the serotonin/glutamate interaction, which is mediated via the
5-HT2A receptors (Varty and Higgins 1995; Varty et al. 1999).
This concept has been supported by a number of studies, which
show that drugs displaying 5-HT2A receptor antagonistic prop-
erties reverse NMDA receptor antagonist-induced PPI deficits
and facilitate glutamate neurotransmission in the cerebral cortex
(Varty and Higgins 1995; Arvanov and Wang 1998; Varty et al.
1999). Evidence suggests that 5-HT6 receptors may also control
glutamatergic neurotransmission in the brain. For instance, in
microdialysis studies, the 5-HT6 antagonist SB 271046-induced
robust increases in glutamate and aspartate concentrations in the
frontal cortex (Dawson et al. 2001; Mork et al. 2009). Amassive
enhancement of cortical glutamatergic neurotransmission in

freely moving rats was also observed following injection with a
high, but not a lower, dose of clozapine (Daly and Moghaddam
1993). The prefrontal cortex is a key structure within a neuronal
circuit responsible for the PPI disruptive effect of NMDA recep-
tor antagonists (Schwabe and Koch 2004; Klamer et al. 2011).
Therefore, the additive effect of the combined administration of
5-HT6 antagonist(s) with clozapine, risperidone, or M100907 in
alleviating PPI deficits is likely explained by the amplification of
cortical glutamate neurotransmission following 5-HT6 receptor
blockade. It can be hypothesized that the 5-HT6 component that
“repairs” cortical function could also be a key factor in the
mechanism of the antipsychotic action of “atypical” drugs.

An alternative explanation of the present results involves
the central cholinergic functions. It has been demonstrated
that compounds that exert agonistic effects at muscarinic
receptors exhibit anti-psychotic-like properties (Maehara
et al. 2008). Moreover, it has been reported that the cloza-
pine metabolite N-desmethylclozapine (NDMC), which ex-
hibits partial agonistic activity at the muscarinic M1 recep-
tor, reversed the disruption of PPI caused by ketamine
(Maehara et al. 2011). The authors suggested that NDMC,
which is present in high concentrations in both humans and
rats, might contribute to the antipsychotic effects of cloza-
pine via the activation of the muscarinic receptors (Maehara
et al. 2011). Given that 5-HT6 receptor antagonists might
exert similar choline-mimetic effects (Riemer et al. 2003), it
is possible that the enhancement of the clozapine action
following SB 271046 co-administration can be attributed to
its actions in the cholinergic pathways.

Further research is needed to clarify the neuronal circuits
that contribute to the observed effects of 5-HT6 receptor an-
tagonism in alleviating the prepulse deficits. For instance, it
has been demonstrated that 5-HT6 receptors are expressed on
GABAergic interneurons in the striatum (Gerard et al. 1997)
and thus regulate other neurotransmitter systems through the
modulation of GABAergic output. Moreover, 5-HT6 and 5-
HT2A receptors may control the activity of dopaminergic
neurons in mesolimbic and mesocortical projections. It has
been found that 5-HT6 receptor antagonists do not influence
brain dopamine levels by itself, but combined 5-HT6/D2 and
5-HT6/5-HT2A antagonism can potentiate a dopamine efflux
in the cerebral cortex (Li et al. 2007); likewise, a joint admin-
istration of amphetamine and a 5-HT6 receptor antagonist also
potentiated the dopamine levels in the striatum (Dawson et al.
2003). Therefore, differential effects of 5-HT6 receptor antag-
onism alone versus combined 5-HT6/5-HT2A antagonism and
the involvement of other receptors and neurotransmitter sys-
tems may contribute to the effects observed in our study.

There are several limitations of the present study. As in
every pharmacological research study involving the adminis-
tration of two or three compounds, we cannot exclude the
effects of the pharmacokinetic interactions. Among the 5-HT6
antagonists, the SB 271046 compound is most frequently used
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in behavioral studies and is >200-fold more selective for the 5-
HT6 receptors than for 23–85 other receptors investigated;
however, this compound displays a relatively poor brain per-
meability (brain/plasma concentration ratio of 0.05:1). For
these reasons, the effects of the combined treatment of the 5-
HT6 receptor antagonist with risperidone or M100907 on
prepulse inhibition were also assessed using another 5-HT6
antagonist, SB 399885, which has been shown to have a better
brain/plasma concentration ratio (0.15:1; Upton et al. 2008).

The limited clinical data on the effects of combined treatment
of 5-HT6 receptor antagonist and risperidone are equivocal. A
public company release fromLundbeck (2008) entitled “Efficacy
study exploring the effect of Lu AE58054 as augmentation
therapy in patients with schizophrenia” is listed under “non-
approved indications,” and Arnt and Olsen describing these
clinical results have noted the lack of improved outcome on the
psychosis ratings (Borsini 2011, p. 146). However, there could
be a number of reasons for the failure of the clinical trial, and/or,
it cannot be excluded that the positive effects observed in the
preclinical prepulse inhibition test do not always translate into
clinical efficacy. More recently, Morozova et al. studied the
effects of risperidone given with another 5-HT6 antagonist and
antihistamine drug, dimebolin (DimebonTM), in schizophrenic
patients (Morozova et al. 2012). An earlier study of
Schaffhauser et al. (2009) have demonstrated that dimebolin
displays a decent affinity for human (Ki=26 nM) and rat (Ki=
119 nM) recombinant 5-HT6 receptors. The double-blind
placebo-controlled randomized efficacy and safety trial in 56
schizophrenic patients demonstrated that the severity of the
negative symptoms was lower in the dimebolin group, and
patients in the dimebolin group showed an improvement in
cognitive dimensions such as working memory, attention, psy-
chomotor coordination, and planning (Morozova et al. 2012).
Clearly, more work is needed to elucidate the effects of 5-HT6
receptor antagonist when used in combination with standard
antipsychotic treatments.

In conclusion, the present study provides evidence that 5-
HT6 receptor antagonism plays an important role in reversing
the PPI deficits due to NMDA receptor blockade, and 5-HT2A/
5-HT6 antagonism may represent an important element in the
pharmacological profile for antipsychotic treatment.
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