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JOHANSSON, C., D. M. JACKSON, J. ZHANG AND L. SVENSSON. Prepulse inhibition of acoustic startle, a mea-
sure of sensorimotor gating: Effects of antipsychotics and other agents in rats. PHARMACOL BIOCHEM BEHAV 52(4)
649-654, 1995. — Schizophrenic patients are deficient in various neurologic measures reflecting information processing. One
such measure is prepulse inhibition (PPI) of acoustic startle, in which schizophrenics display less inhibition than normal
subjects. PP1 is also diminished in rats treated with psychotomimetic drugs such as amphetamine and phencyclidine. PPI has
been suggested as a model relevant for studying the pathophysiology of schizophrenia. We studied the effect of a variety of
antipsychotics and putative antipsychotics and some key reference compounds on the acoustic startle response (ASR) and
PPI. Some, but not all, antipsychotics tested (mainly selective dopamine D, antagonists) enhanced PPI. Remoxipride and
clozapine, both of which are antipsychotics, and the very potent and highly selective D, antagonist, NCQ-298, did not. It is
concluded that enhanced PPI in otherwise untreated rats does not reflect antipsychotic efficacy. We further noted that the

effect on PPI was independent of the effect on ASR.
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THE AIM of the present investigation was to study the effect
of a number of psychotropic agents on the acoustic startle
response (ASR) and prepulse inhibition (PPI) of this response.
ASR is a sensorimotor response to a sudden acoustic stimulus.
PPI is a phenomenon that appears when the acoustic stimulus
causing the ASR is preceded by a weak prepulse 60-500 ms
before the main pulse. This markedly diminishes the response
(4). Techniques are available that make it possible to study
PPI in a number of animal species, most importantly in hu-
mans and rats (8).

Several studies have demonstrated a decreased PPI in
schizophrenia (5,9). Decreased PPI is also seen in psychosis-
prone young adults (29), schizotypal personality disorder (6),
obsessive compulsive disorder (31), Huntington’s disease (35),
and young children suffering from nocturnal enuresis (23).

A disruption of PPI similar to that seen in schizophrenics
can also be induced in rats by the administration of dopamine
(DA) receptor agonists such as apomorphine (33) and amphet-

amine or noncompetitive NMDA antagonists such as phency-
clidine (PCP) (16).

The present study was performed to examine the effect of a
variety of antipsychotics and putative antipsychotics, together
with some key reference compounds, on ASR and PPI. The
main objective of the study was to see whether there was a
relationship between the effect of various substances in the
acoustic startle model and their clinical efficacy.

METHODS
Animals

Male Sprague-Dawley rats (B&K Universal, Sollentuna,
Sweden), weighing between 250 and 350 g, were used. The
animals were housed on a 12 L : 12 D cycle with lights on at
0600 h. The temperature was 20 = 1°C and the humidity 55
+ 5%. The animals were kept in groups of four in plastic
cages. Food pellets and tapwater were available ad lib. Test-
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ing started 1 week after the arrival of the rats. The study was
approved by the local ethical committee for animal research at
Sodra Roslags Tingsrétt, Stockholm.

Drugs

1-(1-phenylcyclohexyl)piperidine HCl (PCP), (5R,10S)-
(+)-5-methyl-10,11 - dihydro - SH - dibenzo (a, d ) cyclohep-
ten-5,10-imine hydrogen maleate [(+)MK-801, dizocilpine],
(5S,10R)-( — )-5-methyl-10-11-dihydro-5H-dibenzo( a,d )cyclo-
hepten-5,10-imine hydrogen maleate [(—)MK-801], R(+)-2-
dipropylamino-8-hydroxy- 1, 2, 3,4-tetrahydronaphthalene HBr
[(+)8-OH-DPAT] and (= )-1-(4-bromo-2,5-dimethoxyphenyl)-
2-aminopropane HBr [(+)DOB] (RBI, Natick, MA) were dis-
solved in saline. R(+ )-7-chloro-8-hydroxy-3-methyl-1-phenyl-
2,3,4,5-tetrahydro-1H-3-benzazepine HCl [(+)SCH23390] and
S(—)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahy-
dro-1H-3-benzazepine HC1 [(—)SCH23388] (RBI) were dis-
solved in a few drops of propylene glycol and adjusted to
volume with distilled water. Ketalar solution (Parke-Davis,
Barcelona, Spain) contained ( + )-2-(2-chlorophenyl)-2-(methyl-
amino)cyclohexanone HCI (ketamine). (S)(+ )-a-methylphen-
ylethylamine sulfate (d-amphetamine) (Sigma, St. Louis, MO),
5,6,6-a,7-tetrahydro-6-methyl-4H-dibenzo(de,g)quinoline-
10,11-diol HC! (apomorphine) (Sandoz, Basel, Switzerland),
S( —)-3-bromo-N-[(1-ethyl-2-pyrrolidinyl)methyi]-2,6-dimeth-
oxybenzamide HCl monohydrate (remoxipride), S(-)-3,5-
dichloro-N-[(1-ethyl-2-pyrrolidinyl ) methyl]-2 - hydroxy -
6-methoxybenzamide (+)-tartrate (raclopride), R(+)-3-(3-hy-
droxyphenyl)-N-propylpiperidine hydrochloride [(+)3-PPP],
S(—)-3-(3-hydroxyphenyl)-N-propylpiperidine hydrochloride
[(=)3-PPP, preclamol), (S)-5,6-dimethoxy-N-[(1-ethyl-2-pyr-
rolidinyl ) methyl ] - 3 -iodo - salicylamide mesylate (NCQ-298),
S(—)-5-fluoro-8-hydroxy-2-(dipropylamino)tetralin HCI [( - )-
UH-301] (Astra Arcus, Sodertilje, Sweden) were dissolved
in saline. 4-[4-(4-chlorophenyl)-4-hydroxy-1-piperidinyl}-1-(4-
fluorophenyl)-1-butanone base (haloperidol) (Sigma) and
8-chloro-11-(4-methyl-1-piperazinyl)-5H-dibenzo(b,e)(1,4)-
diazepine base (clozapine) (Sandoz), 3-[2-(4-(6-fluoro-1,2-
benzisoxazol-3-yl)-1-piperidinyl)ethyl]-6,7,8,9-tetrahydro-2-
methyl-4H-pyrido(1,2-a)-pyrimidin-4-one base (risperidone)
(Janssen Pharma, Beerse, Belgium), 6-[2-(4-[bis(4-fluoro-
phenyl)methylene]- 1 -piperidinyl)-ethyl]-7-methyl- 5H- thiaz-
olo(3,2-a)pyrimidin-5-one base (ritanserin) {Janssen Pharma)
and S(— )-3-bromo-N[(1-ethyl-2-pyrrolidinyl)methyl}-2-hydroxy-
6-methoxybenzamide base) [( — )FLA-797] (Astra Arcus) were
dissolved in a few drops of acetic acid diluted in distilled
water, and the pH was adjusted to around 5 using NaOH. 8-
[4-(4-[2-pyrimidinyl)- | -piperazinyl) butyl}- 8-azaspiro(4.5)-
decane-7,9-dione HC! (buspirone; Sigma) was dissolved in dis-
tilled water. All drugs were injected subcutaneously (SC) in a
volume of 2 ml/kg.

Apparatus

The startle response was recorded by an MOPS 2b startle
response recording system (Metod och Produkt Svenska AB,
Goteborg, Sweden). The rat was placed in a small wire-mesh
cage (18.5 x 7 x 6.5 cm) suspended from the ceiling of a
sound-attenuated enclosure (52 X 42 x 38 cm). Four enclo-
sures were used in parallel. The wire-mesh cage was connected
by a piston to a moving coil transducer (with a sudden move-
ment of the rat inside the cage causing a movement of the
piston), the change in velocity of which was converted to an
analogue signal by the transducer. This signal was sampled
and digitised with a 12-bit digital resolution by a microcom-
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puter which also served to control the delivery of acoustic
stimuli. Startle amplitude was defined as the maximum signal
amplitude (digital units) that occurred during the first 30 ms
after delivery of the startle-eliciting stimulus. The acoustic
signal consisted of white noise delivered to the rat by two
high-frequency loudspeakers built into the ceiling of the
sound-attenuated enclosure. A continuous acoustic signal pro-
vided a background white noise inside the enclosure of 62
dB(A). The background noise was interrupted at stimulus pre-
sentations by a 20-ms burst of white noise with a rise/decay
time of < 1 ms. The cages were calibrated to ensure equal
sensitivity before test, and rats tested at several occasions were
always tested in the same cage.

Procedure

Each experiment was composed of at least four different
doses of a particular drug including a vehicle control. The rats
were tested every 3rd or 4th day in a crossover design, with all
rats receiving all doses of the drug tested. On each test day,
the animals were injected with drug immediately before (apo-
morphine) or 5 min (PCP, MK-801, ketamine, and 8-OH-
DPAT), 20 min [amphetamine and (S)-UH-301} or 60 min (all
other drugs) before putting them into the cages. They were
then given a 10-min adaptation period inside the cage before
the start of the first stimulus session. Each stimulus session
consisted of 10 single or paired noise bursts. In the case of
paired pulses, the prepulse (74 dB—i.e., 12 dB above back-
ground level) preceded the main pulse (105 dB) by 60 ms.
The noise bursts were delivered 10 s apart, a time period that
produced a minimum of habituation within the period. The
time between sessions was 70 s. The number of sessions was
always eight, in which the first session was discarded from the
statistical analysis to further minimise within-period habitua-
tion. The session order was the following: 105 dB single pulse
only, 74 dB single pulse, 74 dB prepulse + 105 dB main pulse,
105 dB single pulse, 74 dB prepulse + 105 dB main pulse, 105
dB single pulse, 74 dB prepulse + 105 dB main pulse, and 105
dB single pulse. In all, the duration of the procedure was 30
min. The first test day was a habituation/pretest following the
experimental design given before with the exception that no
drug was administered. The data from the first test day were
discarded. Single pulses of 74 dB were not found to induce a
recognisable startle response in any of the experiments.

Descriptive Statistics

The mean response amplitude in single-pulse stimulus con-
ditions and paired-pulse conditions was calculated for each
animal and treatment. These individual values were used in
the statistical analysis as described subsequently.

The level of PPI was calculated using the formula: PPl =
100 — [(PP/P) x 100], where PP designates the averaged
response to paired pulses and P the ASR (i.e., the response to
single 105-dB pulses). Using this formula, a 0% value indi-
cates no difference between the single-pulse and paired-pulse
response (i.e., no PPI).

Statistical Analysis

Nonparametric statistics were used to control for possible
deviations in the normal distribution of the data. The statisti-
cal tests were Friedman two-way analysis of variance by ranks
followed by Wilcoxon ¢-test. Two-tailed levels of significance
were used and p > 0.05 was considered nonsignificant.
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RESULTS

Table 1 presents the results after sorting the different drugs
into groups according to their putatively most important re-
ceptor interactions. The results of Friedman’s tests are given
within brackets in the text. No data were discarded between
the analyses of ASR and PPI, and consequently, the degrees
of freedom and numbers of animals were always the same
within one drug treatment. The results of Wilcoxon #-tests are
given in Table 1.

Glutamate Receptor Active Drugs

The noncompetitive NMDA antagonist, (+)MK-801, caused
an increase in ASR amplitude at intermediate doses (Freed-
man’s ANOVA: x* = 17.5; df = 3; p = 0.0006; n = 11).
This property was shared by the two other noncompetitive
NMDA antagonists tested, PCP (x* = 17.9; df = 3; p =
0.0005; n = 23), and, marginally, ketamine (x* = 7.6; df =
3; p = 0.055; n = 12). Higher doses of PCP and (+)MK-801
caused a diminished ASR. (—)MK-801, the less potent enanti-
omer of MK-801, did not affect ASR (x* = 5.1;df = 3;p =
0.16; n = 12). PCP (3¢ = 41.5; p < 0.0001), (+)MK-801 (x*
= 17.9; p = 0.0005), (—)MK-801 (x> = 21.1; p = 0.0001),
and ketamine (x> = 18; p = 0.0004) caused a dose-related
disruption of PPI.

Dopamine Receptor Active Drugs

The nonselective DA receptor agonist, apomorphine (x* =
12.4; df = 3; p = 0.0062; n = 15), caused an increase in
ASR amplitude, whereas the indirect DA receptor agonist,
d-amphetamine (x* = 2.44; df = 3; p = 0.49; n = 15),
failed to alter ASR. Both apomorphine (¢ = 15.1; p =
0.0017) and amphetamine (* = 30; p < 0.0001) caused a de-
crease in PP1. However, (—)3-PPP, which is a DA D, autore-
ceptor agonist and a postsynaptic DA D, antagonist, did not
affect ASR or PPI (3 = 2.4;df = 3;p = 0.5;n = 15, and
x* = 4; p = 0.26, respectively). The DA D, agonist and
o ligand, (+)3-PPP, caused a significant decreas¢ in both
behavioural measures (ASR: x* = 11.4;df = 3; p = 0.0097;
n = 15; PPL: x* = 21.3; p < 0.001). The DA D, antagonist,
SCH23390 (ASR: x> = 1.5;df = 4;p = 0.82; n = 9; PPI:
x’ = 2.6; p =0.61), and its less active (—)-enantiomer,
SCH23388 (ASR: x* = 1.6;df = 3;p = 0.66;n = 11; PPI:
x> = 3.7; p = 0.29) did not significantly affect either ASR
or PPI.

The DA D, antagonists, haloperidol (ASR: x> = 5.3;df =
4;p = 0.26;n = 12; PPL: %* = 13.1; p = 0.010), raclopride
(ASR: x* = 4.5;df = 4;p = 0.34;n = 12; PPL: }* = 11.4;
p = 0.022), and (-)FLA-797 (ASR: x> = 5.8;df = 3;p =
0.12; n = 15; PPI: x> = 10.0; p = 0.017), increased PPI
without significantly altering ASR. Two other DA D, antago-
nists, the very potent salicylamide, NCQ-298 (ASR: x* = 2.0;
df = 3; p = 0.57; n = 12; PPL: ¥* = 0.53; p = 0.91), and
the less potent benzamide, remoxipride (ASR: x> = 3.1; df =
4; p = 0.55; n = 12; PPI: ¥ = 3.2; p = 0.52), did not af-
fect ASR or PPI.

Clozapine, which has affinity for a variety of receptors,
caused a marked decrease in ASR at the highest dose used
(ASR: x* = 22.3;df = 3; p < 0.0001; n = 12). No signifi-
cant change in PPI was noted (PPI: x* = 1.9; p = 0.59). The
serotonin-5-HT, and DA D, antagonist risperidone caused a
decrease in ASR at all doses tested (> = 25.8;df = 3;p <
0.001; n = 12) and a decrease in PP1 at the two highest doses
¢ = 13.7; p = 0.003).
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Serotonin Receptor Active Drugs

The 5-HT,, agonist, (+)8-OH-DPAT, elevated ASR (x’
= 13.7; df = 3; p = 0.0034; n = 11) at the two highest
doses tested and, at the highest dose, diminished PPI (* =
9.6; p = 0.022). Buspirone, a 5-HT,, agonist that is also a
DA D, antagonist, elevated ASR (x° = 11.1; df = 3; p =
0.011; n = 16) at the highest dose tested and increased PPI
¢ = 9.7; p = 0.022) at the two highest doses. (- )UH-301,
a 5-HT,, antagonist, caused a diminished ASR (x* = 15.1; df
= 3; p = 0.0017; n = 12) at the highest dose tested, whereas
PPI (x* = 7.8; p = 0.05) was slightly diminished at the two
higher doses. The 5-HT, agonist, DOB, decreased both ASR
(¢ = 22.9; df = 3; p < 0.0001; n = 12) and PPI (’ =
21.7; p < 0.0001) but only at a very high dose, whereas the
5-HT, antagonist, ritanserin, affected none of the measures
(ASR: x> = 4.4;df = 3;p = 0.22; n = 12; PPL: % = 2.8;
p = 0.43).

DISCUSSION

It has been reported that antipsychotic and putative anti-
psychotic drugs may increase or facilitate PPI in rats (12,27,
36). However, no systematic investigation has been performed
to evaluate this contention. In line with this suggestion, Adler
et al. (1), using the closely related but not identical measure,
the auditory P50 evoked potential paradigm [for comparison
between the two measures, see (28)], reported an increased
inhibition of the P50 potential after treatment with haloperi-
dol. In the present study, PPI was facilitated by treatment
with the DA D, antagonists, haloperidol, raclopride and
(—)FLA-797 (a metabolite of remoxipride) (22). but not with
the DA D, antagonists, SCH23390, or its less active isomer,
SCH23388. Buspirone, which has D, antagonist properties
(37), also increased PPI. DA D, antagonism seems not to be a
sufficient prerequisite for this effect, however, because the
very potent and selective DA D, antagonist, NCQ-298 (10),
and the selective DA D, antagonist, remoxipride (39), were
inactive on this measure.

In agreement with earlier studies (18,19), diminished PPI was
seen after treatment with the NMDA antagonists PCP, MK-801,
and ketamine. The DA D, agonists quinpirole and (+)3-PPP,
as well as the D,;/D, agonist apomorphine and the indirectly
acting DA agonist, d-amphetamine (7,20,24,32,34; and the pres-
ent study) also decrease PPI. (—)UH-301 at higher doses dis-
played a similar trend. This may be explained by the rather
potent DA D, agonistic property of (—)UH-301 (11).

A drug-induced decrease in PPI concomitant with a pro-
nounced decrease in ASR can potentially be explained by seda-
tion. This is probably the case after the administration of high
doses of risperidone and clozapine, both of which are strongly
sedative. Thus, these substances reduced spontaneous locomo-
tor activity in rats with an EDy, of 0.63 and 1.8 umol/kg,
respectively. [The ED;, is defined as the SC dose required to
reduce activity in rats to 50% of the control level; see (13)].

In the groups treated with PCP and (+)MK-801, higher
doses caused a decreased ASR concomitant with a diminished
PPI, whereas, at an intermediate dose interval, ASR was ele-
vated and PPI diminished. The 5-HT,, agonist, (+)8-OH-
DPAT, induced a dose-related increase in ASR and at higher
doses a decrease in PPI. Thus, at least in animals free from
ataxia or sedation, there seems to be little correlation between
ASR and PPI.

5-HT, receptor antagonism, which is a prominent compo-
nent of risperidone (14,17) and clozapine (21), was probably
not involved in the results obtained in the present study, as
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ritanserin, a 5-HT, antagonist (26), and SCH23390, which
also possesses this property (3), were inactive. However, it
cannot be excluded that the 5-HT, receptor antagonism of
drugs such as risperidone and clozapine can indirectly influ-
ence DA neuronal function (30).

If diminished PPI reflects a dissociative state in the individ-
ual, then the 5-HT,, receptor agonist effect, as displayed by
(+)8-OH-DPAT and other 5-HT,, agonists on PPI (25),
might be an unwanted property of these drugs. In the present
study, the dose of (+)8-OH-DPAT required to cause a signifi-
cant decrease in PPI is in the dose range commonly regarded
to involve postsynaptic S-HT, , receptors.

One widely used estimate of a drug’s antipsychotic poten-
tial is its ability to block amphetamine- or PCP-induced hy-
perlocomotion. In a previous paper we compared the ability
of various antipsychotics to block amphetamine- and PCP-
induced hyperiocomotion and to inhibit spontaneous locomo-
tion in the rat (13). By comparing these earlier data with the
present results, it can be observed that haloperidol, which
most potently blocked the different measures of locomotion,
is equally potent in increasing PPI1. Raclopride is more potent
in affecting locomotion than in increasing PPI and FLA-797
(unpublished data) is also slightly more potent in the locomo-
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tor measures. Remoxipride and clozapine, which did not af-
fect PPI in the present study, were able to antagonise the
effect of amphetamine and phencyclidine on locomotor activ-
ity. Thus, in general, the ability of these drugs to influence the
locomotor measures seemed more predictive of antipsychotic
action than their ability to enhance PPI.

There are some indications that the antipsychotic proper-
ties of a drug may be related to its ability to reverse the disrup-
tion of PPI induced by DA agonists or noncompetitive
NMDA antagonists (2,15,33,38). The functional significance
of the facilitatory effect on PPI by some of antipsychotics is
less clear, however. Further studies are needed to explore this
effect.

The present data show that various antipsychotics and related
agents interfere with sensorimotor mechanisms in the rat in dif-
ferent ways. A major finding is that drug-induced changes in
PPI occur independently of changes in ASR. Furthermore, the
enhancement in PPI induced by some antipsychotics is not re-
lated to the antipsychotic activity of these drugs.
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