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Nicotine blocks apomorphine-induced disruption of prepulse
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1 Nicotine has been reported to normalize deficits in auditory sensory gating in the cases of
schizophrenia, suggesting an involvement of nicotinic acetylcholine receptors in attentional
abnormalities. However, the mechanism remains unclear. The present study investigated the effects
of nicotine on the disruption of prepulse inhibition (PPI) of the acoustic startle response induced by
apomorphine or phencyclidine in rats.

2 Over the dose range tested, nicotine (0.05-1mgkg™"', s.c.) did not disrupt PPI. Neither
methyllycaconitine (0.5-5mgkg™!, s.c.), an o; nicotinic receptor antagonist, nor dihydro-§-
erythroidine (0.5-2mgkg™, s.c.), an o4f, nicotinic receptor antagonist, had any effect on PPI.

3 Nicotine (0.01-0.2mgkg™', s.c.) dose-dependently reversed the disruption of PPI induced by
apomorphine (1 mgkg™", s.c.), but had no effect on the disruption of PPI induced by phencyclidine
(2mgkg!, s.c.).

4 The reversal of apomorphine-induced PPI disruption by nicotine (0.2mgkg~") was eliminated by
mecamylamine (1 mgkg™', ip.), but not by hexamethonium (10mgkg™', ip.), indicating the
involvement of central nicotinic receptors.

5 The antagonistic action of nicotine on apomorphine-induced PPI disruption was dose-dependently
blocked by methyllycaconitine (1 and 2mgkg™', s.c.). However, dihydro-g-erythroidine (1 and
2mgkg™!, s.c.) had no effect.

6 These results suggest that nicotine reverses the disruption of apomorphine-induced PPI through

central o, nicotinic receptors.
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Introduction

Prepulse inhibition (PPI) is the phenomenon in which the
amplitude of the acoustic startle response is reduced by a
preceding weak stimulation, and PPI is thought to reflect the
operation of a sensorimotor gating system in the brain. There
are a number of studies showing that PPI of the acoustic startle
is deficient in the cases of schizophrenia (Braff & Geyer, 1990;
Ludewig & Vollenweider, 2002). It has been proposed that the
dopaminergic and glutamatergic systems may contribute to the
gating deficits observed in patients with schizophrenia (Braff &
Geyer, 1990). Animal studies have shown that dopamine
agonists or N-methyl-D-aspartate (NMDA) antagonists dis-
rupt PPI (Mansbach et al., 1988; Davis et al., 1990; Peng et al.,
1990; Keith et al., 1991; Johansson et al., 1995). The disruption
of PPI induced by dopaminergic stimulation such as apo-
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morphine is reversed by dopamine D, receptor antagonists
with potency correlating well with clinically effective dosages
of each drug (Swerdlow et al, 1994). Phencyclidine, a
noncompetitive NMDA receptor antagonist, causes psychoto-
mimetic symptoms in human subjects and also disrupts PPI in
animal subjects. Atypical antipsychotics such as clozapine
have variously been reported to reverse (Bakshi et al., 1994;
Bakshi & Geyer, 1995) or not reverse (Johansson et al., 1994)
the disruption of PPI induced by phencyclidine. Thus, PPI of
acoustic startle in animals is a model for the same aspects of
schizophrenia, and disruption of PPI induced by apomorphine
or phencyclidine in animals has been used as a tool to screen
antipsychotic drugs (Swerdlow et al., 1994).

Nicotine has been found to enhance PPI in both human and
animal subjects. Nicotine administration via cigarette smoking
to a group of overnight smoking-deprived smokers increases
PPI (Kumari et al., 1996), and nicotine administered sub-
cutaneously to a group of male nonsmokers also enhances PPI
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as compared to saline administration (Kumari et al., 1997). In
rats, acute administration of nicotine increases PPI, particu-
larly at lower doses (Acri et al., 1994). However, it has been
reported that high doses of nicotine and o,f, nicotinic receptor
agonist, but not o; nicotinic receptor agonist, disrupt PPI
(Schreiber et al., 2002), suggesting an involvement of oyf,
nicotinic receptors in the mechanisms of PPIL.

A total of 70-90% of schizophrenic patients are cigarette
smokers. This rate is markedly higher than the 25-30% of the
general population’s smoking rate (Glassman, 1993; Ziedonis
& George, 1997). Nicotine has been reported to normalize
deficient auditory sensory gating in both schizophrenics and
their family members (Adler et al., 1992; 1993). Moreover,
post-mortem studies of schizophrenic patients have shown a
reduced number of ['*’I]-a-bungarotoxin-sensitive nicotinic
acetylcholine hippocampal receptors (Freedman et al., 1995).
It has been reported that smoking decreases when schizo-
phrenic patients switch treatments from typical antidopami-
nergic neuroleptic drugs to clozapine (George et al., 1995,
McEvoy et al., 1995), and that smokers show greater
therapeutic responses to clozapine than nonsmokers (McEvoy
et al., 1999). These studies have led researchers to hypothesize
that nicotine has ‘therapeutic’ effects on the attentional
abnormalities in schizophrenia (Adler er al., 1992; 1993).
However, the precise role of nicotinic acetylcholinergic systems
underlying deficits in auditory sensory gating in schizophrenics
remains unclear. In the present study, we investigated whether
or not nicotine reverses the disruption of PPI induced by
apomorphine or phencyclidine in rats, and also examined the
involvement of nicotinic receptor subtypes by testing several
nicotinic receptor antagonists.

Methods
Animals

Male Wistar strain rats (at 810 weeks of age) were obtained
from Charles River Laboratories (Atsugi, Japan). All animals
were housed in an animal room maintained at 22 +2°C under
a 12/12-h light/dark cycle with lights on from 0700. Food
and water were available ad /ibitum. The experimental protocol
was conducted according to the Guidelines of the Ethics
Review Committee for Animal Experimentation of Okayama
University Medical School.

Drugs

The following drugs were used: (—)-nicotine tartrate (Sigma, St
Louis, MO, U.S.A.), phencyclidine (synthesized at Fukuyama
University), hexamethonium bromide (Sigma), mecamylamine
hydrochloride (RBI, Natick, MA, U.S.A.), dihydro-fS-ery-
throidine hydrobromide (DHpPE, RBI), methyllycaconitine
(MLA, RBI) and haloperidol injection (Dainippon Pharma-
ceutical Co., Osaka, Japan). All drugs were dissolved in
physiological saline (0.9% sodium chloride). The pH of the
nicotine solution was neutralized with sodium hydroxide.
Apomorphine hydrochloride (Sigma) was dissolved in saline
containing 0.1% ascorbic acid and the solution was kept on ice
in the dark to protect against oxidative degradation. Clozapine
(RBI) was suspended in 1% Tween 80. All drugs were
expressed as the free base. Each drug was administered in a

-1

volume of 0.2ml100g™" body weight. Haloperidol and
clozapine were administered intraperitoneally, and the other
drugs were administered subcutaneously.

Measurement of startle response and prepulse inhibition

One startle chamber (SR-LAB, San Diego Instruments,
San Diego, CA, U.S.A.) was used. The chamber consisted
of a Plexiglas cylinder (8.9cm in diameter x 20cm long)
resting on a Plexiglas frame in a sound-attenuated, lighted,
ventilated enclosure. Background noise and acoustic noise
bursts were presented via a loudspeaker mounted 12 cm above
the cylinder. Startle responses, reflecting the motion of animals
in the cylinder following the acoustic stimulus, were detected
by a piezoelectric transducer mounted below the frame.
Stabilimeter readings were rectified and recorded by a
microcomputer and interface ensemble (San Diego Instru-
ments).

After a Smin acclimation period, the PPI test was started.
Throughout both the preliminary period and the test session,
the chamber light was on, and background noise was set at
65dB; all sounds were given as white noise. The test session
included five initial startle stimuli (120 dB of 20 ms duration),
to accustom the rats to the startle stimuli, followed by three
different types of 10 trials (total 30 trials) presented in random
order: a pulse (P) trial (120dB of 20 ms duration), and two
prepulse and pulse (PP-P) trials, which involved a prepulse (70
or 80dB of 20ms duration) followed by the same pulse as in
the P trial 100 ms later. The average intertrial interval was 40 s
(range 20—60s), and this interval was randomized. The startle
responses were measured every 100 ms from the onset of the
pulse presentation, and the maximum value was defined as the
startle amplitude. The animals’ startle amplitudes in response
to repetitions of each trial type were averaged across the
session. The experimental schedule was controlled by a
microcomputer.

Apomorphine was administered 15min before the measure-
ment of startle amplitude. Nicotine, phencyclidine, haloperidol
and clozapine were administered 30 min before the measure-
ment. Nicotinic receptor antagonists (mecamylamine, hexam-
ethonium, MLA and DHfE) were administered 45 min before
the measurement.

Statistical analysis

Values were represented as a group mean and as standard
errors of mean. PPI in PP70-P or PP80-P trial was calculated
as a percent inhibition of the startle amplitude in the P trial
according to the following formula: (startle amplitude (P trial)
— startle amplitude (PP-P trial))/startle amplitude (P
trial) x 100. The five initial startle stimuli were excluded from
the statistical analysis. Repeated measures analysis of variance
(two-way ANOVA) with drug treatment as a between-subjects
factor and pulse intensity as a within-subject factor was used.
Whenever the drug treatment factor or the drug treatment
factor x pulse intensity interaction was significant, post hoc
comparison was carried out. The post hoc individual compar-
isons were performed with Dunnett’s test or Student’s #-test.
The significance level was set at P<0.05.
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Results

Figure 1 shows the effects of nicotine or nicotinic receptor
antagonists on PPI in rats. Nicotine (0.05-1 mgkg~', s.c.) had
no effect on PPI in both prepulses of 70 and 80dB by itself.
Neither MLA (0.5-5mgkg™", s.c.) nor DHBE (0.5-2mgkg™",
s.c.) had any significant effect on PPI. Table 1 shows the effects
on startle amplitude. DHBE (0.5-2mgkg~", s.c.) dose-depen-
dently increased startle amplitude. A repeated measures
ANOVA revealed a significant dose effect of DHfE
(Fsy=3.132, P<0.05) and no significant dose x pulse
intensity interaction (Fs6=0.876, NS). The post hoc
comparisons using Dunnett’s test revealed significant differ-
ences of startle amplitude at a dose of 2mgkg~" in the PP70-P,
PP80-P and P trials. However, neither nicotine (0.05—
Imgkg™', s.c.) nor MLA (0.5-5mgkg ', s.c.) had any effect
on startle amplitude.

In a preliminary study, apomorphine (0.1-3mgkg™"', s.c.)
and phencyclidine (1-4mgkg~', s.c.) produced a dose-depen-
dent decrease in PPI in both prepulses of 70 and 80 dB. Based
on the results, submaximal doses of apomorphine (1 mgkg™",
s.c.) or phencyclidine (2mgkg™', s.c.) were chosen for the
subsequent tests. Figure 2 shows the effects of nicotine or
haloperidol on apomorphine-induced disruption of PPI in rats.
A repeated measures ANOVA for naive and apomorphine
(Imgkg™', s.c.) revealed a significant effect of apomorphine
treatment (F(;14y=62.397, P<0.001) and no significant
dose x prepulse intensity interaction (F( ;4=0.007, NS).
Student’s z-test showed significant differences (P<0.01) in
both prepulses of 70 and 80 dB. The decrease in PPI induced
by apomorphine was reversed by haloperidol (0.1-1 mgkg™",
i.p.) in a dose-dependent manner. To evaluate the effect of
haloperidol treatment, a repeated measures ANOVA was
applied to all apomorphine-treated groups (four groups). A
significant effect of haloperidol treatment (Fa5 =5.185,
P<0.01) and no significant dose x pulse intensity interaction
(F.2sy=1.147, NS) were revealed. The post hoc comparisons
using Dunnett’s test showed significant differences between the
apomorphine-alone group and the apomorphine + haloperidol
(0.3 and 1mgkg™", i.p.) group in prepulse of 80dB. On the
other hand, nicotine (0.01-0.2mgkg™!, s.c.) produced a
significant dose-dependent reversal of apomorphine-induced
disruption of PPI (F.5=12.362, P<0.001) and no signifi-
cant dose x prepulse intensity interaction (F;,5)=0.456, NS).
Dunnett’s test showed that the apomorphine-induced decrease
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of PPI was significantly reversed by nicotine at doses of 0.05
and 0.2mgkg™" in both prepulses of 70 and 80dB.

Table 1 shows the effect on startle amplitude in apomor-
phine-treated rats. A repeated measures ANOVA for naive
and apomorphine (Imgkg™!, s.c.) in the apomorphi-
ne + nicotine (0.01-0.2mgkg™')-treated group revealed no
significant effect of apomorphine treatment (F( 4)=4.100,
NS) and a significant dose x pulse intensity (F g =5.920,
P<0.01). Haloperidol decreased the startle amplitude in
apomorphine-treated rats. To evaluate the effect of haloper-
idol (0.1-1mgkg~', i.p.) treatment, a repeated measures
ANOVA was applied to all apomorphine-treated groups (four
groups). No significant effect of haloperidol treatment
(F3.28y=1.621, NS) and a significant dose x prepulse intensity
interaction (Fs6)=2.274, P<0.05) were revealed. Dunnett’s
test showed that Imgkg™' of haloperidol significantly
(P<0.05) reduced startle amplitude in both prepulses of 70
and 80dB.

Figure 3 shows the effects of nicotinic receptor antagonists
on the reversal of apomorphine-induced PPI disruption
by nicotine (0.2mgkg™', s.c.). Mecamylamine (1 mgkg™,
i.p.), which freely crosses the blood—brain barrier, blocked
the antagonistic action of nicotine. This was confirmed by a
main effect for mecamylamine treatment (F( 4=7.527,
P<0.05) and no significant dose x prepulse intensity interac-
tion (F(; 14y=0.006, NS). The post hoc Student’s ¢-test showed
a significant difference (P<0.05) between the nicotine +
apomorphine group and the mecamylamine +
nicotine + apomorphine group in a prepulse of 80 dB. In
contrast, hexamethonium (10mgkg™', i.p.), which crosses the
blood-brain barrier poorly, had no effect on PPI. MLA (1 and
2mgkg™', s.c.) dose-dependently blocked the reversal of
apomorphine-induced PPI disruption by nicotine. A repeated
measures ANOVA revealed a significant dose effect of MLA
(Fp2y=7.669, P<0.01) and no significant dose x prepulse
intensity interaction (Fpo,y=1.361, NS). Dunnett’s test
showed a significant difference (P<0.01) at a dose of
2mgkg ' MLA compared with the vehicle-treated group in
the PP80-P trial. DHBE (1 and 2mgkg™", s.c.) had no effect on
the antagonistic action of nicotine. Table 1 shows the effect on
startle amplitude. A repeated measures ANOVA for naive and
apomorphine (I mgkg™', s.c.) revealed a significant effect of
apomorphine treatment and/or a significant treatment x pulse
intensity in all experimental groups. However, co-administra-
tion of nicotine (0.2mgkg™', s.c.) and mecamylamine
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Figure 1 Lack of effects of nicotine, MLA and DHSE on PPI in rats. Nicotine was administered 30 min before the measurement of
PPI. MLA or DHpE was administered 45 min before the measurement. Each point represents the mean PPI of eight rats in the
PP70-P (70 dB prepulse followed by 120 dB pulse) and PP80-P (80 dB prepulse followed by 120 dB pulse) trials. The vertical lines

represent +s.e.m.
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Table 1 Effects of co-administration of apomorphine and nicotine or nicotinic receptor antagonist on startle amplitude

in rats

Drug (dose (mgkg™'))

P trial
Saline 12394246
Ni (0.05) 629 +85
Ni (0.2) 10664255
Ni (0.5) 933+151
Ni (1) 1182+370
Saline 837495
DHpE (0.5) 9024110
DHpE (1) 1046 +220
DHpE (2) 1596 +373*
Saline 9454187
MLA (0.5) 1000+ 157
MLA (1) 11584235
MLA (2) 738+ 118
MLA (5) 800+ 119
Naive 1350 +242
Apo (1) 1426 +219
Apo (1)+Ni (0.01) 10774152
Apo (1)+Ni (0.05) 1296 +260
Apo (1)+Ni (0.02) 13444424
Naive 1011+133
Apo (1) 1301 +339
Apo (1)-+Hal (0.1) 10744314
Apo (1)+Hal (0.3) 1068 +353
Apo (1)+Hal (1) 5494126
Naive 811488
Apo (1) 884+204
Apo (1)+Ni (0.2) 1505 +303
Apo (1)+Ni (0.2) + Mec (1) 18674222
Apo (1)+Ni (0.2) + Hex (10) 1039 +269
Naive 9804252
Apo (1) 13714291
Apo (1)+Ni (0.2) 1758 +463
Apo (1)+Ni (0.2) + MLA (1) 1919 +428
Apo (1)+Ni (0.2) + MLA (2) 1563 +258
Naive 931496
Apo (1) 1209 +280
Apo (1)+Ni (0.2) 1499 +264
Apo (1)+Ni (0.2)+ DHpE (1) 1958 +326
Apo (1)+Ni (0.2)+ DHpE (2) 1475+129

Startle amplitude

PP70-P trial PP80-P trial

630+113 403481
382435 239436
538+ 133 331462
522455 279440
527+88 274543
489 460 332434
598 +111 386478
745+ 181 4534122
1266 +293%* 863+235*
6134105 326+ 60
687496 380479
874+ 195 473491
572466 333436
6814136 386470
770+ 148 434474
1455+ 214* 1064+ 126%*
801+119 570+87
9634171 5594112
1349 +497 895+ 281
652473 352451
13334336 998 +339
1150+ 398 6334293
848 +311 5264210
384+61% 160+ 26*
530459 317446
9241214 7654228
1436+ 351 841+243
1945+ 226 1243+ 131
8774202 486+ 124
5714107 5124139
1377 +205%* 9354153
12244261 887+201
19554460 1262+ 361
15604234 13074265
666+76 399+ 38
13364301 9714262
11124198 7514101
16974295 10424170
1306+ 103 867+ 80

Apomorphine (Apo), nicotine (Ni) and nicotinic receptor antagonists (MLA, DHSE, mecamylamine (Mec), hexamethonium (Hex)) were
administered 15, 30 and 45 min before the measurement of startle amplitude, respectively. Haloperidol (Hal) was administered 15min
before the apomorphine injection. The three measures of startle amplitude are P trial (120 dB pulse alone), PP70-P trial (70 dB prepulse
followed by 120dB pulse) and PP80-P trial (80 dB prepulse followed by 120dB pulse). Each value represents mean+s.e.m. of eight
animals. *P<0.05, **P<0.01 compared with the naive (two-way ANOVA followed by Student’s t-test). *P<0.05 compared with the

apomorphine alone (two-way ANOVA followed by Dunnett’s test).

(Imgkg™', i.p.), hexamethonium (10mgkg~"', i.p.), MLA (1
and 2mgkg!, s.c.), DHBE (1 and 2mgkg™!, s.c.) had no
significant effect on the apomorphine-induced change in startle
amplitude.

Figure 4 shows the effects of nicotine, haloperidol and
clozpine on phencyclidine-induced disruption of PPI in rats. A
repeated measures ANOVA for naive and phencyclidine
(2mgkg™!, s.c.) revealed a significant effect of phencyclidine
treatment (F(; ;4y=63.440, P<0.001) and a significant do-
se x prepulse intensity interaction (F; 4 =5.446, P<0.05).
Student’s #-test indicated significant differences (P<0.01) in
both prepulses of 70 and 80dB. The decrease in PPI induced

by phencyclidine (2mgkg™', s.c.) was reversed by clozapine
(1-10mgkg™', i.p.) in a dose-dependent manner. A repeated
measures ANOVA revealed a significant main effect for
clozapine (F25=9.954, P<0.001) and a significant do-
se x prepulse intensity interaction (Fg.s=4.945, P<0.01).
Post hoc Dunnett’s test showed a significant difference after a
dose of 10mgkg™" in the PP80-P trial. However, neither
nicotine (0.01-0.2mgkg™", s.c) nor haloperidol (0.1-1 mgkg™"',
i.p.) had any effect on the phencyclidine-induced disruption of
PPI. Table 2 (lower) shows the effect of clozapine on startle
amplitude in phencyclidine-treated rats. A repeated measures
ANOVA for naive and phencyclidine (2mgkg™', s.c.) revealed
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no significant effect of phencyclidine treatment (F 14=0.357,
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Figure 2 Effects of nicotine and haloperidol on apomorphine-induced disruption of PPI in rats. Apomorphine was injected 15 min
before the measurement of PPI. Nicotine or haloperidol was administered 15 min before the apomorphine injection. Each column
represents the mean PPI with s.e.m. in the PP70-P (70 dB prepulse followed by 120 dB pulse) and PP80-P (80 dB prepulse followed
by 120dB pulse) trials (n=38). **P<0.01 compared with the naive group (two-way ANOVA followed Student’s t-test). P <0.05,
#P<0.01 compared with the apomorphine-alone group (two-way ANOVA followed by Dunnett’s test).
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Figure 3 Effects of nicotinic receptor antagonists on the reversal of apomorphine-induced PPI disruption by nicotine in rats.
Apomorphine, nicotine and nicotinic receptor antagonists were administered 15, 30 and 45 min before the measurement of PPI,
respectively. Each column represents the mean PPI with s.e.m. in the PP70-P (70 dB prepulse followed by 120 dB pulse) and PP80-P
(80 dB prepulse followed by 120 dB pulse) trials (n =28). **P<0.01 compared with the naive group (two-way ANOVA followed by
Student’s t-test). P <0.05, #P<0.01 compared with the apomorphine-alone group (two-way ANOVA followed by Dunnett’s test).
"P<0.05, "P<0.01 compared with the apomorphine + nicotine group (two-way ANOVA followed by Dunnett’s test or Student’s

t-test). Mec, mecamylamine; Hex, hexamethonium.

nicotine (0.01-0.2mgkg~', s.c.) and haloperidol

(0.1-

NS) and a significant dose x pulse intensity interaction
(Faas=11.787, P<0.001). Clozapine (I-10mgkg™"', i.p.)
dose-dependently reduced the startle amplitude in phencycli-
dine-treated rats. To evaluate the effect of clozapine treatment,
a repeated measures ANOVA was applied to all phencyclidine-
treated groups (four groups). A significant effect of clozapine
treatment (F(.5=3.454, P<0.05) and a significant dose
x pulse intensity interaction (Fsq=2.492, P<0.05) were
revealed. Dunnett’s test showed that 10mgkg™" of clozapine
significantly (P<0.01) reduced the startle amplitude in the
120dB pulse-alone group. However, co-administration of

Imgkg!, i.p.) had no significant effect on the phencycli-
dine-induced change in startle amplitude.

Discussion

Previous studies have shown that nicotine increases (Acri et al.,
1994; 1995) or decreases (Schreiber et al., 2002) sensorimotor
gating by disparities in the dose, prepulse intensity, age, species
and strain. For example, the enhancing effect of nicotine
depends on the dose, with lower doses being more effective

British Journal of Pharmacology vol 142 (5)
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Figure 4 Effects of nicotine, haloperidol and clozapine on phencyclidine-induced disruption of PPI in rats. All drugs were
administered 30 min before the measurement of PPI. Each column represents the mean PPI with s.e.m. in the PP70-P (70 dB prepulse
followed by 120 dB pulse) and PP80-P (80 dB prepulse followed by 120 dB pulse) trials (n =38). **P<0.01 compared with the naive
group (two-way ANOVA followed by Student’s -test). /P <0.01 compared with the phencyclidine-alone group (two-way ANOVA

followed by Dunnett’s test).

Table 2 Effects of co-administration of phencycli-
dine and nicotine or clozapine on startle amplitude in
rats

Drug (dose (mgkg™')) Startle amplitude

Palone  PP70-P PPSO-P
Naive 900+162 6194109 351452
PCP (2) 5264824 523493 469490
PCP (2)+Ni (0.01) 767499 723496 693+90
PCP (2)+Ni (0.05) 796+96  768+83  685+81
PCP (2)+Ni (0.2) 717456 669+57  6314+59
Naive 1025+116 637457 377442
PCP (2) 8464202  807+170 7024180
PCP (2)+ Hal (0.1) 7964249 7854214 7174272
PCP (2)+ Hal (0.3) 857494 867499 6844103
PCP (2)+ Hal (1) 728474 708493 537468
Naive 8924152 522481 345448
PCP (2) 544448 540473 492457
PCP (2)+CZP (1) 688454 639451 535458
PCP (2)+CZP (3) 5544113 464490 374459
PCP (2)+ CZP (10) 446+77% 370461  195+38

Phencyclidine (PCP), nicotine (Ni), haloperidol (Hal) and
clozapine (CZP) were administered 30min before the
measurement of startle amplitude. The three measures of
startle amplitude are P trial (120 dB pulse alone), PP70-P trial
(70dB prepulse followed by 120dB pulse) and PP8O-P trial
(80dB prepulse followed by 120dB pulse). Each value
represents mean-+s.e.m. of eight animals. #*P<0.01 com-
pared with the phencyclidine alone (two-way ANOVA
followed by Dunnett’s test).

(Acri et al., 1994); prepulse intensity, with louder prepulses
being more effective (Acri et al., 1994; 1995; Curzon et al.,
1994); and age, with older rats being more affected (Acri et al.,
1995). Acri et al. (1994) reported that nicotine at lower doses
(0.001-0.01mgkg™"), but not at higher doses (0.1-
5.0mgkg™"), enhances PPI at the prepulse level of 65dB in
rats. In the present study, nicotine at doses of 0.05-1 mgkg™
had no effect on PPI at prepulse signal levels of 70 or 80dB.
On the other hand, several studies have suggested that the o4,
nicotinic receptor subtypes are related to the auditory sensory
gating deficit in rodents. Schreiber et al. (2002) have reported
that a4f, nicotinic receptor agonist A-85380, but not oy

nicotinic receptor agonists GTS-21 and AR-R-17779, disrupts
PPI in Sprague-Dawley rats (Schreiber er al., 2002). Olivier
et al. (2001) have reported that GTS-21 and AR-R17779 are
inactive in the PPI procedure in DBA/2J mice, a strain with no
sensory inhibition under routine experimental conditions. But
in the present study, neither MLA, an «; nicotinic receptor
antagonist, nor DHfE, an o4f}, nicotinic receptor antagonist,
had any effect on PPI in Wistar rats.

Previous studies have demonstrated that a dopaminergic
receptor agonist, apomorphine, causes strong impairment of
PPI in rats (Davis et al., 1990; Peng et al., 1990), and the
disruption of PPI is reversed by dopamine D, receptor
antagonists such as haloperidol (Swerdlow et al., 1994). In
the present study, we not only confirmed these previous
findings but also found that nicotine produces a significant
dose-dependent reversal of apomorphine-induced disruption
of PPI without changing the normal PPI by itself. It has been
demonstrated that cigarette smoking normalizes deficient
auditory sensory gating in schizophrenics and their family
members (Adler et al., 1993). Thus, our findings in the current
animal study support the hypothesis that nicotine has
‘therapeutic’ effects on attentional abnormalities in schizo-
phrenia (Adler et al., 1992; 1993).

In the present study, the reversal of apomorphine-induced
PPI disruption by nicotine (0.2mgkg™") was antagonized by
mecamylamine, a centrally acting nicotinic receptor antago-
nist, but not by hexamethonium, a peripherally acting nicotinic
receptor antagonist. These results suggest that the central
nicotinic receptors are responsible for the improvement of
apomorphine-induced PPI disruption by nicotine. This con-
cept is further supported by the finding that the antagonistic
action of nicotine was blocked by MLA, an «; nicotinic
receptor antagonist. However, DHpPE, an o4, nicotinic
receptor antagonist, had no effect on the antagonistic action
of nicotine. It has been reported that low doses of nicotine
(0.08-0.33mgkg™!) regulate gene expression of dopamine
biosynthetic enzymes via o; nicotinic receptors in the rat brain
(Serova & Sabban, 2002). Taken together, these findings and
the results of the current study indicate that the central o5
nicotinic receptors mediate sensory inhibition and play an
important role in the antagonistic action of nicotine on PPI
deficits induced by excessive dopaminergic stimulation. How-
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ever, it has also been reported that mice lacking o, nicotinic
receptors display normal PPI (Paylor et al., 1998) and that o
nicotinic receptor agonists, GTS-21 and AR-R-17779, do not
disrupt PPI in Sprague-Dawley rats (Schreiber ez al., 2002).
These findings suggest that o, nicotinic receptors contribute
little to sensory gating responses under normal physiological
conditions. The discrepancy of our results may relate to the
differences of species and strain. Further studies are necessary
to clarify the pharmacological role of the central «; nicotinic
receptors.

Generally, a drug-induced decrease in PPI concomitant with
a pronounced decrease in startle amplitude can potentially be
explained by sedation. Clozapine, which is strongly sedative,
has been reported variously to reverse (Bakshi et al., 1994;
Bakshi & Geyer, 1995) or not reverse (Johansson et al., 1994)
the disruption of PPI induced by phencyclidine. In the present
study, clozapine showed a significant decrease in startle
amplitude and a significant reversal of phencyclidine-induced
PPI disruption. On the other hand, consistent with previous
reports (Peng et al., 1990), apomorphine enhanced startle
amplitude and disrupted PPI in rats in the present study.
Several studies have shown that the magnitude of PPI is
independent of the startle amplitude (Johansson et al., 1995).
Abduljawad et al. (1997) have reported that clonidine, an
as-adorenoceptor agonist, and diazepam, a benzodiazepine
receptor agonist, reduced the acoustic startle amplitude but did
not alter the degree of PPI in humans. These findings suggest
that the two pathways relate to this experimental paradigm:
one is a process of sensory information input, and other is a
process of the motor output in response to a startling stimulus.
Therefore, it is speculated that apomorphine impairs both
pathways. The enhancement of startle amplitude
and the impairment of PPI by apomorphine were significantly
antagonized by haloperidol. In contrast, nicotine only
inhibited apomorphine-induced disruption of PPI but did
not alter apomorphine-induced enhancement of startle ampli-
tude. These results suggest that nicotine improves or activates
the process of the sensory information input involved in PPI.

There are several possible explanations for the ability of
nicotine to reverse apomorphine-induced PPI deficits. First,
this ability may result from a direct enhancing effect of PPI via
nicotinic receptors. Another possible explanation for the
antagonistic action of nicotine may involve different direct
or indirect interactions with other neurotransmitter systems
known to affect PPI. Nicotine facilitates the release of a
number of neurotransmitters including dopamine (Imperato
et al., 1986; Rowell, 1995) or glutamate (Toth et al., 1993),
both of which have been shown to be involved in PPI
(Swerdlow et al., 1994). However, since excessive dopaminer-
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