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Abstract

The nitric oxide-arginine pathway is intimately connected to the release of dopamine and glutamate, two neurotransmitter systems that
may be dysfunctional in schizophrenia. In addition, nitric oxide synthase inhibitors share several behaviora effects with the psy-
chotomimetic drug, phencyclidine. Previous research has found that phencyclidine-like drugs disrupt prepulse inhibition of the acoustic
startle response, an animal model of sensorimotor gating, an attentional process that is disrupted in certain neuropsychiatric disorders in
humans (e.g., acute schizophrenia). The purpose of the present study was to examine the effects of nitric oxide modulators in this model.
Following injection with a nitric oxide modulator or phencyclidine, rats were placed in startle chambers in which they were exposed to
acoustic pulses presented alone or preceded by a prepulse. As in previous reports, phencyclidine disrupted prepulse inhibition at doses
that did not affect startle during pulse alone trials. In contrast, the nitric oxide synthase inhibitors, N ©-nitro-L-arginine (L-NOARG) and
N-nitro-L-arginine methyl ester (L-NAME), dose-dependently decreased startle during pulse alone trials, but neither drug affected
prepulse inhibition. A nitric oxide precursor, L-arginine, produced similar results. Sodium nitroprusside (a nitric oxide releaser) and
7-nitroindazole (a third nitric oxide synthase inhibitor) did not affect startle amplitudes during pulse aone or prepulse + pulse trials. The
present results suggest that modulation of nitric oxide synthesis or availability does not disrupt sensorimotor gating of the acoustic startle

response and is probably not involved in mediation of this type of attentional deficit in humans. © 1997 Elsevier Science B.V.
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1. Introduction

The intracellular messenger, nitric oxide, plays an im-
portant role in a number of physiological processes, includ-
ing maintenance of norma cardiovascular function
(Moncada et al., 1991), memory formation (Bohme et al.,
1993), responses to neurotrauma and stroke (Lipton et al.,
1993; Reif, 1993) and tolerance to drugs of abuse (Babey
et al., 1994; Bhargava, 1995). Nitric oxide may aso be
implicated in schizophrenia. First, nitric oxide is intimately
connected with dopamine and glutamate, two neurotrans-
mitter systems that may be dysfunctional in schizophrenia.
Nitric oxide has been shown to increase the release of
dopamine and inhibit its uptake in the striatum (Lonart et
al., 1993; Pogun et a., 1994). Glutamate stimulation of

* Corresponding author. Tel.: (1-804) 828-2067; Fax: (1-804) 828-2117;
e-mail: jwiley@gems.vcu.edu

0014-2999 /97 /$17 00 © 1997 Elsevier Science BV All riahts reserved

NMDA receptors results in release of nitric oxide which
may mediate the effects of NMDA receptor stimulation
and/or may result in feedback inhibition of the presynap-
tic neuron via a redox modulatory site (Garthwaite, 1991;
Lipton, 1993; Manzoni et a., 1992; Montague et al.,
1994). Second, previous research has found that levels of
nicotinamide adenine dinucleotide diaphorase (NADPH), a
co-factor of the nitric oxide synthase and arginine reaction,
and activity of nitric oxide synthase are atered in post-
mortem brains or platelets, respectively, of schizophrenic
patients (Akbarian et a., 1993a,b; Das et al., 1995; Karson
et al., 1991).

Prepulse inhibition of the acoustic startle response is an
animal model that has been used to investigate deficits in
attentional processing. The acoustic startle response is a
reflexive movement exhibited following sudden exposure
to a loud noise. Prepulse inhibition is the phenomenon
whereby exposure to a weak acoustic stimulus presented a
few milliseconds before the sudden loud noise will de-
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crease the magnitude of the resulting startle response
(Hoffman and Ison, 1980). This phenomenon occurs in
both humans and animals. The degree of prepulse inhibi-
tion reflects integration of sensory and motor processes in
the brain, including level of functioning of attentional
processing systems, and has been shown to be disrupted in
patients with acute schizophrenia and certain other neu-
ropsychiatric disorders (Braff et a., 1978). In animals, a
similar deficit can be produced by administration of
dopamine agonists or phencyclidine-like noncompetitive
NMDA receptor antagonists (Geyer et al., 1990). Interest-
ingly, phencyclidine can produce psychosis-like subjective
effects in humans who abuse this drug (Javitt and Zukin,
1991), as can high doses of amphetamine (Angrist and
Gershon, 1970).

The purpose of the present project was to examine the
effects of modulators of nitric oxide on prepulse inhibition
of the acoustic startle response. In the present study, we
examined the effects of N C-nitro-L-arginine (L-NOARG),
NC-nitro-L-arginine methyl ester (L-NAME) and 7-
nitroindazole (nitric oxide synthase inhibitors), L-arginine
(nitric oxide precursor) and sodium nitroprusside (nitric
oxide releaser) on startle amplitudes during pulse aone
trials and on prepulse inhibition of the acoustic startle
response. Phencyclidine was also tested as a positive con-
trol in this procedure.

2. Materials and methods

2.1. Subjects

Drug naive adult male Sprague-Dawley rats (weighing
between 225-249 g at the beginning of the study), ob-
tained from Harlan (Dublin, VA, USA), were weighed and
handled daily for one week after delivery before testing
began. The rats were individually housed in wire cages in
atemperature-controlled (20—-22°C) environment with 12-h
light-dark cycle (lights on at 7 am.). They were trans-
ported to the laboratory for startle sessions. Water and
standard rodent chow were freely available in the home
cages.

2.2. Apparatus

Each startle chamber (San Diego Instruments, San
Diego, CA, USA) enclosed a clear Plexiglas cylinder (8.2
cm diameter) which rested on a Plexiglas panel (10 x 20
cm). Acoustic stimuli were produced by a super tweeter,
mounted 24 cm above the cylinder. Each of the three
chambers was illuminated by a 15-watt houselight mounted
in the ceiling above the cylinder. An IBM-compatible
computer with SR-Lab software and interface (San Diego
Instruments) was used to present stimuli and to record
data

2.3. Surgical procedure

Rats were injected with atropine (0.4 mg/kg, i.p.) and
were anesthetized with 60 mg/kg ketamine (i.m.) and 32
mg/kg pentobarbital (i.p.) and placed in a standard rat
stereotaxic apparatus. Guide cannulae were implanted in
the right lateral ventricle in 6 of the 12 rats and in the left
lateral ventricle in the other 6 rats (coordinates: 0.8 mm
caudal to bregma, 1.4 mm lateral from midline and 3.9 mm
ventral from dura; Paxinos and Watson, 1986). Penicillin
(30000 units, s.c.) was injected before surgery for prophy-
lactic purposes.

2.4. Sartle procedure

Rats were transported to the laboratory at least 30 min
before startle sessions. After being injected with the test
drug, they were returned to their home cages for the
remainder of the pre-session injection interval. Before the
start of the startle session, rats were placed in the startle
chambers for a 5-min adaptation period, during which they
were exposed to 69 dB[A] background noise. This back-
ground noise continued throughout the session. Each star-
tle session consisted of 61 trials (average intertriad interval
=15 s). During the first trial, rats were exposed to a 120
dB[A] acoustic stimulus. Subseguent trials were of four
types, presented in mixed order, for atotal session duration
of approximately 20 min. On one type of trial, the rats
were exposed to a 120 dB[A] acoustic stimulus (pulse
trials). Startle amplitudes during these trials indicate the
degree of sensorimotor reactivity. A second type of tria
consisted of a 85 dB[A] prepulse (20 ms duration) fol-
lowed by a 120 dB[A] pulse (prepulse + pulse trials). The
degree to which startle amplitudes during this type of tria
was decreased as compared to responding during the 120
dB[A] pulse done trials is a measure of prepulse inhibition
or sensorimotor gating. The other two types of trias
consisted of exposure to a 85 dB[A] prepulse alone (pre-
pulse trias) or to 69 dB[A] background noise (nostim
trials). Startle amplitudes during these trials were typicaly
very low. These trials were control trials used to measure
the degree of ‘noise’ in the procedure. A startle session
was comprised of a first trial and three blocks of 20 trials
(five of each of the four types). Startle pulse duration was
held constant at 40 ms. A 100 ms delay was imposed
between prepulse and pulse stimuli.

The dose—effect curve for each test drug was deter-
mined in a within-subjects design with 12 rats per drug.
The order of doses was randomized across the rats in each
group, according to a latin square design. At least 72 h
intervened between test sessions for each rat. One rat died
during the L-NAME dose—effect curve due to causes unre-
lated to this study; hence, only 11 rats were tested at some
doses of this drug. In addition, the cannulae used to
administer L-argininei.c.v. became blocked before comple-
tion of the L-arginine dose—effect curve in some rats.
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2.5. Drugs

L-NAME HCI (Research Biochemicals International,
Natick, MA, USA), L-NOARG (RBI), L-arginine (RBI),
sodium nitroprusside (Sigma, St. Louis, MO, USA) and
phencyclidine (National Institute on Drug Abuse,
Rockville, MD, USA) were mixed in sterile water or
physiological saline. 7-Nitroindazole (Sigma) was dis-
solved in dimethyl sulfoxide (DM SO). With the exception
of L-arginine, al nitric oxide modulators were adminis-
tered i.p. a avolume of 1 ml /kg, 30 min before the start
of the startle session. L-Arginine was injected i.c.v. at a
volume of 5 pl over a period of 2 min, 15 min pre-session.
Phencyclidine was injected s.c. at a volume of 1 ml /kg,
20 min before the start of the session.

2.6. Satistical analysis

Startle score was defined as the average of 100 1-ms
voltage readings. Prepulse inhibition was calculated for
prepulse + pulse trials as a percentage of pulse aone
scores [(mean startle amplitude for pulse aone trials —
mean startle amplitude for prepulse + pulse trials) /mean
startle amplitude for pulse alone trials] X 100. For each
dose—effect curve, separate SAS repeated measures GLM
procedures (SAS Institute, Cary, NC, USA) were used to
analyze percent prepulse inhibition and average startle
amplitudes during pulse alone trials. Tukey post-hoc tests
(a=0.05) were used to specify differences revealed by
significant GLMs. (Startle amplitudes during prepulse alone
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3. Resaults

As reported in previous studies, phencyclidine (3
mg/kg) significantly disrupted prepulse inhibition
(F(4,44) = 11.15, P=0.0001) without affecting startle
during pulse alone trials at any dose (Fig. 1, left panels).
Sodium nitroprusside (0.3-3 mg/kg, i.p.) did not affect
startle amplitudes during pulse alone trials at the doses
tested (Fig. 1, center panels). One rat that was tested with a
10 mg/kg dose of sodium nitroprusside died soon after
receiving the drug; hence, additional rats were not tested at
this higher dose. Although L-arginine (30-300 g, i.c.v.)
did not produce statistically significant changes in startle
amplitudes during pulse alone trias, responding at the 300
Kg concentration was lower (compared to water), suggest-
ing a dose-dependent trend toward decreases with higher
doses of the drug (F(3,21) = 1.93, P = 0.16) (Fig. 1, right
panels). Unlike phencyclidine, neither of the positive mod-
ulators of nitric oxide affected prepulse inhibition.

The nitric oxide synthase inhibitors, L-NOARG (3-100
mg/kg, i.p.) and L-NAME (30-560 mg/kg) dose-depen-
dently decreased startle amplitudes during pulse aone
trials (F(4,44) = 4.20, P=0.006 and F(4,42)=3.12, P
= 0.02, respectively) (Fig. 2, left and center panels). In
contrast, 7-nitroindazole (3—100 mg/kg, i.p.) did not af-
fect startle amplitudes during pulse aone trials, athough
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Fig. 1. Effects of phencyclidine (Ieft panels), the nitric oxide releaser sodium nitroprusside (center panels) and the nitric oxide precursor L-arginine (right
panels), on acoustic startle amplitudes during pulse aone trials (filled bars, top panels) and on percent prepulse inhibition during prepulse + pulse trials
(open bars, bottom panels). Values at each concentration represent means (+ S.E.M.) for 8-10 rats (L-arginine) and 12 rats (phencyclidine and sodium
nitroprusside). Phencyclidine was injected s.c.; L-arginine was administered i.c.v.; sodium nitroprusside was administered i.p.
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Fig. 2. Effects of the nitric oxide synthase inhibitors, L-NOARG (left panels), L-NAME (center panels), and 7-nitroindazole (right panels), on acoustic
startle amplitudes during pulse aone trials (filled bars, top panels) and on percent prepulse inhibition during prepulse + pulse trials (open bars, bottom
panels). Values at each dose represent means (+ S.E.M.) for 11-12 rats. All drugs were administered i.p.

there was a trend for the 30 mg/kg dose to decrease startle
amplitudes (F(4,44) = 2.09, P = 0.10) (Fig. 2, right pan-
els). None of these three nitric oxide synthase inhibitors
affected prepulse inhibition at any dose.

4, Discussion

L-NOARG and L.-NAME, two of the three nitric oxide
synthase inhibitors tested in the present study, dose-depen-
dently decreased startle amplitudes during pulse aone
trials. Although 7-nitroindazole, a third nitric oxide syn-
thase inhibitor, did not significantly affect startle ampli-
tudes during pulse aone trias, the 30 mg,/kg dose pro-
duced a nonsignificant trend of decreased startle ampli-
tudes. None of the nitric oxide inhibitors affected the
degree of prepulse inhibition during prepulse + pulse tri-
als. A previous study demonstrated that a 30 mg/kg dose
of 7-nitroindazole administered intraperitoneally crossed
the blood-brain barrier and was distributed to various brain
areas, including the striatum, hippocampus and cerebral
cortex, and that peak inhibition of nitric oxide synthase
occurred at 30 min post-injection (MacKenzie et al., 1994),
the time a which test sessions were conducted in the
present study. Further, 7-nitroindazole has exhibited activ-
ity in other behaviora tests at comparable doses (Connop
et al., 1994; Jewett et a., 1996; Vaupel et a., 1995).
Hence, the time of administration or degree of CNS pene-
trability of 7-nitroindazole do not offer ready explanations
of the relative lack of behavioral activity of this drug in the
startle model. It also is possible that nitric oxide synthase
inhibitors may not represent a homogeneous class of drugs
in terms of their behavioral effects.

Behavioral pharmacology research with nitric oxide
synthase inhibitors has been limited to date, although this
situation is rapidly changing. Based on the results of this
research, the profile of behavioral effects produced by
nitric oxide synthase inhibitors most resembles that of
NMDA receptor antagonists. Similar to NMDA receptor
antagonists, nitric oxide synthase inhibitors have been
shown to produce anxiolytic effects (Volke et al., 1995),
anticonvulsant effects (De Sarro et al., 1991) and neuro-
protective effects (Nagafusi et al., 1995; Schulz et al.,
1995), to impair learning and /or memory (Chapman et al.,
1992; Yamada et a., 1995) and to prevent the develop-
ment of tolerance or sensitization to certain drugs of abuse
(Khanna et al., 1993; Kolesnikov et al., 1992; Majeed et
al., 1994; Pudiak and Bozarth, 1993). At high doses,
L-NAME and 7-nitroindazole produced phencyclidine-like
discriminative stimulus effects (Jewett et al., 1996). On the
other hand, not all studies have found that the effects of
nitric oxide synthase inhibitors mimic those of NMDA
receptor antagonists (e.g., Connop et al., 1994; Deutsch et
al., 1996; Stewart et al., 1994; Wiley et a., 1995). These
conflicting results may be due, in part, to the dua role of
nitric oxide. The nitric oxide that is released upon gluta-
mate stimulation of the NMDA receptor serves as a second
messenger that produces effects that mimic those of gluta-
mate agonists; however, it may also serve as a retrograde
messenger that acts on a NMDA receptor-associated redox
modulatory site to produce feedback inhibition of the
receptor (Garthwaite, 1991; Lipton, 1993; Manzoni et al.,
1992; Montague et al., 1994). Hence, the actions of nitric
oxide synthase inhibitors may depend upon their effect
upon the balance between excitatory and inhibitory influ-
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ences in the NMDA receptor-associated nitric oxide sys-
tem. In fact, Rundfeldt et al. (1995) have shown that the
propensity of nitric oxide synthase inhibitors to produce
anticonvulsant vs. proconvulsant effects in the same seizure
model is dependent upon dose and time of administration.

In the acoustic startle procedure, the effects of nitric
oxide synthase inhibitors resemble those of competitive
and glycine-site NMDA receptor antagonists or NMDA
(versus those of phencyclidine-like drugs). Whereas phen-
cyclidine-like NMDA receptor antagonists disrupt prepulse
inhibition (e.g., present study), drugs that are antagonists at
other sites within the NMDA receptor complex decrease
startle amplitudes at higher doses without affecting pre-
pulse inhibition (Balster et a., 1995; Mansbach, 1991).
NMDA itself does not affect startle responding at non-con-
vulsive doses (Mansbach, 1991). Yet, although the effects
of nitric oxide inhibitors are more similar to those of
competitive and glycine-site NMDA receptor antagonists
than to those of phencyclidine, decreases in startle ampli-
tudes without effect on prepulse inhibition can also be
produced by drugs that do not affect glutamate neurotrans-
mission (Johansson et al., 1995; Kokkinidis and McCarter,
1990).

The effects of positive modulators of nitric oxide syn-
thesis and availability on acoustic startle responding and
prepulse inhibition are similarly nonspecific. L-Arginine
produced a trend toward dose-dependent decreases in star-
tle amplitudes during pulse aone trias, but did not alter
prepulse inhibition. Sodium nitroprusside (0.3—3.0 mg /kg)
did not affect startle amplitudes or prepulse inhibition over
the dose range tested. The ability to test higher doses of
sodium nitroprusside was severely limited by its toxicity.
The one rat in which a 10 mg/kg dose was injected died
within 30 min of drug administration. In mice, the LDq,
for sodium nitroprusside is 12 mg/kg (Y amamoto, 1992).

The present results suggest that modulation of nitric
oxide synthesis or availability either decreases sensorimo-
tor reactivity at higher drug doses (L-NAME, L-NOARG
and L-arginine) or has no effect on it (7-nitroindazole and
sodium nitroprusside), but does not affect sensorimotor
gating. These patterns of startle responding are seen with
competitive and glycine-site NMDA receptor antagonists
as well as with NMDA itself, but differ from the pattern of
dose-dependent disruption of sensorimotor gating pro-
duced by phencyclidine and other open NMDA channel
blockers. In a phencyclidine discrimination study, how-
ever, high doses of nitric oxide synthase inhibitors substi-
tuted for phencyclidine. These results, in combination with
those of the present study, suggest that the propensity for
nitric oxide modulators to produce phencyclidine-like be-
havioral effects may be task-specific. Further, since drug-
induced disruption of prepulse inhibition of the acoustic
startle response models certain attentional deficits that
have been observed in schizophrenia, the present results
suggest that direct involvement of the nitric oxide-arginine
pathway in mediation of these deficits is not likely.
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