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The prefrontal cortex (PFC) is believed to play an important role in the cognitive impairments observed in schizophrenia and has also

been shown to be involved in the modulation of prepulse inhibition (PPI), a measure of preattentive information processing that is

impaired in schizophrenic individuals. Phencyclidine (PCP), a noncompetitive inhibitor of the NMDA receptor, exerts psychotomimetic

effects in humans, disrupts PPI, and causes hypofrontality in rodents and monkeys. We have previously demonstrated that interfering with

the production of nitric oxide (NO) can prevent a wide range of PCP-induced behavioral deficits, including PPI disruption. In the present

study, the role of NO signaling for the behavioral and biochemical effects of PCP was further investigated. Dialysate from the medial PFC

of mice receiving systemic treatment with PCP and/or the NO synthase inhibitor, NG-nitro-L-arginine methyl ester (L-NAME, 40mg/kg),

was analyzed for cGMP content. Furthermore, a specific inhibitor of NO-sensitive soluble guanylyl cyclase (sGC), 1H-

(1,2,4)oxadiazolo(4,3-a)quinoxalin-1-one (ODQ, 0.01–1mM), was administered into the medial PFC of mice in combination with

systemic injections of PCP, followed by PPI and locomotor activity testing. PCP (5mg/kg) caused an increase in prefrontal cGMP that

could be attenuated by pretreatment with the NO synthase inhibitor, L-NAME. Moreover, bilateral microinjection of the sGC inhibitor,

ODQ, into the medial PFC of mice attenuated the disruption of PPI, but not the hyperlocomotion, caused by PCP. The present study

shows that NO/sGC/cGMP signaling pathway in the medial PFC is involved in specific behavioral effects of PCP that may have relevance

for the disabling cognitive dysfunction found in patients with schizophrenia.
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INTRODUCTION

Schizophrenia-spectrum patients commonly display deficits
in sensorimotor gating reflecting a disturbed perception of
sensory information. This has led to the hypothesis that
these patients are afflicted by impairment in information
processing mechanisms resulting in sensory flooding
followed by a cognitive fragmentation (McGhie and Chap-
man, 1961; Braff et al, 1978; Freedman et al, 1987; Braff,
1993). Sensorimotor gating deficits, as measured by
prepulse inhibition (PPI), and dysfunctions in cognitive
domains such as social cognition and reasoning appear to
be closely related in some, but not all, clinical studies of
schizophrenia (Perry et al, 1999; Wynn et al, 2005).
Phencyclidine (PCP), a noncompetitive NMDA receptor
antagonist, can induce a state in humans that closely

resembles schizophrenia, encompassing both positive and
negative symptoms as well as cognitive dysfunctions (Luby
et al, 1959; Yesavage and Freman, 1978; Javitt and Zukin,
1991). Administration of PCP to laboratory animals is
commonly used to model certain aspects of schizophrenia,
including the sensorimotor gating deficits found in this
disease (Mansbach and Geyer, 1989; Klamer et al, 2001;
Linn et al, 2003; Fejgin et al, 2007). Thus, studies of the
mechanisms by which PCP disrupts PPI may have heuristic
value when trying to identify the underlying mechanisms
behind sensorimotor gating deficits in schizophrenic
patients. In addition, subchronic PCP administration has
been shown to induce hypofrontality in rodents and
monkeys, which is thought to bear relevance for the
cognitive dysfunction observed in schizophrenia (Jentsch
et al, 1997a, b).

The neuroanatomical substrates that mediate the disrup-
tion of PPI by PCP and similar agents have not yet been
fully characterized, although both subcortical structures
and prefrontal regions appear to be involved (Bakshi and
Geyer, 1998). The prefrontal cortex (PFC) has been
extensively linked to several cognitive domains such as
executive function and working memory, and a disturbance
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of this region and its circuitry is considered a core feature of
the cognitive dysfunction observed in schizophrenia (Elve-
vag and Goldberg, 2000). The PFC constitutes a hetero-
geneous region and can thus be separated into functionally
diverse subregions. It is extensively interconnected with the
rest of the brain and is commonly divided into a medial,
lateral, and ventral part in rodents (Dalley et al, 2004). The
medial PFC is thought to have a modulatory effect on
sensorimotor gating in rodents as selective dopaminergic
lesions in this area produce deficits in PPI in rats (Bubser
and Koch, 1994). In addition, neurotoxic lesions in the
medial PFC of rats have been shown to prevent the PPI-
disruptive effects of the NMDA receptor antagonist,
dizocilpine (MK-801), whereas the disruptive effect of the
dopamine receptor agonist apomorphine was not affected by
such lesions (Schwabe and Koch, 2004). This indicates that
the medial PFC may be an important structure implicated in
the effects of NMDA receptor antagonists on preattentive
information processing.

Nitric oxide (NO) is a gaseous messenger molecule that
can serve both as an extracellular and intracellular
transmitter in the brain, most likely through modulation
of classical neurotransmitter release (Kano et al, 1998;
Segovia and Mora, 1998; Smith and Whitton, 2000, 2001;
Wegener et al, 2000; Prast and Philippu, 2001). The main
effector of NO signaling is cGMP formed by soluble guanylyl
cyclase (sGC) (Karatinos et al, 1995) even if NO, to a lesser
extent, may act through cAMP formation by adenylyl cyclase
and protein nitrosylation. Furthermore, an early in vitro
study by Vesely (1979) shows that PCP readily activates
guanylyl cyclase in rat brain tissue. We have previously
demonstrated that a wide range of PCP-induced behavioral
deficits, including PPI, habituation of acoustic startle, latent
inhibition, spatial learning, spatial reference memory, and
working memory, all can be prevented by interfering with
the production of NO (Johansson et al, 1997, 1998; Klamer
et al, 2001, 2004b, a, c, 2005a; Wass et al, 2006a, b; Palsson
et al, 2007). This suggests that the disruptive effect of PCP on
preattentive information processing and cognitive function
in rodents is, in part, mediated by an increase in NO activity.
Hence, neuronal nitric oxide synthase (nNOS) may prove a
valuable pharmacological target when developing novel
treatment options for the disabling cognitive dysfunctions
found in schizophrenia. The possibility that a dysfunctional
NO system is involved in this disease is strengthened by
studies showing an abnormal distribution of nitrinergic
neurons in the frontal and temporal lobes of schizophrenic
patients, which may reflect that the normal pattern of
neuronal migration during development of the cerebral
cortex may be affected in these patients (Akbarian et al,
1993a, b). More recent studies show that polymorphisms in
the nNOS gene are associated with schizophrenia and PFC
function in schizophrenic patients (Shinkai et al, 2002;
Reif et al, 2006). In addition, two recent studies show a
significant increase of NO metabolites in the serum of
schizophrenic patients indicating that NO function may be
dysregulated in this disorder (Taneli et al, 2004; Yilmaz et al,
2007) even if the interpretation of these findings is
complicated by earlier studies showing a decrease in NO
activity (Srivastava et al, 2001; Suzuki et al, 2003).

In the present study, the role of NO signaling for the
behavioral and biochemical effects of PCP was further

investigated. To obtain a biochemical estimate of local NO
signaling in the medial PFC, dialysate from the medial PFC
of mice receiving systemic treatment with PCP and/or the
NOS-inhibitor, NG-nitro-L-arginine methyl ester (L-NAME),
was analyzed for cGMP content. Furthermore, the specific
inhibitor of NO-sensitive sGC, 1H-(1,2,4)oxadiazolo(4,3-
a)quinoxalin-1-one (ODQ), was administered into the
medial PFC of a second group of mice in combination with
systemic injections of PCP and thereafter tested for PPI and
locomotor activity.

MATERIALS AND METHODS

Animals

Male NMRI mice (Charles River, Germany), 25–35 g, were
used. The animals were housed, six per cage, in a colony
room under constant temperature (20±11C) and humidity
(50±5%). Food and water were available ad libitum. The
daylight cycle was maintained artificially (lights on from
0600 to 1800 hours), and the behavioral experiments were
conducted during the light phase. All experimental proce-
dures used in the present study were approved by the Ethics
Committee for Animal Experiments, Göteborg, Sweden.

Drugs

Phencyclidine hydrochloride (PCP, Sigma Chemicals, St
Louis, MO, USA), ketoprofen (Veter, Sweden), L-NAME
(RBI, Natick, USA), and ODQ (Sigma-Aldrich, Stockholm,
Sweden) were used in the present study. PCP and L-NAME
were dissolved in saline (0.9% NaCl) and injected intraper-
itoneally (i.p.). ODQ was dissolved in 100% DMSO and
stored in batches at �201C and diluted in Ringer’s solution
on the day of testing, reaching a final DMSO content of 1%.

Probes

All probes were manufactured on site. A modified version of
the microdialysis probes described by Santiago and
Westerink (1990) was used. The inlet and the outlet of the
probe were made of PE20 polyethylene tubing with an
o.d./i.d. of 1.09/0.38 mm (Becton Dickinson and Company,
Sparks, MD, USA). From the inlet a fused silica was
extended approximately 3 mm. Centered between the inlet
and outlet a glass rod was attached with Super Epoxy
(Loctite, Göteborg, Sweden).

To facilitate the probe production procedure, special
stands (Medi Tech, Göteborg University, Sweden) were
used. The dialysis membrane, prepared from a copolymer of
polyacrylonitrile and sodium methallyl sulfonate with an
o.d./i.d. of 310/220 mm (Hospal industrie, Meyzieu, France),
was thread on the fused silica inlet, and sealed with a plug
of glue. The length of the exchange area was 1.5 mm. The
remaining membrane area was covered with silicon glue
(CAF 3, Rhodorsil Silicones, Saint-Fons Cedex, France). The
dialysis probes were thereafter connected to a microperfu-
sion pump (Univentor 864 Syringe Pump, Univentor,
Zejtan, Malta) and perfused at a flow rate of 2 ml/min, with
70% ethanol for 20 min and subsequently with Ringer’s
solution for 60 min. Finally the inlet and the outlet of the
dialysis probe were sealed by heating. This procedure was
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done to wash and prepare the probes for implantation. The
dialysis probes were stored in Ringer’s solution for a
maximum of 3 days at 61C before implantation.

Surgical Procedure

The mice were anesthetized with isoflurane (Isofluran
Baxter; Apoteket AB, Sweden), placed in a Kopf stereotaxic
instrument (David Kopf Instruments, Tujunga, CA, USA),
and kept on a heating pad to prevent hypothermia. For local
infusion experiments the skull was exposed, and two holes
for the guide cannulas (stainless steel, length 10 mm, with
an o.d./i.d. of 0.6/0.45 mm), and one hole for an anchor
screw were drilled. The coordinates used for the medial PFC
region relative to the bregma were as follows: anterior
+ 1.8 mm, lateral to midline±0.8 mm, and ventral �1.0 mm
from the brain surface (Franklin and Paxinos, 1996). The
dura was removed using a sharp needle, and the guide
cannulas and the anchor screw were secured with dental
cement (Dentalon plus, AgnTho’s AB, Lidingö, Sweden).
For the microdialysis experiments the skull was similarly
exposed and two holes, one for the dialysis probe (either
right or left hemisphere) and one for the anchor screw, were
drilled. The anterior and lateral coordinates for the medial
PFC region relative to the bregma were identical to above
and the ventral coordinate was �1.6 mm from the brain
surface (Franklin and Paxinos, 1996). As above the dura was
removed by using a sharp needle, and the probe and the
anchor screw were secured with dental cement. After
surgery, the mice were administered 1.0 ml of saline,
subcutaneously (s.c.), to avoid postoperative dehydration.
A total of 10 mg/kg/ml of ketoprofen was administered s.c.
as a prophylactic analgesic. The mice were then allowed to
recover for 3–4 (local infusion) or 2 (microdialysis) days
before the experiment. They were housed individually in
standard plastic cages (Macrolon III; 400� 250� 150 mm).
Surgery started 1 week after the arrival of the animals from
the breeder.

Microdialysis Experiments

The animals (n¼ 40) were divided into four treatment
groups: sal + sal (n¼ 10); sal + PCP (n¼ 10); L-NAME + sal
(n¼ 10); and L-NAME + PCP (n¼ 10). They were connected
to the microdialysis apparatus via a liquid swivel (FEB-
tubing, CMA/Microdialysis AB, Stockholm, Sweden) and
were able to move freely during the experiment. The dialysis
probes were perfused with Ringer’s solution, at a constant
rate of 1.5 ml/min, for a 60 min habituation period to
establish a stable baseline. Thereafter, dialysate samples
(135 ml) were collected over two 90 min periods (Vial
Plastic 300 ml, CMA/Microdialysis AB. Saline (10 ml/kg) or
L-NAME (40 mg/10 ml/kg) was administered 80 min after
the start of the first of these sampling periods, followed by
saline (10 ml/kg) or PCP (5 mg/10 ml/kg) 10 min later. The
dialysate samples were stored at �351C until assayed for
cGMP using an enzyme immunoassay. Five animals were
excluded due to technical problems during the microdia-
lysis experiments.

Immunoassay. The cGMP amount was assessed using a
commercial enzyme immunoassay kit (CG-201 cGMP

Enzyme Immunoassay Kit, Sigma-Aldrich). The acetylated
version of the protocol of the manufacturer was followed
with a single modification. The standard range was shifted
from 100–0.16 to 20–0.032 pmol. The assay is based on the
competition between sample cGMP and a fixed quantity of
cGMP, with an alkaline phosphatase molecule covalently
bound to it, for a limited number of binding sites on a
cGMP-specific antibody. A fixed amount of substrate is then
added and after a short incubation period the enzyme
reaction is stopped and the intensity of the resulting yellow
color is read on a microplate reader at 405 nm. The intensity
of the bound color is inversely proportional to the amount
of cGMP in either standards or samples. All standards
and samples were analyzed in duplicates and the mean
readings were used to calculate cGMP content. Four animals
were excluded due to technical problems with the cGMP
immunoassay.

Data and statistical analysis. The consecutive cGMP
contents of the dialysis samples were used as data. The
cGMP content of the second sample (90–180 min) was
divided by the content of the first sample (0–90 min) and
multiplied by 100 to obtain the change in cGMP level
relative to the baseline. To investigate whether the drug
treatments had any significant effect on cGMP levels, a two-
way analysis of variance (ANOVA) was performed followed
by Bonferroni’s post hoc test to specifically assess the
difference between the different treatment groups. Two-
tailed levels of significance were used and po0.05 was
considered statistically significant. Two animals, treated
with sal-PCP, were excluded from the data analysis as they
were labeled as outliers by a box-plot-based outlier test
(41.5 box lengths from the box edge).

Probe placement verification. After termination of the
experiments the rats were decapitated. The brains were
removed and fixated (Accustain, Sigma-Aldrich) for
approximately 1 week. Probe placement was verified by
sectioning the brains using a vibratome and an atlas of the
mouse brain for reference (Franklin and Paxinos, 1996).
Only animals with correct probe placement in the medial
PFC were included in the analysis (Figure 1a).

Prepulse Inhibition Experiments

Apparatus. Acoustic startle was recorded by an MOPS 2b
startle response recording system (Metod och Produkt,
Svenska AB, Göteborg, Sweden). The animals were placed in
small wire-mesh cages (10� 5.5� 5.5 cm) made of stainless
steel, which were suspended at one point at the top to a
piston in such a way that they could move freely under the
piston. A sudden movement of the animal inside the cage
caused a displacement of the piston, the acceleration of
which was converted to an analog signal by a moving coil
transducer. This signal was sampled and digitized with a 12-
bit analog-to-digital (A/D) resolution by a microcomputer,
which also served to control the delivery of acoustic stimuli.
Startle amplitude was defined as the maximum signal
amplitude (A/D units) that occurred during the first 40 ms
after delivery of the startle-eliciting stimulus. Three cages
were used simultaneously and each cage was housed in
a separate, dimly lit, and sound-attenuated cabinet
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(52� 42� 38 cm). The cages were calibrated for equal
sensitivity before test and a mouse tested in one cage was
always tested in the same cage at subsequent tests. The
acoustic signal consisted of white noise delivered to the
animal by two high-frequency loudspeakers built into the
ceiling of the cabinet.

PPI paradigm. Each test session started with a 10-min
adaptation period containing only white background noise
62 dB(A). The background noise was interrupted at stimulus
presentations by a burst of white noise with a rise/decay
time of less than 1 ms. Startle pulse intensity was set to
105 dB(A) and prepulse intensity to 70 dB(A). Startle pulse
duration was set to 20 ms and prepulse duration to 60 ms.
The prepulse was presented immediately before the startle
pulse. After the 10-min adaptation period, the animals were
presented with a series of five startle pulse-alone trials
followed by a series of five prepulse-alone trials. The pulse-
alone trials served only to accommodate the animals to the
sudden change in stimulus conditions and were omitted
from the data analysis and the prepulse-alone trials were
analyzed only to ensure that these stimuli did not evoke any
startle responses on their own. Thereafter the animals were
presented, three times repeatedly, with a series of five
prepulse-pulse trials followed by a series of five pulse-alone

trials, ie a total of 30 trials. The time between trials was
always 10 s and the time between any series of trials
was 70 s.

Testing procedure. The mice were pretested without drug
treatment before surgery to ensure that they displayed basal
startle reactivity. At the day of the experiment a dummy
cannula was carefully inserted and retracted into the guide
cannulas to reduce the risk for spreading depression. This
procedure was used because previous observations in our
laboratory indicate that cannula insertion is commonly
accompanied by spreading depression, and the probability
of a new spreading depression is largely reduced at the
second insertion. The animals (n¼ 72) were divided into
eight treatment groups: veh + sal (n¼ 11); veh + PCP
(n¼ 14); ODQ 0.01 mM + sal (n¼ 9); ODQ 0.1 mM
+ sal (n¼ 6); ODQ 1 mM + sal (n¼ 7); ODQ 0.01 mM +
PCP (n¼ 10); ODQ 0.1 mM + PCP (n¼ 6); and ODQ 1 mM
+ PCP (n¼ 9). The veh + sal group and the veh + PCP group
were both larger since these groups had to be represented in
every new experimental session. Each mouse was tested
twice; a control test followed by a drug test. At the time of
experiment, the dummy cannula was inserted 1.0 mm
ventral to the brain surface. After this, the mice were
allowed to rest for 60 min in their home cages before the

Figure 1 Coronal mouse brain section of the medial PFC ( + 2.1mm from bregma) showing a schematic drawing of (a) estimated probe placement for
the microdialysis experiments. The hatched area represents the semipermeable part of the membrane (b) estimated guide/cannula placement. Reprinted
from The Mouse Brain in Stereotaxic Coordinates, KBJ Franklin and G Paxinos, Figure 18, Copyright (1996), with permission from Elsevier.
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first PPI test, which served as a control test. The animals
were injected locally, with either 0.5 ml ODQ (1, 0.1, or
0.01 mM) or vehicle (1% DMSO) bilaterally in the medial
PFC 30 min after the end of the first test. The local injection
lasted 1 min and the cannula was left in place for another
minute to allow diffusion of the drug. PCP (5 mg/kg) or
saline was then administered (i.p.) and 5 min later the
animals were placed in the startle chambers for the second
PPI test.

Guide placement verification. After termination of the
experiments the mice were decapitated. The brains were
removed and fixated (Accustain) for approximately 1 week.
Guide placement was verified by sectioning the brains using
a vibratome and an atlas of the mouse brain for reference
(Franklin and Paxinos, 1996). Only animals with correct
cannula placement in the medial PFC were included in the
analysis (Figure 1b).

Data analysis. The mean response amplitude for pulse-
alone trials (P) was calculated for each mouse and test. This
measure was used in the statistical analysis to assess drug-
induced changes in acoustic startle response (ASR). The
mean response amplitude for prepulse-pulse trials (PP) was
also calculated and used to express the percent PPI
according to the following formula:

Prepulse inhibition ð%Þ ¼ 100 � ½ðPP=PÞ � 100�
using this formula, a 0% value denotes no difference between
pulse-alone and prepulse-pulse response amplitudes and
consequently no PPI. The Drug test/Control test PPI ratios
for each animal were then used to express the change in PPI
compared to the control test. This procedure was used to
compensate for the interindividual differences in basal PPI
between the animals. The same rationale was also used for
assessment of the ASR. Statistical analysis was performed
using a two-way ANOVA with pretreatment (veh or ODQ)
and treatment (sal or PCP) as fixed factors to assess the
effects of the highest dose of ODQ (1 mM) on PCP-induced
PPI deficits. When introducing Control test PPI as a
covariate, it did not significantly affect the ANOVA and
was thus not considered further in the statistical analysis.
Bonferroni’s post hoc tests were conducted to specifically
assess the difference between treatment groups for all doses.
Two-tailed levels of significance were used and po0.05 was
considered statistically significant. Two animals (one mouse
treated with sal + ODQ 0.01 mM and one mouse treated with
sal + ODQ 1 mM) were excluded from the data analysis as
they were labeled as outliers by a box-plot-based outlier test
(41.5 box lengths from the box edge).

Locomotor Experiments

Apparatus. Locomotor activity of the mice was recorded
using eight box-shaped Plexiglas devices with a floor area of
42� 42 cm. The activity boxes were housed in dimly lit and
sound-attenuated cabinets (420� 420� 45 cm). A computer-
based system determined the horizontal location of the animal
at all times using five times five rows of photocell beams.

Testing procedure. The animals (n¼ 30) were divided into
four treatment groups: veh + sal (n¼ 6); veh + PCP (n¼ 8);

ODQ 0.1 mM + sal (n¼ 8); and ODQ 0.1 mM + PCP (n¼ 8).
After the insertion of a dummy cannula (as described
above) to control for spreading depression, the mice were
placed in the activity boxes and allowed to habituate for
60 min before injection. The animals were then adminis-
tered either ODQ (0.1 mM) or vehicle in analogy with the
PPI experiments and placed in the activity boxes for 10 min
before an i.p. injection with either PCP (5 mg/kg) or saline.
After this, the mice were placed in the activity boxes and
their locomotion, defined as the accumulated number of
crossed photocell beams, was recorded for 60 min. The first
30 min of this recording period was excluded from the
analysis, to reduce the influence of injection-induced
hypermotility and to allow PCP to exert its effect.
Verification of cannula placement was performed as
described above for the PPI experiments.

Data analysis. Two-way repeated-measures ANOVA was
performed to investigate whether pretreatment with ODQ
interacted with the effects of PCP on locomotor activity. The
analysis used two-tailed levels of significance and po0.05
was considered statistically significant.

RESULTS

Microdialysis Experiments

The effect of systemic PCP treatment on cGMP levels in
the medial PFC. Prefrontal cGMP levels were significantly
increased by an average of 56% when comparing PCP
(5 mg/kg, i.p.)-treated animals to control animals (p¼ 0.034,
Bonferroni’s test) (Figure 2).

The effect of pretreatment with L-NAME on the PCP-
induced increase in PFC cGMP levels. L-NAME (40 mg/kg,
i.p.) did not cause any significant changes in prefrontal
cGMP levels by itself (p¼ 0.959, Bonferroni’s test)
(Figure 2). Furthermore, the expected increase in cGMP
caused by PCP was antagonized by pretreatment with
L-NAME, as evidenced by a significant pretreatment� treat-
ment interaction effect (two-way ANOVA, F(1, 27)¼ 5.251,
p¼ 0.030). This interpretation was further supported by the
observation that animals treated with L-NAME + PCP
displayed significantly lower cGMP levels than animals
treated with sal + PCP (p¼ 0.038, Bonferroni’s test) but did
not differ from control animals (p¼ 0.999, Bonferroni’s
test).

Prepulse Inhibition Experiments

The effect of local pretreatment with ODQ in the PFC on
PCP-induced disruption of PPI. Statistical analysis
showed a significant effect of PCP (5 mg/kg, i.p.) treatment
in the data set (two-way ANOVA, effect of treatment,
F(1, 37)¼ 5.359, p¼ 0.026) (Figure 3). Furthermore, a
significant pretreatment� treatment interaction effect
could be demonstrated for the highest dose of ODQ
(1 mM) suggesting that ODQ at this dose blocked the
effects of PCP. This motivated further investigation of the
data set using post hoc comparisons to assess difference
between treatment groups. Mice subjected to PCP showed a
decrease in their PPI response compared to saline and thus
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a significant decrease in their Drug/Control ratio (p¼ 0.002,
Bonferroni’s test) compared to saline treatment. This effect
was not prevented by pretreatment with the lower dose of
ODQ (0.01 mM) (p¼ 1.000, Bonferroni’s test). Pretreatment
with a higher dose of ODQ (0.1 mM) blocked the effect of
PCP since this group differed significantly from PCP-treated
animals (p¼ 0.036, Bonferroni’s test) but not from control
animals. An additional dose of ODQ (1 mM) was also tested
and blocked the PCP-induced deficit in analogy with the
0.1 mM dose (p¼ 0.038, Bonferroni’s test).

The effect of local ODQ treatment in the PFC on PPI. The
highest dose of ODQ (1 mM) did not have any significant
effect on PPI ratios in the present study (two-way ANOVA,
effect of pretreatment, F(1, 37)¼ 2.611, p¼ 0.115) and the
post hoc test did not reveal any change in PPI ratio,
compared to the control group (p¼ 1.000, Bonferroni’s test)
(Figure 3).

The effects of drug treatment on ASR reactivity. None of
the drugs administered locally or systemically caused any
significant changes in ASR as measured by a Drug/Control
ratio (two-way ANOVA, effect of pretreatment, F(1, 40)¼ 0.116,

p¼ 0.735; effect of treatment, F(1, 40)¼ 0.527, p¼ 0.527;
interaction effect, F(1, 40)¼ 1.337, p¼ 0.254) (Figure 4).

Locomotor Experiments

The effect of PCP treatment on locomotor activity.
Statistical analysis of locomotor activity after PCP (5 mg/
kg, i.p.) injection showed a significant increase in locomotor
activity during the 30 min recording period (two-way
ANOVA, effect of treatment, F(1, 26)¼ 12.270, p¼ 0.002)
(Figure 5).

The effect of local pretreatment with ODQ in the PFC on
PCP-induced hyperlocomotion. Administration of ODQ
(0.1 mM) into the medial PFC did not exert any significant
effect by itself when compared to control animals (two-way
ANOVA, effect of pretreatment, F(1, 26)¼ 0.041, p¼ 0.840)
(Figure 5). Furthermore, pretreatment with ODQ (0.1 mM)
did not prevent the hyperlocomotion caused by PCP
as evidenced by the lack of a significant interaction effect
(two-way ANOVA, pretreatment� treatment interaction,
F(1, 26)¼ 0.104, p¼ 0.750).

Figure 2 Pretreatment with NG-nitro-L-arginine methyl ester (L-NAME)
prevents the phencyclidine (PCP)-induced increase in cGMP levels. Effects
of L-NAME and/or PCP on cGMP levels in the medial PFC. Data expressed
as mean values relative to preceding baseline + /� SEM (*po0.05,
Bonferroni’s test).

Figure 3 Local pretreatment with 1H-(1,2,4)oxadiazolo(4,3-a)quinox-
alin-1-one (ODQ) blocks phencyclidine (PCP)-induced disruption of
prepulse inhibition (PPI). Effects of bilateral, prefrontal ODQ treatment
followed by systemic PCP treatment on PPI. Pretreatment with ODQ in
the dose range 0.01–1mM did not significantly affect PPI by itself (data not
shown for 0.01–0.1mM). Data represented as mean PPI ratios (Drug test/
Control test) + /� SEM for each treatment group (**po0.01, *po0.05,
Bonferroni’s test).

Figure 4 Drug treatment does not affect acoustic startle response
(ASR). Effects of bilateral, 1H-(1,2,4)oxadiazolo(4,3-a)quinoxalin-1-one
(ODQ) treatment in the medial PFC followed by systemic phencyclidine
(PCP) treatment on ASR. Pretreatment with ODQ in the dose range
0.01–1mM did not significantly affect ASR by itself (data not shown for
0.01–0.1mM). Data represented as mean ASR ratios (Drug test/Control
test) + /� SEM for each treatment group. No statistically significant effects
of treatment were obtained.

Figure 5 Local pretreatment with 1H-(1,2,4)oxadiazolo(4,3-a)quinox-
alin-1-one (ODQ) does not block phencyclidine (PCP)-induced hyperlo-
comotion. Effects of bilateral ODQ treatment (0.1mM) in the medial PFC
on PCP-induced locomotor activity (LMA) stimulation in mice. Data
represented as mean counts + /� SEM during a 30min recording period
(*po0.05, Bonferroni’s test).
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DISCUSSION

The main findings of the present study demonstrate that the
psychotomimetic drug, PCP, induces an increase in cGMP
levels in the mouse medial PFC, through an NO-related
mechanism. Furthermore, selective inhibition of NO-
sensitive cGMP production in the mouse medial PFC
markedly reduces the PCP-induced disruption of PPI,
whereas the stimulatory effects of PCP on locomotor
activity remain unaffected.

Effects on Prefrontal cGMP Efflux

The observed increase in prefrontal cGMP levels is probably
a consequence of increased NO production, as sGC is the
major target for NO signaling in the brain (Karatinos et al,
1995). Furthermore, a number of microdialysis studies have
shown increases in cGMP levels in the rat frontal cortex
following administration of NO donors (Laitinen et al, 1994;
Pepicelli et al, 2004). Further evidence for the involvement
of NO can be derived from the present study which shows
that the PCP-induced increase of cGMP in the PFC can be
attenuated by pretreatment with the NOS inhibitor,
L-NAME. This is in line with previous studies in rats
showing that prefrontal cGMP levels are lowered after
L-NAME administration, in a study using the nonspecific
phosphodiesterase inhibitor, isobutylmethyl xanthine, to
increase cGMP levels (Laitinen et al, 1997). However,
L-NAME did not affect basal cGMP levels in the present
experiment. The effect of PCP on cGMP levels may be
caused by an increase in prefrontal glutamate, an inter-
pretation that is supported by the recent findings that
NMDA receptor antagonists increase glutamate efflux in
the PFC of rats (Moghaddam et al, 1997; Adams and
Moghaddam, 1998). Thus, the present findings advocate the
existence of a prefrontal NO/sGC/cGMP system that may be
associated with glutamatergic neurotransmission.

Effects of Local sGC Inhibition

The disruption of PPI by PCP was prevented, in a dose-
related manner, by administration of ODQ into the medial
PFC. This supports the presence of a prefrontal, NO-
sensitive mechanism that accounts for at least some
behavioral effects of PCP. Inhibition of NO production in
general appears to be able to ameliorate a wide range of
PCP-induced behavioral deficits as shown in several studies
by the present authors (Johansson et al, 1997; Klamer et al,
2001, 2004a, c, 2005b; Wass et al, 2006a, b; Palsson et al,
2007). Furthermore, the sGC inhibitor methylene blue has
shown an antipsychotic profile both in animal models of
NMDA hypofunction (Deutsch et al, 1996; Klamer et al,
2004b) and, more importantly, when given as an adjuvant in
patients with schizophrenia (Deutsch et al, 1997). However,
it is not likely that all these behavioral effects are modulated
through a common and exclusively prefrontal, NO-depen-
dent mechanism. PCP is known to exert its effects not only
through the NMDA receptor, but also by, acting as an
agonist on dopamine receptors and by blocking dopamine
reuptake (Rothman et al, 1989; Seeman et al, 2005; Seeman
and Lasaga, 2005). Nevertheless, the lack of a temporal
correlation between corticolimbic dopamine levels and

behavioral effects of PCP suggests that a substantial part
of the effects of this compound is mediated through non-
dopaminergic mechanisms (Adams and Moghaddam, 1998).
A possible chain of events explaining the present results
may be a prefrontal NO-mediated activation of sGC/cGMP
signaling following stimulation of non-NMDA glutamate
receptors caused by a PCP-induced increase in glutamater-
gic neurotransmission. As mentioned above, recent studies
show that administration of NMDA receptor antagonists
such as PCP and ketamine lead to a substantial glutamate
efflux in the PFC of rats. This efflux may subsequently
activate non-NMDA glutamate receptors and secondarily
facilitate, eg dopaminergic neurotransmission in the PFC.
Such an activation is suggested to be essential for the
behavioral effects of NMDA antagonists as local application
of AMPA/kainate antagonists has been shown to block the
effects of PCP and ketamine on stereotypy, locomotor
activity, and working memory (Moghaddam et al, 1997;
Takahata and Moghaddam, 2003). In addition, preliminary
studies using in vivo voltammetry and NO-sensitive
microsensors (Brown and Lowry, 2003) indicate that NO
production is increased in the medial PFC following
systemic PCP administration in rats (Lowry JP et al in
collaboration, data not published). Tentatively, an NO
dysregulation in this region could affect several neuro-
transmitter systems and thus contribute substantially to the
behavioral effects of NMDA antagonists. However, the role
of the PFC for PPI appears to be of a modulatory rather than
of a mediating nature, as evidenced by a relative absence of
effects on PPI following exitotoxic medial PFC lesions in
rats (Swerdlow et al, 1995; Schwabe and Koch, 2004;
Schneider and Koch, 2005). Thus, even if a functional
medial PFC is not essential for basal preattentive filter
mechanisms, it may be critical for the NO-dependent effects
of PCP.

Prefrontal NO Signaling and Behavioral Specificity

In the present study, local administration of ODQ in the
PFC, at a dose that was effective in the PPI model, did not
prevent PCP-induced hyperlocomotion. Given the strong
association between subcortical dopaminergic neurotrans-
mission and locomotion, a possible explanation may be that
the prefrontal NO-sensitive neuronal circuitry discussed
above does not have a major influence on the mesocorti-
colimbic neuronal circuitry that has been demonstrated to
be strongly associated with locomotor activity (Kelly and
Iversen, 1976; Clarke et al, 1988). This assumption is
supported by a recent study on the behavioral effects of
medial PFC lesions in rats that showed no change in
locomotor activity of these animals (Schneider and Koch,
2005), suggesting that the medial PFC is not essential for
basal motor activity. In summary, manipulation of nitri-
nergic activity in the medial PFC may primarily affect
preattentive information processing functions such as PPI
rather than more subcortical basal functions such as
locomotion. However, since systemic pretreatment with
NOS inhibitors readily prevents the hyperlocomotion
caused by PCP (Johansson et al, 1997; Klamer et al,
2004a), subcortical dopaminergic activity may also be under
the influence of nitrinergic neurotransmission, albeit not
primarily modulated by a prefrontal circuitry.
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NOS Isoforms and PCP

In addition to the above-mentioned studies that have been
using the nonspecific NOS inhibitor L-NAME, other studies
have reported that selective nNOS inhibitors attenuate
behavioral effects of PCP in rodents (Wiley, 1998; Johansson
et al, 1999; Klamer et al, 2004a). Although the selectivity of
such compounds can be discussed and rather should be
viewed as a strong preference for the nNOS isoform, these
studies suggest an involvement of nNOS in the psychoto-
mimetic effects of PCP. Furthermore, nNOS knockout mice
appear less sensitive to the disruptive effects of PCP on PPI
and PCP-induced hyperlocomotion (Wiley et al, 1999; Bird
et al, 2001; Klamer et al, 2005a).

CONCLUDING REMARKS

The present findings indicate that an NO/sGC/cGMP
signaling mechanism in the medial PFC is involved in
specific behavioral effects of PCP that are considered
relevant for the pathophysiology of cognitive dysfunction
in schizophrenia. This is in line with several studies
showing disturbances of NO function in the PFC of
schizophrenic patients (Akbarian et al, 1993a, b; Xing
et al, 2002; Baba et al, 2004; Reif et al, 2006). As NO is
known to have effects on the storage, uptake, and/or release
of most neurotransmitters including glutamate, GABA, and
dopamine (Bernstein et al, 2005), it is well positioned to
play an integrative role in brain function and pathology.
Furthermore, sGC, the main effector of NO, is widely
distributed throughout the human and rodent brain in a
complementary way to nNOS (Southam and Garthwaite,
1993; Gotti et al, 2005). A recent comparative study shows
that interspecies differences in NO/sGC/cGMP signaling
may be small between rodents and primates thereby
implying that the NO system may serve similar functions
across species (Pifarre et al, 2007). Thus, translational
studies of brain NO function may prove valuable when
searching for novel treatment strategies targeting sensor-
imotor gating deficits and cognitive dysfunctions observed
in schizophrenia.
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