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Noncompetitive N-methyl-D-aspartate (NMDA) receptor antagonists such as phencyclidine, ketamine, and MK-801 produce

schizophrenia-like psychosis in humans. The same NMDA antagonists injure retrosplenial cortical neurons in adult rats. We examined

the effects of atypical antipsychotics and an inhibitor of nonreceptor tyrosine kinase pp60 (Src) on the cortical injury produced by MK-

801. An atypical antipsychotic (either clozapine, ziprasidone, olanzapine, quetiapine, or risperidone) or vehicle was administered to adult

female Sprague–Dawley rats. PP1 (Src inhibitor), PP3 (nonfunctional analog of PP1) or vehicle (DMSO) was administered to another

group of animals. After pretreatment, animals were injected with MK-801, killed 24 h after the MK-801, and injury to retrosplenial cortex

assessed by neuronal Hsp70 protein expression. All atypical antipsychotics examined significantly attenuated MK-801-induced cortical

damage. PP1 protected compared to vehicle, whereas PP3 did not protect. The ED50s (decrease injury by 50%) were as follows: PP1

o0.1mg/kg; olanzapine 0.8mg/kg; risperdal 1mg/kg; clozapine 3mg/kg; ziprasidone 32mg/kg; and quetiapine 45mg/kg. The data show

that the atypical antipsychotics tested as well as a Src kinase inhibitor prevent the injury produced by the psychomimetic MK-801, and the

potency of the atypical antipsychotics for preventing cortical injury was roughly similar to the potency of these drugs for treating psychosis

in patients.
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INTRODUCTION

Noncompetitive N-methyl-D-aspartate (NMDA) antagonists,
including phenyclidine (PCP), ketamine, and MK-801,
produce psychosis in healthy humans (Breier et al, 1997;
Javitt and Zukin, 1991; Krystal et al, 1999a; Malhotra et al,
1996; Vollenweider et al, 2000), and precipitate psychosis in
compensated schizophrenics (Lahti et al, 1995; Malhotra
et al, 1997; Tamminga, 1999). Animal studies showed that
the noncompetitve NMDA antagonists produce vacuoliza-
tion of neurons in retrosplenial cingulate cortex (posterior
cingulate cortex) of adult rats (Olney et al, 1989) that could
be blocked by GABAergic drugs (Olney et al, 1991). The
vacuolated, injured neurons expressed the Hsp70 heat
shock protein indicating that protein denaturation had

occurred in the neurons but that they would survive (Sharp
et al, 1991, 1992, 1994a, 1999). The observation that PCP-
like drugs produce psychosis in people and produced
neuronal injury in limbic cortex of rodents implied that the
neurotransmitters and circuits that mediate limbic cortex
injury in rodents may be similar to those that mediate PCP-
like psychosis in people (Farber et al, 2002; Olney, 1994;
Olney et al, 1999; Sharp et al, 2001).
This proposal was supported by findings showing that

antipsychotic drugs blocked the limbic cortical injury in
rodents produced by PCP, ketamine, and MK-801 (Farber
et al, 1993; Olney and Farber, 1994; Sharp et al, 1992).
Haloperidol blocked the injury to retrosplenial cortex
produced by NMDA-receptor antagonists in rats (Sharp
et al, 1992, 1993, 1994a, b). These findings prompted studies
of atypical antipsychotics, including clozapine and olanza-
pine, which also blocked the cortical injury produced by
NMDA antagonists in rodents (Farber et al, 1993, 1996;
Olney and Farber, 1994; Sharp et al, 1994b). Therefore, it
appeared as though drugs that decrease psychosis in people
all block the limbic cortical injury produced by NMDA-
receptor antagonists in rodents. The present study therefore
postulated that the currently used atypical antipsychotics
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like olanzapine, risperidone, clozapine, ziprasidone, and
quetiapine should block the injury produced by NMDA-
receptor antagonists in rodent brain. The results generally
confirm this hypothesis, and also show that the potency for
blocking cortical injury in rats is similar to the potency of
the drugs for treating psychosis in humans.
As result of recent studies showing that the downstream

effects of NMDA receptors are mediated by Src kinases
(Salter and Kalia, 2004), we tested a Src antagonist in the
MK-801/PCP cortical injury model. Indeed, the Src antago-
nist protects against MK-801-mediated injury, which might
suggest a role for Src kinases mediating PCP/ketamine/MK-
801 behaviors in humans. Since some drugs block MK-801-
mediated injury that are not antipsychotics, including
calcium channel blockers and antimuscarinics and selective
serotonin reuptake antagonists (Sharp et al, 1994b;
Tomitaka et al, 2000a), it is not clear whether Src
antagonists might or might not affect psychosis.

MATERIALS AND METHODS

The National Institutes of Health Guide for the Care and
Use of Laboratory Animals was followed when performing
these experiments. Adult female Sprague–Dawley rats (12–
14 weeks old, 226–250 g, Charles River Labs, Wilmington,
MA, USA) were used for all experiments (n¼ 198). Females
were used instead of males because the injury produced by
PCP, ketamine, and MK-801 is more reproducible in female
compared to male rodents (Auer, 1996; Sharp et al, 1994a).
Adults were used because NMDA antagonists do not
produce cortical injury in neonatal and very young rodents
(Auer, 1996; Farber et al, 1995; Nakki et al, 1996).

Atypical Antipsychotics Clozapine and Ziprasidone
(Intraperitoneal (i.p.))

The effects of systemic, i.p. clozapine and ziprasidone on
the injury produced by systemic MK-801 were investigated
in three groups of animals. The first group of animals,
which was paired with the second and third groups, was
injected intraperitoneally (i.p.) with vehicle followed 1 h
later by MK-801 (1mg/kg i.p.). The second group of animals
was given clozapine followed 1 h later by MK-801 (1mg/kg
i.p.). The third group of animals received ziprasidone
followed 1 h later by MK-801 (1mg/kg i.p.). MK-801 was
dissolved in 0.9% normal saline. Clozapine and ziprasidone
were dissolved in dimethylsulfoxide (DMSO). The dosages
were adjusted to produce a dose–response curve for each
drug. The 1mg/kg MK-801 dose and 24 h survivals were
chosen based on maximum HSP70 immunoreactivity in
brain at 24 h post-MK-801 administration (Sharp et al,
1991).

Atypical Antipsychotics Quetiapine, Olanzapine and
Risperdone (Gastric Intubation (g.i.))

Experiments were performed to determine if the antipsy-
chotics quetiapine, olanzapine, and risperidone had any
neuroprotective effect when administered prior to MK-801.
These drugs were used as a group because they had no
intravenous or intramuscular formulation and they were
insoluble in anything we tested. Each antipsychotic drug

was therefore ground into a fine powder with a mortar and
pestle and then suspended in water. For the administration
of these drugs, the rats were briefly anesthetized with
isoflurane (5% for 3min). The suspended drug was fed to
the rats by g.i. using an apparatus consisting of a winged
infusion set, with the needle cutoff, attached to a 1ml
syringe. The total volume given to each animal was 400 ml.
For these studies of atypical antipsychotics, the animals

were divided into four groups. The first group was the
control group, and each animal in this group was paired
with an animal from each of the rest of the groups. Control
animals were administered vehicle (400 ml of water via g.i.)
followed 2 h later by MK-801 (1mg/kg) given i.p. The
second group was given olanzapine followed by MK-801
(1mg/kg i.p.) 2 h later. The third group was given
risperidone followed 2 h later by MK-801 (1mg/kg i.p.).
The fourth group was given quetiapine followed 2 h later by
MK-801 (1mg/kg i.p.).

Src Inhibitor

Experiments were performed to determine if an inhibitor of
nonreceptor tyrosine kinase pp60 (Src) protected when
administered prior to MK-801.The effects of systemic PP1
(Src inhibitor) on the injury produced by systemic MK-801
were then investigated in three groups of animals. The
control group of animals (n¼ 7), which was paired with the
second and third groups, was injected with vehicle (DMSO
i.p.) followed 1 h later by MK-801 (1mg/kg i.p.). The second
group of animals was given PP1 (0.1, 1, and 10mg/kg i.p.)
(n¼ 7 for each dose) followed 1 h later by MK-801 (1mg/kg
i.p.). The third group of animals received PP3 (a nonfunc-
tional PP1 analog) (0.1, 1, and 10mg/kg i.p.) (n¼ 7 for each
dose, except for 1mg/kg n¼ 6) followed 1 h later by MK-801
(1mg/kg i.p.). MK-801 was dissolved in 0.9% normal saline.
PP1 and PP3 were dissolved in DMSO. The dosages were
adjusted in an attempt to form a dose–response curve. PP1
is synthetic pyrazolopyrimidine, 4-amino-5-(4-methylphe-
nyl)-7-(t-butyl)pyrazolo [3,4-d] pyrimidine (PP1) and is a
novel, potent, and selective inhibitor of Src family tyrosine
kinases (SFK) whereas PP3 is an inactive analogue of PP1
(Akiyama et al, 2004; Zhou and Menko, 2002).

Hsp70 Immunocytochemical Assessment
of Neuronal Injury

At 1 day (24 h) after systemic administration of MK-801
(1mg/kg), animals were briefly anesthetized with ketamine
and xylazine (20mg/kg) and deeply anesthetized animals
were then perfused within 5min through the ascending
aorta with normal saline (0.9%) and then 300ml of 4%
paraformaldehyde in 0.1M sodium phosphate buffer (PB;
pH 7.4). This brief period of anesthesia does not produce
cortical injury (Sharp et al, 1991). This 24-h survival period
was used for all animals whether they received systemic
administration of drug or vehicle or oral administration of
drug or vehicle. The brains were removed and immersed in
fixative for 2 h followed by cryo-protection in 30% sucrose
solution in PB for 2 days or until they sank. In all, 50 mm
thick frozen coronal sections were cut with a Leitz sledge
microtome.
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HSP70 immunohistochemistry was performed as pre-
viously described (Tomitaka et al, 2000a, b) using the
Vectastatin Elite ABC kit (Vector Laboratories, Burlingame,
CA, USA). Briefly, brain sections were washed several times
in PB and blocked for 2 h using PB containing 2% goat
serum, 0.2% Triton X-100, and 0.1% bovine serum albumin
(GS-PB). The sections were then treated with primary
antibody to HSP70 (StressGen Biotechnologies, Victoria,
Canada) at a 1 : 5000 dilution in GS-PB for 24 h. The sections
were then washed three times for 10min each with PB and
subsequently incubated with the secondary antibody (bio-
tinylated goat anti-rabbit immunoglobulin G (IgG) absorbed
with goat serum) at a 1 : 500 dilution in GS-PB for 2 h.
Detection of HSP70 protein was performed using avidin–
biotin–peroxidase and diaminobenzidine (Sigma, St Louis).
The sections were washed three times in PB and mounted on
slides. Brains from the controls and experimental animals
for each study were processed in parallel to help reduce
variability related to the immunostaining procedures.
HSP70 protein was used to detect injury for several

reasons. It has been demonstrated in injured, vacuolated
neurons and Hsp70 immunostaining has been used as a
marker for neuronal injury following administration of MK-
801, ketamine and phencyclidine (PCP) (Olney et al, 1991;
Sharp et al, 1991, 1992, 1994a; Nakki et al, 1995, 1996;
Rajdev et al, 1998; Tomitaka et al, 2000a, b). Hsp70 protein
is induced by the presence of denatured proteins in cells
and is generally induced in cells that will survive an injury
(Sharp et al, 1999). Hsp70 may be a preferred marker of
neuronal injury compared to neuronal vacuolization since
vacuolization is only seen in aldehyde-fixed brain and not
in fresh frozen brain sectionsFthe aldehyde fixation
possibly fixing denatured proteins that can result in
vacuoles (Auer, 1994; Auer and Coulter, 1994).

Cell Counting and Statistics

Cell counts were performed as previously described
(Tomitaka et al, 2000b). Counts were performed at � 100
magnification within a 0.1mm2 area centered over layer III
in the retrosplenial cortices using a microcomputer-imaging
device (MCID, London, Canada). Every third section was
counted through the entire anterior posterior dimension of
the retrosplenial cortex in every animal (B6 sections per
animal). Counts were performed on both retrosplenial
cortices on each section so that there were 12 counts per
such subject. The counting area was always centered
precisely over the middle one-third of each retrosplenial
cortex and encompassed layers 1–4 of the cortex. The areas
counted were similar to those shown in Figures 1a and 2a.
Only Hsp70/horseradish peroxidase-stained cells that de-
monstrated at least two or more processes (dendrites or
axons) were counted. Mean numbers of HSP70 immunos-
tained neurons were calculated for each animal. A one-way
analysis of variance (ANOVA) was used to examine the
effect of dose for each drug tested and a post hoc Schefe was
used to test for differences at each dose compared to the
controls for each drug. A two-way ANOVA was used to test
for differences between different doses of the different drugs
followed by a post hoc Schefe.

RESULTS

MK-801 Behavioral Effects

The i.p. injection of MK-801 (decreased NMDA receptor
function) produces behavioral changes including a marked
increase of motor activity and head weaving that have been
reported and studied in detail previously (Brosnan-Watters

Figure 1 Hsp70 immunostaining of retrosplenial cortex neurons in adult rats 24 h following intraperitoneal MK-801 (1mg/kg) (a–d). At 1 h prior to the
MK-801 animals received either intraperitoneal vehicle (a), clozapine (10mg/kg) (b), ziprasidone (1mg/kg) (c), or ziprasidone (40mg/kg) (d).
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et al, 1996, 1999; Mohn et al, 1999). The high dose of 1mg/
kg of MK-801 in our studies produced similar behavioral
effects that were more pronounced in some animals
compared to others. Although we did not quantify the
behavior, the prior administration of clozapine (10mg/kg
i.p.) or ziprasidone (40mg/kg i.p.) completely abolished the
hyperactivity produced by MK-801. The prior administra-
tion of quetiapine (60mg/kg g.i.), olanzapine (20mg/kg
g.i.), or risperidone (10mg/kg g.i.) also decreased the
hyperactivity produced by MK-801. These observations
agree with better quantitative studies showing that atypical
antipsychotics including clozapine, quetiapine, olanzapine,
risperidone, and ziprasidone prevent the hyperactivity and
other behavioral effects of NMDA antagonists like MK-801
and PCP (Cartmell et al, 2000; Sams-Dodd, 1997; Abdul-
Monim et al, 2003). When PP1 was given 1 h prior to the
administration of MK-801, the hyperactivity and head
weaving was markedly attenuated, while PP3 (inactive
structural analogue of PP1) injections produced no changes
in behavior. Since this study was not designed to rigorously
assess these behaviors, these observations will need to be
confirmed quantitatively in future studies.

Control Injections and MK-801 Induction of Hsp70
Protein in Neurons in Cortex

I.p. administration of MK-801 at a dose of 1mg/kg induced
Hsp70 protein in large numbers of neurons in retrosplenial
cortex 24 h later (Figures 1a and 2a). The Hsp70 was
induced mainly in pyramidal neurons in layer 3 of
retrosplenial cortex. Hsp70 protein was expressed in the
perikarya of the pyramidal neurons and in the dendrites
and axons of these neurons. Although not shown, the
Hsp70-stained neurons extended from the most rostral to

the most caudal portions of the retrosplenial cortex as
defined by the rat brain atlas of Paxinos and Watson (third
edition) and as described in previous studies (Sharp et al,
1991, 1992). Although there is some variability in the injury
observed from experiment to experiment, the average
number of Hsp70 immunostained neurons/0.1mm2 in
retrosplenial cortex in the three separate experiments
reported here (i.p., g.i., PP1) varied from 2275 (Figures 3
and 4) and 2476 (Figure 8) for animals given MK-801 plus
DMSO vehicle up to 3076 neurons/0.1mm2 (Figures 5–7)
for animals given MK-801 plus systemic vehicle (water
given through g.i.). The differences between these counts
were significantly different (po0.05, ANOVA followed by
post-hoc Schefe) suggesting the DMSO vehicle decreased
cell counts compared to water vehicle. A possible explana-
tion for this effect is discussed below.

Systemic Injections of Atypical Antispychotics
Clozapine and Ziprasidone

Systemic injections of clozapine one hour prior to MK-801
markedly decreased the number of Hsp70-labeled neurons
in retrosplenial cortex (Figure 1b) when compared to
vehicle injections prior to MK-801 (Figure 1a). There were
virtually no pyramidal neurons labeled when clozapine was
injected prior to MK-801. There were scattered Hsp70-
labeled neurons mainly in layer 3 that have a multipolar
morphology most consistent with interneurons. Thus
clozapine markedly decreased the numbers of Hsp70-
stained pyramidal neurons, and moderately decreased the
numbers of stained neurons of the multipolar phenotype.
Quantification of the numbers of Hsp70-labeled neurons/
0.1mm2 showed 2275 (mean7SD) neurons following
MK-801 and vehicle treatment, as compared to 574

Figure 2 Hsp70 immunostaining of retrosplenial cortex neurons in adult rats 24 h following intraperitoneal MK-801 (1mg/kg) (a–d). At 2 h prior to the
MK-801 animals received either vehicle by gastric intubation (a), risperidone (10mg/kg) (b), olanzapine (20mg/kg) (c), or quetiapine (60mg/kg) (d).
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(mean7SD) neurons following MK-801 plus 10mg/kg
clozapine (Figure 3) (po0.001). Although clozapine sub-
stantially decreased the numbers of Hsp70-labeled cells, the
drug did not completely block neuronal labeling when given
systemically at this dose. Lower doses of clozapine (1mg/
kg) had no significant effect (n¼ 1478 for clozapine 1mg/
kg). The 10mg/kg dose of clozapine decreased the number
of labeled cells significantly when compared to the 1mg/kg
dose (Figure 3) (po0.05). Different delays between the
administration of the clozapine and the administration of
MK-801 might have increased or decreased the injury but

this variable was not explored since a large effect was
obtained using the 1-h time interval.
Systemic injections of ziprasidone (40mg/kg; Figure 1d)

1 h prior to MK-801 markedly decreased the numbers of
Hsp70-labeled neurons/0.1mm2 in retrosplenial cortex
when to compared control animals followed by MK-801
(Figure 1a). Again there were virtually no pyramidal
neurons labeled when high-dose ziprasidone (40mg/kg)
was injected prior to MK-801, and the morphology of the
remaining labeled cells had multipolar morphology most
consistent with interneurons (Figure 1d). Quantification of
the numbers of Hsp70-labeled neurons/0.1mm2 showed
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Figure 4 Systemic ziprasidone blocks injury to retrosplenial cortex
caused by systemic MK-801. MK-801 (1mg/kg) was administered
intraperitoneally 1 h after injection of 1mg/kg ziprasidone (n¼ 6), 10mg/
kg ziprasidone (n¼ 9), 20mg/kg ziprasidone (n¼ 6), 30mg/kg ziprasidone
(n¼ 6), or 40mg/kg ziprasidone (right bar, n¼ 6). Animals were allowed to
survive 24 h at which time Hsp70 immunostaining was performed. Data are
presented as mean number of Hsp70-stained neurons (7SEM)/0.1mm2

within the retrosplenial cortices. The controls (n¼ 8, left bar) were injected
with the vehicle used to dissolve the ziprasidone. *po0.05 using ANOVA
followed by post hoc Schefe compared to control.
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Figure 6 Systemic olanzapine blocks injury to retrosplenial cortex
caused by systemic MK-801. MK-801 (1mg/kg) was administered
intraperitoneally 2 h after administration of vehicle (left bar), 1mg/kg
olanzapine (left-center bar, n¼ 7), 10mg/kg olanzapine (right center bar,
n¼ 6), or 20mg/kg olanzapine (right bar, n¼ 6). Animals were allowed to
survive 24 h at which time Hsp70 immunostaining was performed. Data are
presented as mean number of Hsp70-stained neurons (7SEM)/0.1mm2

within the retrosplenial cortices. The controls (n¼ 7, left bar) were
administered 400 ml of water by gastric intubation. *po0.05 using ANOVA
followed by post hoc Schefe compared to control.
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Figure 3 Systemic clozapine blocks injury to retrosplenial cortex caused
by systemic MK-801. MK-801 (1mg/kg) was administered intraperitoneally
1 h after injection of vehicle (left bar) or clozapine (1mg/kg-middle bar
n¼ 6, 10mg/kg-right bar n¼ 9). Animals were allowed to survive 24 h at
which time Hsp70 immunostaining was performed. Data are presented as
mean number of Hsp70-stained neurons (7SEM)/0.1mm2 within the
retrosplenial cortices. The controls (n¼ 8, left bar) were injected with the
vehicle used to dissolve the clozapine. *po0.05 using ANOVA followed by
post hoc Schefe compared to control.
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Figure 5 Systemic quetiapine blocks injury to retrosplenial cortex
caused by systemic MK-801. MK-801 (1mg/kg) was administered
intraperitoneally 2 h after administration of vehicle (left bar), 1mg/kg
quetiapine (n¼ 6), 10mg/kg quetiapine (n¼ 8), 20mg/kg quetiapine
(n¼ 7), 30mg/kg quetiapine (n¼ 6), 40mg/kg quetiapine (n¼ 6), 50mg/
kg quetiapine (n¼ 6), or 60mg/kg quetiapine (n¼ 8). Animals were
allowed to survive 24 h at which time Hsp70 immunostaining was
performed. Data are presented as mean number of Hsp70-stained
neurons (7SEM)/0.1mm2 within the retrosplenial cortices. The controls
(n¼ 7, left bar) were administered 400 ml of water by gastric intubation.
*po0.05 using ANOVA followed by post hoc Schefe compared to control.
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2275 for control animals injected with vehicle and 472
labeled neurons for animals receiving a 40mg/kg dose of
ziprasidone followed by MK-801 (Figure 4). The 40mg/kg
dose significantly reduced the number of stained neurons
compared to vehicle control (Figure 4) (po0.01). Other
doses of ziprasidone were quantified and showed 1976
Hsp70-labeled neurons/0.1mm2 for animals receiving 1mg/
kg, 1678 neurons for animals receiving 10mg/kg, 1773
neurons for animals receiving 20mg/kg, and 1377 neurons
for animals receiving 30mg/kg. None of those doses were
statistically significantly different from the vehicle control.
When the other doses were compared to the 40mg/kg dose,
the 1, 10, and 20mg/kg had significantly more labeled
neurons (Figure 4) (po0.05).

Systemic Administration of Quetiapine, Olanzapine,
and Risperidone by g.i.

Systemic administration of atypical antipsychotics (Figure
2b–d) 2 h prior to MK-801 markedly decreased the number
of Hsp70-labeled neurons in retrosplenial cortex when
compared to systemic administration of vehicle (Figure 2a).
There were virtually no pyramidal neurons labeled when
the animal was pretreated with risperidone (Figure 2b)
or olanzapine (Figure 2c), and relatively few pyramidal
neurons when animals were injected with quetiapine
(Figure 2d). Most of the remaining, poorly stained neurons
following pretreatment with atypical antipsychotics had a
morphology that was most consistent with multipolar
interneurons (Figure 2b).
Quantification of the numbers of Hsp70-labeled neurons/

0.1mm2 showed 3076 (mean7SD) neurons on each
section following MK-801 and vehicle treatment. Following
quetiapine, quantification of the Hsp70-labeled neurons/
0.1mm2 showed 1074 cells for the 1mg/kg dose, 1374
for the 10mg/kg dose, 1277 for the 20mg/kg dose, 1276 for
the 30mg/kg dose, 1677 for the 40mg/kg dose, 1076 for
the 50mg/kg dose, and 773 for the 60mg/kg dose

(Figure 5). All seven of the different doses showed
significant decreases in the neuronal labeling when given
2 h before injections of MK-801 when compared to vehicle
(Figure 5) (po0.05). No dose (1–60mg/kg) was statistically
different from the other.
Following olanzapine, quantification of the Hsp70-labeled

neurons/0.1mm2 showed 1277 for the 1mg/kg dose, 475
for the 10mg/kg dose, and 372 for the 20mg/kg dose
(Figure 6). All of these doses showed significant decreases in
labeled neurons when compared to the vehicle treatment
(Figure 6) (po0.001). Again the doses were not significantly
different from each other. Following risperidone, quantifi-
cation of the Hsp70-labeled neurons/0.1mm2 showed 1679
for the 1mg/kg dose, 674 for the 5mg/kg dose, and 674
for the 10mg/kg dose (Figure 7). All of the doses decreased
the number of labeled neurons significantly when compared
to the vehicle treatment (Figure 7) (po0.01 for 1mg/kg
dose, po0.001 for the 5 and 10mg/kg doses). The doses
were not statistically different from each other.

Comparison of Similar Doses of Atypical Antipsychotics
to Determine the Effectiveness of the Antipsychotics

Statistical analysis was used to compare the effectiveness of
the drugs vs each other. A two way ANOVA was performed
followed by Schefe post hoc tests. The data from all of the
1mg/kg doses for each of the drugs were used and showed
no significant differences. When the 10mg/kg doses were
compared between the different drugs, there were some
statistically significant differences. Risperidone, olanzapine,
and clozapine had fewer stained neurons when compared to
quetiapine (po0.05) and possibly when compared to
ziprasidone (po0.07) at the 10mg/kg doses of each.

Systemic Injections of Src Inhibitor PP1 and the
PP1 Analog, PP3

Systemic injections of PP1 1 h prior to MK-801 markedly
decreased the number of Hsp70-labeled neurons/0.1mm2 in
retrosplenial cortex when compared vehicle injections prior
to MK-801 (not shown). Quantification of the numbers of
labeled neurons showed 2476 (mean7SEM) neurons on
each section following MK-801 and vehicle treatment, as
compared to 1073 (mean7SEM) neurons following MK-
801 plus 0.1mg/kg PP1, 1375 neurons following MK-801
plus 1mg/kg PP1, and 1174 neurons following MK-801
plus 10mg/kg PP1 (po0.05 for each dose compared to
control) (Figure 8). Although PP1 substantially decreased
the numbers of Hsp70-labeled cells, the drug did not
completely block neuronal labeling when given systemically
at these doses. Different delays between the administration
of the PP1 and the administration of MK-801 might have
increased or decreased the injury, but this variable was not
explored since a large effect was obtained using the 1-h time
interval at the 0.1mg/kg dose.
The nonfunctional analog of PP1 (PP3) was administered

to animals to ensure the specificity of PP1. Systemic
injections of PP3 (0.1, 1, and 10mg/kg) 1 h prior to MK-
801 had no significant effect on the numbers of Hsp70-
labeled neurons in retrosplenial cortex when compared with
vehicle (not shown). Quantification of the numbers of
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Figure 7 Systemic risperidone blocks injury to retrosplenial cortex
caused by systemic MK-801. MK-801 (1mg/kg) was administered
intraperitoneally 2 h after administration of vehicle (left bar), 1mg/kg
risperidone (left center bar, n¼ 6), 5mg/kg risperidone (right center,
n¼ 7), or 10mg/kg risperidone (right bar, n¼ 8). Animals were allowed to
survive 24 h at which time Hsp70 immunostaining was performed. Data are
presented as mean number of Hsp70-stained neurons (7SEM)/0.1mm2

within the retrosplenial cortices. The controls (n¼ 7, left bar) were
administered 400 ml of water by gastric intubation. *po0.05 using ANOVA
followed by post hoc Schefe compared to control.
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labeled neurons showed 2476 neurons for animals receiving
vehicle followed by MK-801, as compared to 2778 labeled
neurons for animals receiving a 0.1mg/kg dose of PP3
followed by MK-801, 2372 labeled neurons for animals
receiving a 1mg/kg dose of PP3 prior to MK-801 admin-
istration, and 2375 labeled neurons for animals receiving a
10mg/kg dose of PP3. None of the PP3 doses were
statistically significantly different from each other or from
the control (Figure 8).

Relative Potency of All Drugs Tested

Based upon the dose–responses shown in Figures 3–8,
third-order curves were derived to describe the effects of
dose on neuronal injury. Using the equations for these
curves, the ED50 was calculated for each drug, that is the
dose that decreased the number of Hsp70-stained neurons/
0.1mm2 by 50% compared to control. This approach did
not work well for PP1 because it displayed an atypical
response compared to the other drugs tested though the
ED50 for PP1 appears to be less than 0.1mg/kg (Figure 8).
The ED50s for decreasing injury due to MK-801 (1mg/kg)
were as follows: PP1 o0.1mg/kg; olanzapine 0.8mg/kg;
risperidone 1mg/kg; clozapine 3mg/kg; ziprasidone 32mg/
kg; and quetiapine 45mg/kg.

DISCUSSION

The results show that all of the atypical antipsychotics
tested, along with a Src antagonist, decreased the injury to
rat retrosplenial cortex produced by the noncompetitive
NMDA receptor antagonist, MK-801. The most potent
atypical antipsychotic drugs were olanzapine, risperidone,
and clozapine with ziprasidone and quetiapine being an
order of magnitude less potent. This potency profile is
similar to that observed in the treatment of humans with

psychosis (Leo and Regno, 2000; Miyamoto et al, 2005;
Sprague et al, 2004). This animal data must be considered
with caution since only a few atypical antipsychotics were
tested, a variety of drugs block injury produced by MK-801,
and both oral and i.p. routes of drug administration are
used in our animal studies. The finding that a novel
compound, the Src antagonist PP1, is the most compound
tested for decreasing the injury produced by MK-801 in this
rodent animal model might suggest a role for Src kinases in
mediating PCP and ketamine (Special K) induced behaviors
in people.
The data confirm the findings of several previous animal

studies. The typical antipsychotic haloperidol was first
shown to block the cortical injury produced by noncompe-
titive NMDA antagonists including PCP, ketamine and
MK-801 (Sharp et al, 1992). Haloperidol blocks formation
of vacuoles in pyramidal neurons in retrosplenial cortex
(ED50F5mg/kg) (Farber et al, 1996) and haloperidol also
blocks Hsp70 induction in the pyramidal neurons following
PCP (ED50F0.9mg/kg; Sharp et al, 1994a, b) and ketamine
(ED50F0.1mg/kg; Nakki et al, 1996).
Some of the atypical antipsychotics have also been shown

to block injury produced by the noncompetitive antago-
nists. Clozapine blocks Hsp70 induction in pyramidal
neurons produced by PCP (ED50F1mg/kg; Sharp et al,
1994b). Moreover, clozapine (ED50F2.8mg/kg), olanza-
pine (ED50F0.6mg/kg), and fluperlapine (ED50F2.4mg/
kg) block formation of vacuoles in pyramidal neurons in
retrosplenial cortex produced by systemic MK-801 (0.5mg/
kg) (Farber et al, 1993, 1996; Olney and Farber, 1994). These
studies are consistent with the present study that shows that
olanzapine and risperidone are slightly more potent than
clozapine at decreasing MK-801-mediated injury, and that
ziprasidone and quetiapine are an order of magnitude less
potent at preventing the injury in rat retrosplenial cortex
(current study).
The potency of these atypical antipsychotics at preventing

injury to rat retrosplenial cortex is roughly similar to the
potency of the drugs in treating psychosis in humans.
Although doses vary, the average doses of the atypicals used
to treat psychosis in humans are as follows: risperidone, 4–
8mg/day; olanzapine 5–20mg/day; clozapine 6.25–400mg/
day; ziprasidone 40–160mg/day; and quetiapine 130–
800mg/day (Leo and Regno, 2000; Miyamoto et al, 2005;
Sprague et al, 2004). This potency profile compares roughly
to the potency in the present study of olanzapine4risper-
idone4clozapine4ziprasidone4quetiapine. The compar-
isons of the rodent and human data are complicated by (1)
both oral and i.p. routes being used in the rats that
confound dose comparisons (2) the role of side effects in
determining dosing in humans (3) and inherent differences
in anatomy and pharmacology of the rodent and human
brains. However, even though clozapine and ziprasidone
were given i.p., they were among the less potent drugs that
blocked injury produced by MK-801, suggesting that the
route of administration did not have major effects on the
potency profiles.
Another variable in the study was that DMSO and water

were both used as vehicles. It was notable that the DMSO-
treated controls had fewer Hsp70-stained neurons in
retrosplenial cortex compared to the water-treated controls
(see results). This may have occurred because DMSO is a
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Figure 8 Systemic Src antagonist (PP1) but not a PP1 analogue (PP3)
blocks injury to retrosplenial cortex caused by systemic MK-801. MK-801
(1mg/kg) was administered intraperitoneally 1 h after injection of vehicle
(left bar) or PP1 (0.1mg/kg, n¼ 7), (1mg/kg, n¼ 7), (10mg/kg, n¼ 7) or
PP3 (0.1mg/kg, n¼ 7), (1mg/kg. n¼ 6), (10mg/kg n¼ 7). Animals were
allowed to survive 24 h at which time Hsp70 immunostaining was
performed. Data are presented as mean number of Hsp70-stained
neurons (7SEM)/0.1mm2 within the retrosplenial cortices. The controls
(n¼ 7, left bar) were injected with the vehicle used to solubilize PP1 and
PP3. *po0.05 using ANOVA followed by post hoc Schefe compared to
control.
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modest antioxidant that can protect against stroke and
other types of brain injury (Shimizu et al, 1997). In
addition, we have previously shown that another antiox-
idant 1,3-dimethylthiourea markedly protects against the
neuronal injury produced by systemic MK-801 (Rajdev
et al, 1998). It is notable that glutathione and other
antioxidants are reported to be low in various tissues
including brain of schizophrenic subjects (Castagne et al,
2004; Do et al, 2000).
The atypical antipsychotics not only block the injury

produced by noncompetitive NMDA receptor antagonists,
they also produce other effects that are relevant to the
mechanisms of action of these drugs. NMDA receptor
antagonists, including ketamine, PCP and MK-801, produce
abnormalities of glucose metabolism in brain including
limbic cortex and thalamus of rodents (Hammer and
Herkenham, 1983; Duncan et al, 2000, 2003) and man
(Buchsbaum et al, 1996; Gao et al, 1993; Tamminga, 1999).
Antipsychotics modulate these metabolic alterations, which
are thought to be due to increased neuronal activity.
Clozapine and olanzapine block ketamine-induced hyper-
metabolism, whereas risperidone and haloperidol do not
(Duncan et al, 1999, 2000, 2003). Thus, the ability of drugs
to block hypermetabolism produced by NMDA antagonists
cannot be used to screen for antipsychotics, though these
studies certainly point to different modes of actions of the
drugs (Duncan et al, 2003). In addition, most typical and
atypical antipsychotics block the hyperactivity and many
other behavioral abnormalities produced by noncompeti-
tive NMDA receptor antagonists (Cartmell et al, 2000;
Sams-Dodd, 1997; Abdul-Monim et al, 2003). Finally, a
series of studies have shown that prepulse inhibition (PPI),
which is reduced in patients with schizophrenia, is also
reduced by PCP and other NMDA antagonists, and that the
reduction of PPI produced by NMDA antagonists can be
reversed by treatment with clozapine and other atypical
antipsychotics (Bakshi and Geyer, 1995, 1998; Geyer et al,
2001; Swerdlow et al, 1998). Although microglial prolifera-
tion/activation can occur in schizophrenic brain (Radewicz
et al, 2000), and microglial proliferation/activation occurs
following NMDA antagonist toxicity that is blocked by
antioxidants but not by haloperidol (Nakki et al, 1996;
Rajdev et al, 1998), it is not known if atypical antipsychotics
or Src antagonists would block microglial proliferation or
activation.
Although typical and atypical antipsychotic actions on D2

receptors may decrease psychosis, the unique properties of
atypical antipsychotic drugs may be explained by their
effects on other receptors including other dopamine (D1,
D3, D4), serotonin (5-HT2A, 5-HT1A, 5-HT3,6, and 7
receptors) and alpha-1 adrenergic receptors (Miyamoto
et al, 2005; Richelson, 1999; Tatsumi et al, 1999). The
actions on non-D2 receptors are thought to account for
their effects on the negative symptoms of schizophrenia
(Leo and Regno, 2000; Miyamoto et al, 2005; Sprague et al,
2004).
Animal studies using the MK-801 injury model used here

have identified regions, circuits and receptors that interact
to produce injury in limbic cortex via activation of thalamus
and basal forebrain (Tomitaka et al, 2000b; Sharp et al,
2001; Farber et al, 2002, 2003). Although the current study
does not address mechanisms and sites of action of the

atypical antipsychotic drugs, it is likely the atypical
antipsychotics protect retrosplenial cortex by blocking
dopamine D2 and other receptors associated with thalamic,
midbrain, and basal forebrain projections to limbic cortex
(Farber et al, 2003; Sharp et al, 2001).
There are a number of reasons to suggest Src biology

could be relevant to the injury produced by NMDA
antagonists in rodents. Src is a family of nonreceptor,
tyrosine kinases (SFKs, Src-family kinases) that bind to the
NMDA receptor including the PSD95 postsynaptic protein,
and phosphorylate the NR2A and NR2B subunits of the
receptor to modulate NMDA receptor function and
plasticity (Salter and Kalia, 2004). SFKs can be modulated
by tyrosine phosphatases, G-protein-coupled receptors,
receptor protein tyrosine kinase signaling, the Ras pathway,
and the cytokine receptor and integrin pathways. Many of
the physiological actions of NMDA receptors are critically
dependent upon SFKs (Gingrich et al, 2004; Hayashi and
Huganir, 2004; Kalia and Salter, 2003; Lu et al, 1999). As an
example, SFKs are necessary for the induction of long-term
potentiation in the CA1 region of hippocampus (Salter and
Kalia, 2004).
Therefore, it would not be surprising if Src-tyrosine

kinases might be involved in the signaling that occurs when
NMDA receptors are blocked by noncompetitive NMDA
receptor antagonists. Indeed, MK-801 and PCP increase Src
mRNA in brain (Linden et al, 2001). MK-801 increased Src
protein and enzyme activity levels, and MK-801 increased
tyrosine phosphorylation of the NMDA receptor subunit
NR2A (Linden et al, 2001). These results provide evidence
for the contribution of Src and tyrosine phosphorylation of
NMDA receptors in the pharmacological actions of
noncompetitive NMDA receptor antagonists. The current
results also support this conclusion. Our data suggest that
the neuronal injury in retrosplenial cortex of adult rats
produced by noncompetitive NMDA receptor antagonists is
mediated by Src-tyrosine kinases, and that this NMDA
receptor blockade and Src-mediated cell injury can be
blocked by inhibiting Src-tyrosine kinases.
Although the Src antagonist most likely acts immediately

downstream of the NMDA receptors being blocked by MK-
801, other interpretations of the data should be considered.
The atypical antipsychotics medications tested here likely
prevent injury by blocking a variety of receptors including
dopamine, serotonin, and adrenergic receptors. It is
possible that the Src antagonist acts downstream of all of
the same receptors. Although this may seem unlikely, it is
also surprising that blocking downstream effects of the
NMDA receptor actually prevents injury as well. It is
conceivable that NMDA receptor blockade facilitates the
actions of glutamate on other glutamate receptors or
facilitates other glutamate receptors as suggested by
Tamminga (1999). Src antagonists could also act following
displacement of MK-801 from the NMDA receptors
(Tamminga, 1999). Thus, the Src antagonist could act
downstream of other glutamate receptors like the metabo-
tropic receptors that also modulate injury produced by
MK-801 (Carter et al, 2004).
The fact that noncompetitive NMDA receptor antagonists

produce positive and negative features of the psychosis
observed in humans has led to the NMDA receptor-
hypofunction hypothesis of schizophrenia (Krystal et al,
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1999b). This hypothesis stirred clinical trials of NMDA
agonists to treat the symptoms of schizophrenia (Goff et al,
1999; Heresco-Levy et al, 1999). It is unclear from this study
and the current literature, however, whether inhibiting
downstream effects of NMDA receptors by Src kinase
inhibitors and similar drugs will be useful pharmacological
targets for the treatment of psychosis, hyperactivity and/or
anxiety.
It is not clear why the Src antagonist, PP1, and the

atypical antipsychotic, quetiapine, did not completely block
MK-801-induced cortical injury. It is possible that these
drugs do not block receptors or molecules that are blocked
by haloperidol and the other drugs tested in this study.
These observations could be relevant to treatment of
humans, since there is increasing evidence that schizo-
phrenia is a progressive disease with ongoing neuro-
pathology that might be slowed or preventable using
antipsychotics and other types of drugs (Christensen et al,
2004). Perhaps treatment with typical and atypical anti-
psychotics, antioxidants, and perhaps Src inhibitors that are
best at blocking neuronal injury in the MK-801/PCP rodent
model might be most useful for slowing neuropathological
injury in schizophrenia and other human diseases asso-
ciated with psychosis.
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