Neuropsychopharmacology (2005) 30, 5111520
© 2005 Nature Publishing Group Al rights reserved 0893-133X/05 $30.00

e

www.neuropsychopharmacology.org

Olanzapine Attenuates the Okadaic Acid-Induced Spatial
Memory Impairment and Hippocampal Cell Death in Rats

Jue He'?, Yi Yang??, Haiyun Xu'?, Xia Zhang' and Xin-Min Li*'

/Neuropsychiatry Research Unit, Department of Psychiatry, University of Saskatchewan, Saskatoon, SK, Canada; 2Depc;rtment of Neurology,
First Teaching Hospital, Jilin University, Chang Chun, China

It is hypothesized that olanzapine, an atypical antipsychotic drug, has beneficial effects on cognitive impairment and neuropathological
changes in treating neurodegenerative diseases. In the present study, we investigated the effects of chronic administration of olanzapine
on the spatial memory impairment and hippocampal cell death induced by the direct injection of okadaic acid (OA), a potent neurotoxin,
into the rat hippocampus. After being pretreated with olanzapine (0.5 or 2mg/kg/day, ip.) for 2 weeks, the rats were unilaterally
microinjected with OA (100 ng) into the hippocampus, and then were continuously administrated with olanzapine for an additional
week. The rats were trained on a spatial memory task in an eight-arm radial maze before OA administration, and tested on the same task
|8 h after the last olanzapine injection. After the behavioral test, the rats were killed for Nissl staining and terminal deoxynucleutidy!
transferase-mediated biotinylated UTP nick end labeling staining. OA significantly induced spatial memory impairment, and caused
pyramidal cell loss in the CAl and apoptotic cell death in the hippocampus. Olanzapine significantly attenuated OA-induced spatial
memory impairment and the OA-induced neuropathological changes in the hippocampus. These findings suggest that olanzapine
may have therapeutic effects in treatment of cognitive impairment and neuropathological changes of schizophrenia and other

neurodegenerative diseases.

INTRODUCTION

Neuroanatomical and clinical studies of schizophrenia
suggest that progressive neuropathological changes (such
as neuronal atrophy and/or cell death) occur over the
course of the disease (Woods et al, 1990; Waddington et al,
1991; Arnold and Trojanowski, 1996; DeLisi et al, 1997).
Cognitive deficits tend to occur early in the course of
schizophrenia, and the severity of deficits is predictive of
the long-term treatment outcome for patients (Green, 1996).
Neural injury or neurodegeneration may cause cognitive
deficits in schizophrenia (Kraepelin, 1919; Harvey, 1998).
Olanzapine, an atypical antipsychotic drug, has been
widely used in the treatment of schizophrenia and other
psychoses without causing agranulocytosis (Fulton and
Goa, 1997). It effectively treats positive and negative
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symptoms and has a low association with tardive
dyskinesia or parkinsonism (Beasley et al, 1996, 1997;
Casey, 1997). Olanzapine is also associated with wide-
ranging benefits on cognitive functioning, and may
effectively alleviate cognitive impairment in schizophrenia
patients (Purdon et al, 2000; Cuesta et al, 2001; Bilder et al,
2002; Harvey et al, 2003). Furthermore, we have previously
demonstrated that olanzapine is effective in reducing PC12
cell death induced by hydrogen peroxide, f-amyloid
peptide, or N-methyl-4-phenylpyridinium ions (MPP™)
(Qing et al, 2003; Wei et al, 2003a,b). We have also shown
that olanzapine effectively reduces the methamphetamine
(METH)-induced mortality, and attenuates the METH-
induced decrease of tyrosine hydroxylase immunoreactivity
in the striatum in rats (He et al, 2004). We hypothesized
that olanzapine has beneficial effects on cognitive impair-
ment and neuropathological changes in treating neuro-
degenerative diseases.

Okadaic acid (OA), a selective and potent inhibitor of the
serine/threonine phosphatases 1 and 2A (Ishihara et al,
1989; Cohen et al, 1990), has been reported to cause
neuronal cell death in vitro (Cagnolli et al, 1996) and in vivo
(Van Dam et al, 1998; He et al, 2001). OA may have rapid
metabolic consequences leading to cell death by altering
rates of phosphorylation-dephosphorylation in vivo (Arias
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et al, 1998). In cultured rat cortical neurons, OA may induce
cell death by increasing phosphorylation of microtubule-
associated protein 2 and tau concomitant with early changes
in the neuronal cytoskeleton (Arias et al, 1993). OA may
also induce cellular injury and death by inactivating Bcl-2
by phosphorylation (Haldar et al, 1995), activating caspase-
3 (Hong et al, 2002), or forming high reactive free radicals
(Matias et al, 1999) in vitro. Infusion of OA into the rat
brain results in severe memory impairment, accompanied
by remarkable neuropathological changes including hippo-
campal neurodegeneration, a paired helical filament-like
phosphorylation of tau protein, and the formation of //A4-
amyloid containing plaque-like structures in gray and white
matter areas (Arendt et al, 1995, 1998; Zhao et al, 1995; He
et al, 2001; Tian et al, 2004).

In the present study, unilateral microinjection of OA into
the dorsal hippocampus in rats was used as a memory
impairment and hippocampal neurodegeneration animal
model. The possible beneficial effect of olanzapine on the
OA-induced spatial working and reference memory impair-
ment was examined in a radial arm maze task, and the
neuroprotective potential of olanzapine on OA-induced
lesion in the hippocampus was evaluated by Nissl staining
and terminal deoxynucleutidyl transferase-mediated bio-
tinylated UTP nick end labeling (TUNEL) staining.

MATERIALS AND METHODS
Animals

Male Sprague-Dawley rats (Charles River, St Constant, QC)
weighing 225-250g at the beginning of the experiments
were used. They were housed four or five per cage with free
access to food and water under controlled laboratory
conditions (a 12:12 light:dark cycle at room temperature
(19-21°C)). The rats were acclimated to the laboratory for 7
days before the experiments. All procedures with animals
were performed in accordance with the guidelines esta-
blished by the Canadian Council on Animal Care and were
approved by the University of Saskatchewan Animal Care
Committee.

Preliminary Experiment

In order to decide the dose of OA for olanzapine
experiment, different doses (0, 50, and 100 ng/pl saline) of
OA were injected into the right hippocampus (the same
injection method described in Surgery and microinjection)
after spatial reference/working memory task training in the
rats (see Radial arm maze task). The rats were tested for
spatial memory (see Radial arm maze task) 1 week after OA
injection.

Drug Treatment

Olanzapine (Eli Lilly and Company, Indianapolis, IN) was
freshly dissolved in 0.2%. glacial acetic acid in saline. The
ammonium salt of OA (Research Biochemicals Interna-
tional, Natick, MA) was dissolved to a concentration of
122 uM (100 ng/pl) in saline. The total experimental period
was 22 days. The rats were pretreated with olanzapine (0.5
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or 2mg/kg/day) or 0.2% glacial acetic acid in saline as
vehicle 1 by intraperitoneal (i.p.) injection once a day for 2
weeks. On day 15, the rats were microinjected with OA
(100 ng in 1 pl saline) or saline (vehicle 2; 1 pl) into the right
hippocamus (see Surgery and microinjection). At 1h after
the microinjection of OA or saline, the rats were
continuously administrated with olanzapine (0.5 or 2 mg/
kg/day) or vehicle 1 by i.p. injection (1.0 ml/kg) once a day
for 1 week. These procedures produced the following four
groups of rats: vehicle 1+ vehicle 2 (CON), vehicle 1+ OA
(OA), olanzapine 0.5 mg/kg/day + OA (OLA0.5+ OA), and
olanzapine 2.0 mg/kg/day + OA (OLA2.0 + OA).

Surgery and Microinjection

On day 15, the rats were anesthetized with isoflurane
inhalation (2.0% isoflurane in oxygen for induction, 1.5%
isoflurane in oxygen for maintenance), and restrained in a
stereotactic apparatus. OA (100ng in 1pl saline) or saline
(1pl) was injected into the right dorsal hippocampus (A:
—3.8mm, L: 2.5mm from bregma, and V: 3.2mm)
according to the atlas of Paxinos and Watson (1986). OA
or saline was injected over a 2 min period, and the injection
cannula was left in place for an additional 5 min to allow for
diffusion of OA away from the injection site. The dosage of
OA (100 ng) was based on our preliminary data (Figure 1)
and the published reports (Arias et al, 1998; He et al, 2001).
The position of the injection site was examined in Nissl-
stained hippocampal sections. The rats that had injection
sites away from the dorsal hippocampus were omitted from
data analysis

Radial Arm Maze Task

The radial arm maze used in the present study consisted of
eight arms, numbered from 1 to 8 (48 x 12cm), extending
radially from a central area (32 cm in diameter), with a 5 cm
edge around the apparatus. The maze was placed 40 cm
above the floor and was surrounded by various extramaze
cues such as different laboratory benches and posters. Rats
were trained for the spatial reference/working memory task,
as described previously (Zou et al, 1998; Mizuno et al, 2000;
He et al, 2002a,b). From day 2 to 5, the rats were shaped in
the maze to run to the end of the arms and consume the
bait, in groups of four rats. The bait was initially available
throughout the maze, but was gradually restricted to the
food cup. Following this shaping period, each rat was placed
individually in the center of the maze and subjected to the
reference and working memory task training from day 6 to
14 (9 days, 3 trials/day with a 5min interval). Finally, each
rat was individually tested for the reference and working
memory task on day 22 (1 week after OA or saline
microinjection). The first training trial of each day and
the test trial (on day 22) were performed 18h after the
injection of olanzapine or vehicle 1. Olanzapine admini-
strated 18 h before the radial maze training and test did not
evoke any sedating effect during maze experiments in rats.
In all training and test trials, the same four arms (nos. 1, 2,
4, and 7) were baited. The other four arms (nos. 3, 5, 6, and
8) were never baited. The training or test trial continued
until all four baits in the food cups had been consumed or



until 5min had elapsed. Reference memory is regarded as a
long-term memory for information that remains constant
over repeated trials (memory for the positions of baited
arms), while working memory is considered as a short-term
memory in which the information to be remembered
changes in every trial (memory for the positions of arms
that had already been visited in each trial; Olton et al, 1979).
Thus, measures were made of the number of reference
memory errors (entering an arm that was not baited) and
working memory errors (entering an arm containing food
but previously entered).

Locomotor Speed and Food Consumption

We measured locomotor speed and food consumption to
see whether motor function and/or motivation were affected
by the treatments (OA and olanzapine), because the
animals’ motor function and motivation may have an
impact on their performance in the radial arm maze task.
Locomotor speed was calculated by total time/number of
total entries in the test trial of the spatial memory task on
day 22. On the same day (day 22), after the spatial memory
test, rats were measured for food consumption. The rats
were individually placed in a home cage, and then 10 baits,
which were the same as the one used in the radial arm maze
task, were provided. The time taken to consume all 10 baits
in the food cup was recorded, with a cutoff time of 180s
(Zou et al, 1998).

Nissl Staining and TUNEL Staining

On day 22, the rats were deeply anesthetized with chloral
hydrate (400 mg/kg, i.p.) after the reference/working
memory test, and were perfused through the ascending
aorta with 250-300ml of 0.1 M phosphate-buffered saline
(PBS, pH 7.4) followed by 300-350 ml of a fixative solution
of 4% paraformaldehyde in PBS. The brains were removed,
postfixed in the same fixative for 24h, and then cryo-
protected in 30% sucrose in PBS. The brains were cut into
40-um-thick coronal sections on a cryostat. The sections
throughout the hippocampus were mounted on gelatin-
coated slides and allowed to air-dry overnight.

The surviving pyramidal cells in the hippocampus of rats
were visualized by Nissl staining (He et al, 2001; Zhang et al,
2002). The mounted sections were rehydrated in distilled
water, and submerged in 0.5% cresyl violet solution for
about Imin until the desired depth of staining was
achieved.

Apoptotic nuclei showing nucleosomal DNA fragmenta-
tion can be detected by TUNEL staining (Gavrieli et al,
1992). The apoptotic cells in the hippocampus of rats were
stained by a TUNEL staining kit according to the
manufacturer’s instructions (Trevigen, Gaithersburg, MD;
Zhang et al, 2002). TUNEL staining relies on the detection
of fragmented DNA strands, but because fragmentation can
occur via nonapoptotic mechanisms, it is not absolutely
specific for apoptosis (Wang et al, 2000).

Cell Counting and Data Analysis

The number of the CAl pyramidal cells in Nissl staining
sections (three sections of the right hemisphere of each rat
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at levels of —3.60, —3.80, and —4.00 mm; Paxinos and
Watson, 1986) was counted at x 400 magnification. Cells
were counted only if structures of appropriate size and
shape were demonstrated clearly. Questionable structures
were examined under x 1000 magnification and were not
counted if identification remained uncertain. Similarly, the
number of TUNEL-positive cells in the sections of the whole
right hippocampus of each rat at levels of —3.64, —3.84, and
—4.04 mm (Paxinos and Watson, 1986) was also counted at
x 400 magnification. Although we did not use a stereo-
logical method for cell counting, our cell counting analysis
provided complementary data to our qualitative observa-
tion on the hippocampal sections.

Statistical Analysis

All results were expressed as means+SEM. A two-tailed
t-test for independent samples was used for the CON and
OA group comparison. The significant difference was
determined by a one-way ANOVA, followed by Bonferro-
ni’s test for multiple comparisons. The significant differ-
ence of the spatial memory formation before OA injection
in the CON, OA, OLA0.5+ OA, and OLA2.0 4+ OA groups
was determined by a two-way ANOVA factoring time
(daily training of 9 days) and drug treatment (olanzapine).
A P-value of less than 0.05 was regarded as statistically
significant.

RESULTS

Preliminary Experiment: OA (100 ng) Induced Spatial
Memory Impairment in the Radial Arm Maze Task

The number of working and reference memory errors
measured premicroinjection and 1 week after microinjec-
tion in the saline-injected (CON), OA (50ng)-injected
(OA50), and OA (100 ng)-injected (OA100) groups is shown
in Figure 1. One-way ANOVA showed that there was no
difference in the number of working (F(2,12)=0.169,
P=10.846) or reference (F(2,12) =0.300, P =0.746) memory
errors on the last training day (premicroinjection) among
the CON, OA50, and OA100 groups. However, one-way
ANOVA showed that OA had an effect on the number
of working (F(2,12)=7.176, P=0.009) and reference
(F(2,12) =17.765, P<0.001) memory errors after micro-
injection of OA, and a post hoc analysis with Bonferroni’s
test indicated that the number of working memory errors in
the OA100 group was significantly higher than that in the
CON group (P<0.01; Figure la), and that the number of
reference memory errors in the OA100 group was
significantly higher than that in the CON group
(P<0.001; Figure 1b) and the OA50 group (P<0.01;
Figure 1b).

Chronic Administration of Olanzapine did not Affect
the Spatial Memory Formation of Rats before OA
Injection

Figures 2a and b show the time course (total 9 days; from
day 6 to 14) of working memory (Figure 2a) and
reference memory (Figure 2b) formation during the
training period of the radial arm maze task performed
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before OA injection. Two-way ANOVA disclosed that
daily training (time) significantly decreased the number
of both working (F(8,24) =39.707, P<0.001) and refer-
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Figure I Dose effect of OA on the working (a) and reference (b)
memory in the radial arm maze task. The working and reference memory
was measured | week after the microinjection of OA or saline into the
right hippocampus. Results are expressed as means+SEM (n=5 in each
group). **P<0.01 and ***P <0.001 vs CON, and ##P<0.01 vs OAS50.

a Working memory formation
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ence (F(8,24)=132.979, P<0.001) memory errors, and
that olanzapine produced no effect on the number of
working  (F(3,24) =1.606, P=0.217) or reference
(F(3,24) =1.936, P=0.153) memory errors with no
interaction between the two factors (time and olanza-
pine) in the number of working (F(8,24)=1.189,
P=0.258) or reference(F(8,24) =0.966, P=0.513) mem-
ory errors. One-way ANOVA showed that there was no
difference in the number of working (F(3,22)=0.612,
P=0.614) or reference (F(3,22)=0.334, P=0.801) mem-
ory errors on the last training day among the CON, OA,
OLA0.5+ OA, and OLA2.0+ OA groups before saline or
OA injection.

Chronic Administration of Olanzapine Attenuated the
OA-Induced Spatial Memory Impairment in the Radial
Arm Maze Task

The number of working and reference memory errors in the
rats was measured 1 week after OA or saline microinjection
and the data are shown in Figures 2c and d. A two-tailed
t-test for independent samples disclosed that the number
of working (P<0.001; Figure 2c) and reference (P<0.001;
Figure 2d) memory errors in the OA group is significantly
higher than that in the CON. One-way ANOVA showed that
the treatment (olanzapine) had an effect on the number
of working (F(2,16)=5.094, P=0.019) and reference
(F(2,16) = 12.827, P<0.001) memory errors in OA-injected
rats, and a post hoc analysis with Bonferroni’s test indicated
that the number of working memory errors in the OLA2.0 +
OA group is significantly lower than that in the OA group
(P<0.05; Figure 2c), and that the number of reference
memory errors in the OLA2.0 + OA group is significantly

b Reference memory formation
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Figure 2 Olanzapine did not affect the spatial working (a) and reference (b) memory formation before OA or saline microinjection in the radial arm maze
task in rats. However, olanzapine significantly attenuated the OA-induced impairment in animals’ working (c) and reference (d) memory, which was
measured by the radial arm maze task | week after the microinjection of OA or saline into the right hippocampus. Results are expressed as means + SEM
(n=6—7 in each group). ***P<0.00| vs CON, #P<0.05 and ###P<0.001 vs OA, and +P<0.05 vs OLAQ.5 4+ OA.
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lower than that in the OA group (P<0.001; Figure 2d) and
the OLAO0.5 + OA group (P<0.05; Figure 2d).

Chronic Administration of Olanzapine and OA Injection
had no Effect on Food Consumption and Locomotor
Speed of the Rats

The treatments (OA and olanzapine) had no effect on
locomotor speed and food consumption in the rats. A two-
tailed t-test for independent samples disclosed that there
was no difference in locomotor speed and food consump-
tion between the OA and CON groups. One-way ANOVA
showed that the treatment (olanzapine) had no effect on
locomotor speed (F(2,16) =1.862, P=0.188) and food
consumption (F(2,16)=0.316, P=0.734) in OA-injected
rats.
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Chronic Administration of Olanzapine Attenuated the
OA-Induced Decrease in the Number of Surviving
Pyramidal Cells in the CA1 Region of Hippocampus

Nissl staining of hippocampal sections was used to evaluate
the effect of olanzapine on the OA-induced decrease in the
number of surviving pyramidal cells in the CAl region of
the injected hippocampus. Representative photomicro-
graphs of Nissl staining in the hippocampus in each group
are shown in Figure 3a.

As shown in Figure 3b, the number of surviving
pyramidal cells in the CAl region of the injected
hippocampus was counted in each group. A two-tailed
t-test for independent samples disclosed that the number
of pyramidal cells in the CAl region of the injected
hippocampus significantly decreased in the OA group
compared with that in the CON group (P<0.001). One-
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Figure 3 (a) Representative photomicrographs of Nissl staining in the injected hippocampus of the rats in the CON, OA, OLA0.5 + OA, and OLA2.0 +
OA groups. In the OA-injected hippocampi (OA, OLAO.5 + OA, and OLA2.0 + OA), the lesion is obvious. The lesion in the rats treated with OA alone
(OA) is more extensive, fragile, and easier to be peeled off when the brains were cut compared with that in the rats treated with both olanzapine and OA
(OLA2.0+ OA). The scale bar is 300 um. (b) Quantitative analysis of the effect of olanzapine on the OA-induced pyramidal cell loss in the CAl region of
hippocampus. The number of CAl pyramidal cells in Niss| staining sections was counted at x 400 magnification. Results are expressed as means + SEM

(n=26~7 in each group). ***P<0.00! vs CON and ##P<0.01 vs OA.
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way ANOVA showed that the treatment (olanzapine) had an  the number of pyramidal cells in the CAl region of the
effect (F(2,16) =7.489, P=0.005) in the OA-injected rats, injected hippocampus in the OLA2.0+OA group is
and a post hoc analysis with Bonferroni’s test indicated that  significantly higher than that in the OA group (P<0.01).
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Figure 4 (a—d, a'—d’) Representative photomicrographs of TUNEL staining in the injected hippocampus of the rats in the CON (a, &'), OA (b, b,), OLAO.5
+ OA (¢, ), and OLA2.0+ OA (d,d") groups. The high magnification of right photomicrographs (&, b/, ¢/, and d’) were picked up from a, b, ¢, and d,
respectively. The arrows on the low-magnification panels indicate the location of the high-magnification images. In the hippocampi of OA-injected groups (b,
b’; ¢, ¢; d, d'), the TUNEL-positive cells are visible in different frequency, whereas there are almost no TUNEL-positive cells in the hippocampus of the
control rat (a, @'). The scale bar represents 300 um in a—d, and represents 30 um in a'—d’. (e) Quantitative analysis of the effect of olanzapine on the OA-
induced increase of TUNEL-positive cells in the injected hippocampus. The number of TUNEL-positive cells in the hippocampus was counted at x 400
magnification. Results are expressed as means+SEM (n=6-7 in each group). ***P<0.001 vs CON, ##P<0.0lvs OA, and +P<0.05 vs OLAO.5 + OA.
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Figure 5 Scatter plot of the number of working (a) or reference (b)
memory errors against the number of TUNEL-positive cells in the
hippocampus after OA or saline injection in each individual rat in the CON,
OA, OLAOS + OA, and OLA2.0 4 OA groups (n=6-7 in each group).

Chronic Administration of Olanzapine Attenuated the
Number of OA-Induced TUNEL-Positive Cells in the
Hippocampus

The hippocampal sections prepared by TUNEL staining
were used to evaluate the effect of olanzapine on OA-
induced apoptotic cell death in the injected hippocampus.
Representative photomicrographs of TUNEL staining in the
hippocampus in each group are shown in Figures 4a-d.
Under a higher magnification ( x 400), many TUNEL-
positive cells were observed in the hippocampus of the
OA-injected rats (Figures 4b’, 4, and 4d’) but not in that of
the CON rats (Figure 4a’).

As shown in Figure 4e, the number of TUNEL-positive
cells in the injected hippocampus was counted in each
group. A two-tailed t-test for independent samples disclosed
that the number of TUNEL-positive cells in the injected
hippocampus significantly increased in the OA group
compared with that in the CON group (P<0.001). One-
way ANOVA showed that the treatment (olanzapine) had an
effect (F(2,16) =9.247, P=0.002) in the OA-injected rats,
and a post hoc analysis with Bonferroni’s test indicated that
the number of TUNEL-positive cells in the injected
hippocampus in the OLA2.0 4+ OA group is significantly
lower than that in the OA group (P<0.01) and that in the
OLAO0.5 4 OA group (P<0.05).

Spatial Memory Errors Increased with the Increasing
Number of TUNEL-Positive Cells in the Hippocampus

The relationship between the number of working memory
errors and the number of TUNEL-positive cells in the
hippocampus was significant (r* =0.6292, P<0.0001;
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Figure 5a). There was also a significant direct relationship
between the number of reference memory errors and the
number of TUNEL-positive cells in the hippocampus
(r* = 0.6835, P<0.0001; Figure 5b).

DISCUSSION

Memory impairment induced by microinjection of OA into
animal brains has been reported (Arendt et al, 1995; He
et al, 2001; Bennett et al, 2003). Similarly, in the present
study, unilateral microinjection of OA (100ng) into the
dorsal hippocampus induced impairment in spatial working
and reference memory. Consistent with the previous reports
(Arias et al, 1998; He et al, 2001; Ramirez-Munguia et al,
2003), Nissl staining in the present study showed that the
direct microinjection of OA into the dorsal hippocampus
robustly decreased the number of surviving pyramidal
neurons in the CAl region of the hippocampus. Micro-
injection of OA into the hippocampus also induced
apoptosis as revealed by TUNEL staining. This is in
accordance with previous studies that showed the OA-
induced apoptosis in HL60 leukemia (Riordan et al, 1998),
neuroblastoma (Cabado et al, 2004), and mammalian cells
(Boe et al, 1991). Because the intact hippocampus is
required for the recall, item recognition, and associative
recognition memory of animals (Alvarado and Bachevalier,
2005; Sweatt, 2004), the OA-induced spatial memory
impairment may be attributed, at least in part, to the
hippocampal cell death caused by the drug.

Chronic administration of olanzapine significantly atte-
nuated the OA-induced spatial memory impairment. This
improvement is parallel to the alleviative effect of olanza-
pine on the OA-induced cell death in the hippocampus,
suggesting an association between the neuroprotective
effect and the memory-improving effect exerted by olanza-
pine.

The attenuating effect of chronic administration of
olanzapine on the OA-induced neurodegeneration and
apoptosis provides the direct evidence supporting the
neuroprotective action of olanzapine. Although the me-
chanisms responsible for the neuroprotective effect remain
to be elucidated, our previous studies have provided some
insights into this issue. In PC12 cells, olanzapine is effective
in reducing the cell death induced by H,0,, Ap, or MPP ",
which may cause oxidative stress thus killing the treated
cells (Qing et al, 2003; Wei et al, 2003a,b). We demon-
strated that these cytoprotective actions in the cells might
involve the upregulation of superoxide dismutase-1, one of
the endogenous antioxidant enzymes, by the drug (Li et al,
1999; Qing et al, 2003; Wei et al, 2003a). In addition,
olanzapine can regulate the translocation and expression of
pro- and antiapoptotic proteins Bax and Bcl-Xp in PC12
cells (Wei et al, 2003b). In animal studies, chronic
administration of olanzapine was shown to upregulate the
expression of Bcl-2 and BDNF in the hippocampus (Bai
et al, 2003, 2004) and to help restore the repeated restrain
stress-induced decrease in these two neuroprotective
proteins in hippocampal neurons (Luo et al, 2004).
Furthermore, the prevention of Bcl-2 decrease has been
associated with the protective effects of olanzapine on
methamphetamine-induced neurotoxicity (He et al, 2004).
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Thus our own previous data, together with the findings by
other investigators that OA-induced apoptosis is associated
with downregulation of Bcl-2 and can be prevented by
upregulation of Bcl-2 (Benito et al, 1997; Nuydens et al,
2000; Cabado et al, 2004), suggest that Bcl-2 plays an
important role in the neuroprotective effects of olanzapine
on OA-induced neurodegeneration and apoptosis. Olanza-
pine may also attenuate OA-induced neurotoxicity by
upregulating superoxide dismutase (Manna et al, 1998; Li
et al, 1999; Matias et al, 1999), and perform protective
effects on OA-induced apoptotic cell death by modulating
the expression of pro- and antiapoptotic proteins such as
Bax and Bcl-X; (Wei et al, 2003b; Cabado et al, 2004).
However, further studies are necessary to elucidate whether
olanzapine attenuated OA-induced neurotoxicity by directly
affecting the activation of phosphatases or caspases.

The time point (1 week after OA injection) for spatial
memory measurement ruled out the direct effect of OA (as
an inhibitor of PP1 and PP2A) on memory processes in the
present study (He et al, 2001; Bennett et al, 2003). It is likely
that OA-induced spatial memory impairment in the present
paradigm is due to the secondary effect of OA-induced
hippocampal cell death (He et al, 2001). Unilateral
microinjection of OA (100ng), which induced spatial
memory impairment, induced a massive lesion of the
normal brain tissue (Figure 3a) in the OA-injected rats. The
lesion in the rats treated with OA alone was more extensive,
fragile, and easier to be peeled off when the brains were cut
on a cryostat compared with that in the rats treated with
both olanzapine and OA (Figure 3a). Chronic olanzapine
not only significantly attenuated OA-induced decrease of
the number of pyramidal cells in the CA1 region, but also
attenuated OA-induced increase in apoptotic cell death in
the hippocampus. Therefore, the improving effects of
olanzapine on OA-induced spatial memory impairment in
rats may be subsequent to its attenuating effects on OA-
induced hippocampal cell death.

It should be noted that there must be some molecules
linking the attenuating effects of OA-induced hippocampal
cell death (neuroprotective effect) and memory improve-
ment. Among possible molecules, BDNF is a stronger
candidate. It has been shown that chronic administration of
olanzapine upregulates the expression of BDNF mRNA in
the hippocampus (Bai et al, 2003), and improves memory in
different maze tasks in animal studies (Nowakowska et al,
1999; Wolff and Leander, 2003). Indeed, the involvement of
BDNF in spatial memory formation and maintenance in a
radial arm maze test has been demonstrated in rats (Mizuno
et al, 2000; Radecki et al, 2005).

Chronic administration of olanzapine and OA injection
had no effect on locomotor speed and food consumption of
the animals. This result rules out the possibility that
olanzapine may affect motor function or/and motivation
for food thus improving their performance in the radial arm
maze task. However, it is still possible that OA-induced
behavioral deficits are not limited to memory deficits, and
the capacity of olanzapine to reverse other types of
behavioral deficits remains unknown.

Although the above explanation is helpful for us to
understand the mechanisms responsible for the improving
effect of olanzapine on the OA-induced memory impair-
ment, there are other experimental data meriting our
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attention. It was reported that injection of OA into the
nucleus basalis of Meynert, which is a major source of
cholinergic innervation of the cerebral cortex and hippo-
campus, induced a decreased level of acetylcholine (Ach) in
the brain and spatial memory deficit in rats (Tian et al,
2004). On the other hand, olanzapine in rats induces an
increase of Ach release in the medial prefrontal cortex and
hippocampus, a possible factor contributing to cognitive
improvement in schizophrenia (Ichikawa et al, 2002;
Shirazi-Southall et al, 2002). Therefore, the effects of
olanzapine on Ach may be another possible contributor to
its improving effect on the OA-induced memory impair-
ment.

Although chronic administration of olanzapine (14 days,
0.5 or 2mg/kg/day) had no effects on spatial memory
formation (Figures 2a and b), we still cannot completely
exclude the possibility that olanzapine itself affects memory
performance because there was no olanzapine control group
(chronic olanzapine treatment (21 days, 0.5 or 2 mg/kg/day)
+ intrahippocampal vehicle microinjection) in the present
study. However, because of the length of the training and
the interval between the training and test, it is possible that
even if olanzapine by itself had some memory-enhancing
effect, this effect could not be detected in the olanzapine
control group. In this context, the alternative possibility
that olanzapine may reverse OA effect on memory through
a nonspecific memory-enhancing effect should be consid-
ered. Moreover, further studies are necessary to elucidate
whether the effects of olanzapine observed in the present
model system are also shared by other atypical antipsycho-
tic drugs.

In conclusion, unilateral microinjection of OA signifi-
cantly induced spatial working and reference memory
impairment, and caused neurodegeneration and apoptosis
in the injected hippocampus. Chronic pre- and postlesion
administration of olanzapine effectively attenuated OA-
induced spatial memory impairment and the OA-induced
neuropathological changes in the hippocampus. These
findings suggest that olanzapine may have therapeutic
effects in treatment of cognitive impairment and neuro-
pathological changes of schizophrenia and other neuro-
degenerative diseases.
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