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Using in situ hybridization, we studied the effects of age 
and gender on the expression of brain-derived neurotrophic 
factor (BDNF) mRNA and heat shock protein hsp-70 
mRNA in the rat retrosplenial cortex following 
administration of the noncompetitive NMDA receptor 
antagonist (

 

�

 

)-MK-801 (dizocilpine). Male and female 
Sprague–Dawley rats (5 weeks, 12 weeks, or 10 months old) 
were given a single intraperitoneal injection of saline (1 ml/
kg) or dizocilpine (0.3, 1.0, or 3.0 mg/kg). No expression of 
BDNF mRNA and hsp-70 mRNA was detected in the rat 
retrosplenial cortex after administration of saline (1 ml/kg, 
IP). Administration of dizocilpine (0.3, 1.0, or 3.0 mg/kg, 
IP) caused a marked induction of BDNF mRNA and hsp-70 
mRNA in the retrosplenial cortex of male and female rats, 
in a dose-dependent manner. Female rats were more 

sensitive to the induction of BDNF mRNA and hsp-70 
mRNA in the retrosplenial cortex by dizocilpine as 
compared to male rats. It was also found that adult (12 
weeks old) and aged (10 months old) rats were more 
sensitive to the induction of hsp-70 mRNA and BDNF 
mRNA in the retrosplenial cortex by dizocilpine as 
compared to young (5 weeks old) rats. These results suggest 
that the age and gender differences observed in the 
expression of BDNF mRNA and hsp-70 mRNA in the 
retrosplenial cortex by dizocilpine may be associated with 
the differences in dizocilpine-induced neurotoxicity 
observed with gender and age within the same region. 
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Several observations suggest that altered glutamatergic
neurotransmission may play a role in the etiology and
pathophysiology of schizophrenia (reviews by Javitt and
Zukin 1991; Olney and Farber 1995; Coyle 1996; Tam-
minga 1998). Phencyclidine (PCP) and its analog ket-
amine have psychotomimetic properties in healthy
human subjects and have been shown to cause a pro-
longed worsening of symptoms in stabilized chronic
schizophrenic patients (Luby et al. 1959; Krystal et al.
1994). PCP and ketamine are noncompetitive antagonists
of the ion-channel of the N-methyl-D-aspartate (NMDA)
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subtype of glutamate receptor, and it is known that the
psychotomimetic properties of PCP and ketamine are at-
tributable to noncompetitive blockade of the NMDA re-
ceptor (Javitt and Zukin 1991). Ketamine is still used as
an anesthetic in humans, and it is known that the ability
of ketamine to induce psychosis is age dependent, with
susceptibility to these effects not occurring in humans
until adolescence and peak sensitivity occurring in early
adulthood (Reich and Silvay 1989). In addition, it has
also been suggested that PCP-induced psychosis may
have a similar age-dependency profile (Baldridge and
Bessen 1990; Welch and Correa 1980).

Noncompetitive NMDA receptor antagonists such as
PCP, (

 

�

 

)-MK-801 (dizocilpine), and ketamine have
been reported to cause neurotoxicity in the retrosplenial
cortex of rat brain after administration of a single dose
(Olney et al. 1989). It has been shown that dizocilpine
causes reversible pathological changes (neuronal vacu-
olization) in retrosplenial cortical neurons at doses of
2.5 mg/kg or less and that, at a dose of 5 mg/kg, dizo-
cilpine induces irreversible necrosis of these neurons
(Olney and Farber 1995). Furthermore, it has been re-
ported that vulnerability to dizocilpine-induced neuro-
toxicity in the rat retrosplenial cortex is age dependent,
with the onset of sensitivity being approximately at pu-
berty (45 days of age) and becoming maximal in early
adulthood (Farber et al. 1995). Thus, rats display a grad-
ual onset of susceptibility to NMDA receptor antago-
nist-induced neuronal injury in late adolescence just
as humans become susceptible to ketamine (or PCP)-
induced psychosis and to the symptomatic expression
of schizophrenia in late adolescence (Olney and Farber
1995). Moreover, it has been shown that female rats are
more sensitive to the neurotoxicity of NMDA receptor
antagonists than male rats (Fix et al. 1995; Auer 1996).
However, the precise mechanism underlying the neuro-
toxicity of NMDA receptor antagonists in rat retrosple-
nial cortex is currently unclear (reviews by Ellison 1995;
Olney and Farber 1995; Farber et al. 1998).

It has been shown that 70 kDa heat shock protein
HSP-70, which is not normally present in the rat brain, is
induced within vulnerable brain cells in response to a
number of different manipulations that induce cellular
injury paradigms (reviews by Brown 1994; Sharp and Sa-
gar 1994; Massa et al. 1996). Furthermore, it has been re-
ported that heat shock protein HSP-70, which is known
as a sensitive marker of reversible neuronal injury, is in-
duced in the retrosplenial cortex after administration of
PCP, dizocilpine, or ketamine (Sharp et al. 1991; Sharp
and Sagar 1994; Hashimoto et al. 1996; 1997). Heat shock
proteins play an important role in cellular repair and
protective mechanisms (reviews by Brown 1994; Sharp
and Sagar 1994; Massa et al. 1996), thus the expression of
heat shock protein HSP 70 may be a compensatory re-
sponse of these neurons to the neurotoxicity produced
by NMDA receptor antagonists.

Brain-derived neurotrophic factor (BDNF) is the
most abundant and widely expressed member of the
neurotrophin family within the brain. It has been previ-
ously demonstrated that BDNF promotes the survival
and differentiation of a broad variety of central nervous
system neurons (reviews by Lindsay et al. 1994; Lind-
vall et al. 1994). Experimental manipulations that in-
duce seizures have been shown to induce widespread
dramatic elevations in BDNF mRNA levels in areas of
the brain including the hippocampus, the piriform, and
entorhinal cortex and neocortex (Ernfors et al. 1991;
Isackson et al. 1991; Zafra et al. 1990; Hashimoto et al.
1998b). It has also been demonstrated that administra-
tion of PCP or dizocilpine causes a marked increase in
BDNF mRNA levels in the rat retrosplenial cortex, an
area that is most vulnerable to NMDA receptor antago-
nist-induced neurotoxicity (Hashimoto et al. 1998a;
Castren et al. 1993; Hughes et al. 1993). Based on these
findings, it has been suggested that expression of BDNF
may occur as a trophic response to neuronal injury.

The aforementioned findings suggest that suscepti-
bility to the neurotoxicity induced by NMDA receptor
antagonists is dependent on the age and gender of rats
and that expression of heat shock protein HSP-70 and
BDNF may play a role in neuronal injury induced by
NMDA receptor antagonists. Therefore, the present
study was undertaken to study the effects of age and
gender on the expression of BDNF mRNA and hsp-70
mRNA in the rat retrosplenial cortex following admin-
istration of dizocilpine.

 

METHODS

Animals

 

Male and female Sprague–Dawley rats (Nihon Clea, To-
kyo, Japan, 5 or 12 weeks old and 10 months old) were
housed separately under a 12-h light/12-h dark cycle
with free access to food and water. All experiments
were carried out in accordance with the 

 

NCNP Guide for
the Care and Use of Laboratory Animals.

 

In Situ Hybridization

 

Groups of animals (

 

n

 

 

 

�

 

 4) were injected intraperito-
neally with vehicle (saline; 1 ml/kg) or dizocilpine (0.3,
1.0, or 3.0 mg/kg as the salt, Research Biochemicals
Inc., Natick, MA). Four hours after administration, ani-
mals were narcotized with carbon dioxide, and the
brains were removed and frozen. Twenty 

 

�

 

m-thick fro-
zen coronal sections were cut on a Bright cryostat and
thaw-mounted onto silanized slides (Dako, Japan). Sec-
tions were frozen at 

 

�

 

80

 

�

 

C until use. In situ hybridiza-
tion of hsp-70 mRNA and BDNF mRNA was per-
formed by the method previously described by
Hashimoto et al. (1997, 1998a,b). The oligonucleotide
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(30 mer) used for in situ hybridization of hsp-70 mRNA
was 5

 

�

 

-CGATCTCCTTCATCTTGGTCAGCACCATGG-
3

 

�

 

 complementary to bp 122 to 129 of rat hsp-70. The
oligonucleotide (48 mer) used for in situ hybridization
of BDNF mRNA was 5

 

�

 

-CAGTTGGCCTTTTGATAC
CGGGACTTTCTCCAGGACTGTGACCGTCCC-3

 

�

 

 com-
plementary to bp 562-609 of rat BDNF. Control sections
were hybridized with a sense oligonucleotide probe
and showed no evidence of specific hybridization. The
oligonucleotide probe was labeled at the 3

 

�

 

 end with
[

 

35

 

S]dATP (

 

�

 

 30 TBq/mmol, Amersham, UK) using an
oligonucleotide 3

 

�

 

-end labeling system (DuPont/New
England Nuclear, MA), and purified over NENSORB™
20 cartridge (DuPont/New England Nuclear, MA). The
sections were fixed in 4% paraformaldehyde–0.1 M
phosphate buffer for 30 min at 4

 

�

 

C, rinsed twice in 0.1
M phosphate buffered saline (PBS), acetylated with
0.25% acetic anhydride in 0.1 M triethanolamine (pH
8.0), rinsed twice in 2 

 

	

 

 SSC (0.15 M NaCl, 15 mM so-
dium citrate), then dehydrated and delipidated through
a graded series of ethanol and chloroform. After being
air dried, the sections were hybridized overnight at
42

 

�

 

C with 0.5–1 

 

	

 

 10

 

6

 

 cpm of the labeled probe in 100 

 

�

 

l
of the hybridization solution (Oncor, Inc., Gaithersburg,
MD) including 0.1 M dithiothreitol. After hybridization,
each slide was washed twice for 5 seconds in 1 

 

	

 

 SSC at
55

 

�

 

C four times for 15 min in 1 

 

	

 

 SSC at 55

 

�

 

C, for 1 h in
1 

 

	

 

 SSC at room temperature and twice in deionized
water for 5 min. Sections were dipped in 60, 80, 90, 95,
and 100% ethanol and air dried. The slides were ex-
posed to Hyperfilm 

 




 

max (Amersham, UK) for 2 to 3
weeks before being developed. Although the posterior-
most portion of cingulate cortex is given different des-
ignations in various anatomic references, it is referred
to here as the retrosplenial cortex according to Paxinos
and Watson (1997).

 

Statistical Analysis

 

Densitometric analysis of sections was carried out using
Macintosh-based image analysis software (NIH image).
The data were initially analyzed using a three-way anal-
ysis of variance (ANOVA) (age 

 

	

 

 gender 

 

	

 

 treatment).
Where a significant interaction in the between-subjects
variables (age, gender, treatment) was found, a subse-
quent two-way ANOVA was performed. Furthermore,
where a significant interaction for the two-way ANOVA
was found, a subsequent one-way ANOVA was carried
out, followed by a post-hoc comparison using Scheffe’s
test. The criterion of significance was 

 

p

 

 

 

�

 

 .01.

 

RESULTS

 

No expression of BDNF mRNA and hsp-70 mRNA was
detected in the rat retrosplenial cortex after administra-

tion of saline (1 ml/kg, IP). Administration of dizo-
cilpine (0.3, 1.0, or 3.0 mg/kg, IP) caused a marked in-
duction of hsp-70 mRNA and BDNF mRNA in the
retrosplenial cortex of male and female rats, in a dose-
dependent manner (Figures 1–3). Female rats were
more sensitive to the induction of BDNF mRNA and
hsp-70 mRNA in the retrosplenial cortex by dizocilpine
than male rats. The induction of BDNF mRNA and hsp-
70 mRNA in the retrosplenial cortex of adult (12 weeks
old) and aged rats (10 months old) by dizocilpine was
greater than in the young (5 weeks old) rats.

 

Effects of Age and Gender on Dizocilpine-Induced 
BDNF mRNA Expression

 

The three-way ANOVA indicated significant effects of
age, gender, and treatment on BDNF mRNA expression
(age: F [2,72] 

 

�

 

 113.8, 

 

p

 

 

 

�

 

 .001; gender: F [1,72] 

 

�

 

 20.6,

 

p

 

 

 

�

 

 .001; treatment: F [3,72] 

 

�

 

 134.8, 

 

p

 

 

 

�

 

 .001) with sig-
nificant interactions (age 

 

	

 

 treatment: F [6,72] 

 

�

 

 17.9,

 

p

 

 

 

�

 

 .001; gender 

 

	

 

 treatment: F [3,72] 

 

�

 

 23.0, 

 

p

 

 

 

�

 

 .001).
The two-way ANOVA on the young groups demon-
strated a significant effect of treatment (F [3,24] 

 

�

 

 5.7,

 

p

 

 

 

�

 

 .004) without a significant interaction. However,
the subsequent one-way ANOVAs did not show a sig-
nificant effect of treatment for either the young female
group (F [3,12] 

 

�

 

 2.624, 

 

p

 

 

 

�

 

 .09) or the young male
group (F [3,12] 

 

�

 

 4.07, 

 

p

 

 

 

�

 

 .03). The two-way ANOVA
on the adult groups demonstrated a significant effect of
treatment (F [3,24] 

 

�

 

 78.0, 

 

p

 

 

 

�

 

 .0001) with a significant
interaction (gender 

 

	

 

 treatment: F [3,24] 

 

�

 

 15.1, 

 

p

 

 

 

�

 

.0001). The subsequent one-way ANOVA on the adult
female group indicated a significant effect of treatment
(F [3,12] 

 

�

 

 29.9, 

 

p

 

 

 

�

 

 .0001) and the post-hoc comparison
using Scheffe’s test demonstrated that dizocilpine had
significant treatment effects at 0.3 mg/kg (

 

p

 

 

 

�

 

 .0001),
1.0 mg/kg (

 

p

 

 

 

�

 

 .0001) and 3.0 mg/kg (

 

p

 

 

 

�

 

 .001). The
one-way ANOVA on the adult male group also showed
a significant effect of treatment (F [3,12] 

 

�

 

 77.8, 

 

p

 

 

 

�

 

.0001), and the post-hoc comparison using Scheffe’s test
demonstrated that dizocilpine has significant treatment
effects only at 1.0 mg/kg (

 

p

 

 

 

�

 

 .0001) and 3.0 mg/kg (

 

p

 

 

 

�

 

.0001), but not 0.3 mg/kg. The two-way ANOVA on the
aged groups demonstrated a significant effect of treat-
ment (F [3,24] 

 

�

 

 78.0, 

 

p

 

 

 

�

 

 .0001) with a significant inter-
action (gender 

 

	

 

 treatment: F [3,24] 

 

�

 

 15.4, 

 

p

 

 

 

�

 

 .0001).
The subsequent one-way ANOVA on the aged female
group showed a significant treatment effect (F [3,12] 

 

�

 

33.8, 

 

p � .0001) and the post-hoc comparison using
Scheffe’s test indicated that dizocilpine had significant
treatment effects at 0.3 mg/kg (p � .0001), 1.0 mg/kg
(p � .0001) and 3.0 mg/kg (p � .0001). The one-way
ANOVA on the aged male group also demonstrated
that dizocilpine had significant treatment effects, but
post-hoc comparison with Scheffe’s test revealed signif-
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icance only at 1.0 mg/kg (p � .0001) and 3.0 mg/kg
(p � .0001), but not 0.3 mg/kg.

Effects of Age and Gender on Dizocilpine-Induced 
hsp 70 mRNA Expression

The three-way ANOVA indicated significant effects of
age, gender, and treatment on hsp70 mRNA expression

(age: F [2,72] � 69.3, p � .0001; gender: F [1,72] � 15.6,
p � .0002; treatment: F [3,72] � 96.1, p � .0001) with sig-
nificant interactions (age 	 treatment: F [6,72] � 10.6,
p � .0001; gender 	 treatment: F [3,72] � 15.3, p �
.0001). The two-way ANOVA on the young groups
demonstrated a significant effect of treatment (F [3,24] �
6.5, p � .002) without a significant interaction. How-
ever, the subsequent one-way ANOVA did not show

Figure 1. Expression of BDNF mRNA in the rat brain induced by administration of dizocilpine. Male and female SD rats
(12 weeks olds) were injected intraperitoneally with saline (1 ml/kg) or dizocilpine (0.3, 1.0, or 3.0 mg/kg). Animals were
killed 4 hours after treatment for in situ hybridization.
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significant treatment effects in either the young female
group (F [3,12] � 2.8, p � .08) or the young male group
(F [3,12] � 4.0, p � .03). The two-way ANOVA on the
adult groups demonstrated significant effects of treat-
ment and gender (gender: F [1,24] � 27.0, p � .0001;
treatment: F [3,24] � 90.4, p � .0001) with a significant
interaction (gender 	 treatment: F [3,24] � 15.1, p �
.0001). The subsequent one-way ANOVA on the adult
female group indicated significance (F [3,12] � 41.5, p �
.0001), and the post-hoc comparison using Scheffe’s test
demonstrated that dizocilpine had significant treatment
effects at 0.3 mg/kg (p � .0001), 1.0 mg/kg (p � .0001)
and 3.0 mg/kg (p � .0001). The one-way ANOVA on
the adult male group also showed significant treatment
effects (F [3,12] � 65.9, p � .0001), but the post-hoc com-
parison using Scheffe’s test demonstrated that dizo-
cilpine had significant treatment effects only at 1.0 mg/
kg (p � .0001) and 3.0 mg/kg (p � .0001) but not 0.3
mg/kg. The two-way ANOVA on the aged groups
demonstrated a significant effect of treatment (F [3,24] �
64.0, p � .0001) with a significant interaction (gender 	

treatment: F [3,24] � 18.8, p � .0001). The subsequent
one-way ANOVA on the aged female group showed a
significant treatment effect (F [3,12] � 22.9, p � .0001),
and the post-hoc comparison using Scheffe’s test indi-
cated that dizocilpine had significant treatment effects
at 0.3 mg/kg (p � .0001), 1.0 mg/kg (p � .0004), and 3.0
mg/kg (p � .0002). The one-way ANOVA on the aged
male group also demonstrated a significant effect of
treatment, but the post-hoc comparison using Scheffe’s
test showed that dizocilpine has significant treatment
effects only at 1.0 mg/kg (p � .0001) and 3.0 mg/kg (p �
.0001) but not 0.3 mg/kg.

DISCUSSION

The major finding of the present study is that the
marked expression of BDNF mRNA and hsp-70 mRNA
in rat retrosplenial cortex induced by administration of
dizocilpine is dependent upon the age and gender of
the animal used. As mentioned in the introduction, the

Figure 2. Expression of BDNF mRNA in the rat retrosplenial cortex induced by administration of dizocilpine. Male and
female SD rats (5 weeks, 12 weeks, or 10 months olds) were injected intraperitoneally with saline (1 ml/kg) or dizocilpine
(0.3, 1.0, or 3.0 mg/kg). Animals were killed 4 hours after treatment for in situ hybridization. Densitometric analysis of sec-
tions was performed using Macintosh-based image analysis software (NIH image) as described in Methods. The values are
the mean � SEM of four rats.
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expression of BDNF mRNA and hsp-70 mRNA may oc-
cur as a compensatory response and/or trophic re-
sponse to neuronal injury, such as dizocilpine-induced
neurotoxicity. Therefore, it is likely that the age and
gender differences in the expression of hsp-70 mRNA
and BDNF mRNA in rat retrosplenial cortex induced by
administration of dizocilpine may reflect the differ-
ences associated with dizocilpine-induced neurotoxic-
ity in the retrosplenial cortex, which is also dependent
upon the age and gender of animals used (Farber et al.
1995; Fix et al. 1995; Auer 1996).

Specific reasons for the difference in expression of
BDNF mRNA and hsp-70 mRNA induced by dizo-
cilpine with age are currently unknown, but the results
are consistent with previous reports of dizocilpine-
induced neurotoxicity in rat retrosplenial cortex being
age dependent (Farber et al. 1995; Fix et al. 1995; Auer
1996). In female rats, susceptibility to dizocilpine-induced
neurotoxicity was first detected at 6 weeks, which is
when the first estrus cycle (menarche) occurs, with sus-
ceptibility steadily increasing with age between 6 and

12 weeks (roughly comparable to adolescence) before
reaching a plateau in adulthood between 12 and 16
weeks, which is when maximal fertility (frequency of
ovulation and size of brood) is finally attained (Farber
et al. 1995). It is also known that susceptibility to the
psychotomimetic effects of ketamine is minimal or absent
in children and becomes maximal in early adulthood
(White et al. 1982; Reich and Silvay 1989). As described
by Farber et al. (1995), it seems that the age-dependency
for NMDA receptor antagonist-induced neurotoxicity
in rat brain roughly parallels the age dependency for
sensitivity to ketamine-induced psychosis and for the
emergence of the symptoms of schizophrenia in hu-
mans, although age comparisons between humans and
rats are inherently problematic.

Shimada et al. (1997) reported that high-affinity
[3H]dizocilpine binding showed an increase during de-
velopment (8 vs. 2 months) in rat hippocampus but that
no senescence-related changes (25 vs. 8 months) were
observed in rat brain. In our study, the age difference
between young (5 weeks) rats and adult (12 weeks) or

Figure 3. Expression of hsp-70 mRNA in the rat retrosplenial cortex induced by administration of dizocilpine. Male and
female SD rats (5 weeks, 12 weeks, or 10 months olds) were injected intraperitoneally with saline (1 ml/kg) or dizocilpine
(0.3, 1.0, or 3.0 mg/kg). Animals were killed 4 hours after treatment for in situ hybridization. Densitometric analysis of sec-
tions was performed using Macintosh-based image analysis software (NIH image) as described in Methods. The values are
the mean � SEM of four rats.
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aged (10 months) rats was shown. Therefore, it is likely
that a difference in the density of NMDA receptor ex-
pression may, in part, contribute to the age-dependent
expression of BDNF mRNA and hsp-70 mRNA in rat
retrosplenial cortex by dizocilpine.

As previously stated, specific reasons for the gender
differences in the expression of BDNF mRNA and hsp-
70 mRNA by dizocilpine are also currently unknown.
One possible explanation is that the metabolism and/or
disposition of dizocilpine differs between male and fe-
male rats. It has been reported that female rats are more
sensitive to the behavioral effects of PCP than male rats,
as evidenced by hyperactivity, stereotyped behaviors,
motor incoordination, tremor, salivation, and ataxia
and that the concentrations of PCP in the female rat
brain and plasma are higher than those in male rats
(Nabeshima et al. 1984). This suggests that gender dif-
ferences in the pharmacological actions of PCP could
depend largely upon differences in the biotransforma-
tion (e.g., hepatic metabolizing system) of PCP. It has
also been reported that females are more sensitive than
males to dizocilpine-induced behavioral changes in rats
(Honack and Loscher 1993; Andine et al. 1999) and that
female and male rats that received the same dose of di-
zocilpine differed most dramatically with respect to the
concentrations of dizocilpine in blood and brain (And-
ine et al. 1999). Similar to PCP, dizocilpine is also me-
tabolized in the liver, and the pharmacokinetic differ-
ences between male and female rats may be explained
by a low capacity for metabolism of dizocilpine by the
liver in female rats, which would imply that the half life
of dizocilpine in female rats is longer than that in male
rats. Therefore, dizocilpine may be active in the female
rat brain at a higher concentration for a longer period of
time, and, consequently, may exert greater behavioral
and biochemical effects at lower doses. Taken together,
it is likely that the pharmacokinetic differences between
male and female rats may contribute to the gender dif-
ferences in the expression of BDNF mRNA and hsp-70
mRNA in the rat retrosplenial cortex induced by dizo-
cilpine.

Another possible explanation is the difference in go-
nadal hormones in male and female rats. It has been
demonstrated that adult female rats exhibit greater hor-
monal and behavioral responses to dizocilpine than
male rats (Fleischmann et al. 1991; Blanchard et al. 1992;
Honack and Loscher 1993). It has been also been re-
ported that acute administration of PCP or dizocilpine
increases plasma levels of such stress hormones as
ACTH and corticosterone (Pechnick et al. 1989;
Shirayama et al. 1999). Moreover, Honack and Loscher
(1993) reported that gender differences in dizocilpine-
induced behavioral changes in rats could occur within
minutes of drug injection, which undermines the im-
portance of any differences in the metabolism of dizo-
cilpine. This suggests that gonadal hormones may play

a more important role in gender differences in the ex-
pression of BDNF mRNA and hsp-70 mRNA in the rat
retrosplenial cortex induced by dizocilpine. Further
studies will be necessary to examine the role of gonadal
hormones in modulating the response to dizocilpine.

Very recently, it has been reported that levels of
BDNF, but not nerve growth factor and neurotrophin-3,
are elevated specifically in the anterior cingulate cortex
and hippocampus of post-mortem brain tissue of
schizophrenic patients (Takahashi et al. 2000). These
two regions are part of the Papez-like limbic circuit (en-
torhinal cortex, hippocampus, subiculum, mamillary
body, anterior thalamic nucleus, anterior cingulate cor-
tex, posterior cingulate/retrosplenial cortex), which
plays a pivotal role in emotion and in learning and
memory processes (Papez 1937; Sutherland and Hoes-
ing 1993). These regions show altered function that is
not only associated with the positive symptoms of
schizophrenia, but also with the psychosis induced by
ketamine, as shown in studies of schizophrenic patients
and normal controls (Lahti et al. 1995). Furthermore, it
is also known that the expression of BDNF can be influ-
enced by various hormones, cytokines, and neurotrans-
mitters, among which the strongest positive regulator
might be the excitatory amino acid glutamate (Zafra et
al. 1990).

Interestingly, it was recently reported that BDNF
produced a threefold increase in glutamate-evoked, but
not acetylcholine-evoked, current as well as increas-
ing the open probability time of the NMDA receptor
(Levine et al. 1998). Dizocilpine blocked the BDNF-
induced enhancement in synaptic transmission, sug-
gesting that BDNF may be an endogenous ligand that
regulates NMDA receptor-dependent synaptic plastic-
ity (Levine et al. 1998). In addition, a variety of anoma-
lies in the anterior cingulate cortex of schizophrenics
have been reported, which include a decrease in den-
sity of nonpyramidal neurons and increased GABAA re-
ceptor binding activity (review by Benes 2000). Based
on the glutamate dysfunction hypothesis of schizophre-
nia, the abnormality in BDNF levels observed in the an-
terior cingulate cortex and hippocampus may be associ-
ated with glutamatergic dysfunction within corticolimbic
structures of schizophrenics and might provide a mo-
lecular basis for both the structural and phenotypic im-
pairments seen in the schizophrenia (Takahashi et al.
2000).

In summary, we found the age and gender differences
in the expression of BDNF mRNA and hsp-70 mRNA in
rat retrosplenial cortex following administration of dizo-
cilpine (0.3, 1.0, or 3.0 mg/kg). Furthermore, the present
study suggests that age and gender differences in the ex-
pression of BDNF mRNA and hsp-70 mRNA in rat retro-
splenial cortex by administration of dizocilpine might be
associated with these differences in the dizocilpine-
induced neuronal injury in the same region.
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