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ABSTRACT. The mechanisms of ischemic neuronal death have been focused on glutamate receptor activation and subsequent elevation of
intracellular Ca2* concentration. The purpose of this study was to evaluate the effects of dizocilpine, an NMDA receptor antagonist,
pretreatment on Fos expression and parvalbumin (PV, calcium binding protein) immunoreactivity in the hippocampus of the mongolian
gerbil after global ischemic insults. The number of PV-immunoreactive (PV-ir) neurons in CA1 were significantly decreased from 1 day
after cerebral ischemia, while dizocilpine pretreatment completely suppressed the loss of PV-ir neuronsin CA1. Dizocilpine pretreatment
also protected the structural loss of microtubule-associated protein 2 immunoreactivity in CA1 after ischemic insults. In addition,
dizocilpine pretreatment increased Fos expression in both hippocampal CA3 and CA4 after 3 hr ischemic reperfusion as compared to that
of the saline pretreated group. Subsequently, the Fos-defined cellular activity of PV-ir neurons was slightly increased by dizocilpine
pretreatment in the hippocampal area. This study demonstrated that NMDA receptor mediated calcium influx was associated with the loss
of PV-ir neuronsin CA1 hippocampal region, and that dizocilpine pretreatment increased Fos expression and the neuronal activity of PV-
ir neurons in the non-vulnerable region of hippocampus after cerebral ischemia. Based on this data, we conclude that the protective effect
of dizocilpine may be induced by the regulation of calcium overload, or by the upregulation of a neuroregenerative initiator such as Fos
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Delayed neuronal cell death occurs in the hippocampal
areas, especially CA1 region, within a few days after
transient forebrain ischemia [20]. The mechanisms of
ischemic neuronal death have been focused on glutamate
receptor activation and subsequent elevation of intracellular
Ca?* concentration [11]. Numerous studies have revealed
that treatment with NMDA receptor antagonist, dizocilpine,
decreases neuronal cell death after cerebral ischemic insults
[13, 15].

Calcium-binding proteins such as parvalbumin (PV) is
thought to protect neurons against cytotoxic calcium
overload because of their potential buffering ability [4, 19].
However, whether PV can buffer the massive calcium influx
by NMDA receptor in the hippocampus after transient
cerebral ischemiais controversial [1, 5]. Therefore, further
investigation is required to verify the inter-relationship
between PV immunoreactivity and the activation of NMDA
receptor during ischemic conditions.

The induction of the c-fos proto-oncogene is detected at
mRNA and protein levels in resistant regions of the
hippocampus after cerebral ischemia [18]. Calcium entry
via the NMDA receptor is important in inducing c-fos
MRNA expression in cultured cortical neuron [17]. In
addition, pretreatment with dizocilpine largely inhibits the
MRNA expression of c-fos in the hippocampus 4 hr after
ischemic induction, indicating that the c-fos induction may
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be associated with NMDA receptor activation [10]. Since
the Fos expression during the post-ischemic period regulates
the subsequent expression of nerve growth factor gene, Fos
expression may play a functional role in neuroregeneration
after cerebral ischemia [3]. Therefore, it is possible that
NMDA antagonist pretreatment modify the expression of
Fos protein in the hippocampus after ischemic insults.

The purpose of this study was to evaluate the effects of
dizocilpine pretreatment on Fos expression and PV
immunoreactivity in the hippocampus of the mongolian
gerbil after global ischemic insult. We also analyzed the
cellular activity of PV positive neurons after dizocilpine
pretreatment and cerebral ischemic conditions using a double
staining technique for Fos and PV [14]. In addition, we
confirmed the degree of ischemic damage and the effect of
dizocilpine using microtubule-associated protein 2 (MAP2)
immunohistochemistry.

MATERIALS AND METHODS

Mongolian gerbils (Meriones ungiculatus, 8-12 week-old)
were obtained from the Laboratory Animal Center of Seoul
National University (SNU). All of the experimental methods
used in the present study were approved by the Animal
Care and Use Committee at SNU and conformed to NIH
guidelines (NIH publication No. 86-23, revised 1985). Mae
Mongolian gerbils were anesthetized with isoflurane in 70%
N20 and 30% O; (4% induction: 1.5% for maintenance).
Forebrain ischemia was induced for 10 min by clipping the
bilateral common carotid arteries. Rectal temperature was
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monitored and maintained at 37.5 + 0.5°C with a
temperature controller (Model #150, CMA) and overhead
lamps during the ischemic period until 30 min after
reperfusion. We confirmed the induction of cerebral
ischemia by noting the reduction in the perfusion rate of the
ophthalmic artery using an ophthalmic scope. Only animals
showing a significant reduction of ophthalmic blood flow
during ischemic induction were used in this study. The
NMDA antagonist, dizocilpine (5 mg/kg), or vehicle
(saline), was adminisered intraperitoneally 1 hr before the
ischemic insult.

The experimental animals were sacrificed at 3 hr, 1 day,
2 days, 3 days and 5 days following cerebral ischemia with
deep isoflurane anesthesia, and perfused transcardially with
calcium-free Tyrode's solution followed by fixative
containing 4% paraformaldehyde and 0.2% picric acid in
0.1 M phosphate buffer (pH 6.9). Seventy ischemic gerbils
(7 animals for every survival time after ischemia in saline
pretreated group and dizocilpine pretreated group) and
twenty-five sham-operated animals were used in
immunohistochemical study. Frozen transverse sections of
40 um thickness were obtained and processed free floating
following the avidin-biotin method (ABC) as previously
described [12]. After preincubating in 3% normal rabbit or
goat serum, the sections were incubated with monoclonal
mouse parvalbumin antibody (Sigma, 1:10,000), monoclonal
mouse MAP2 antibody (Sigma, 1:10,000) or polyclonal
rabbit Fos antibody (Calbiochem, 1:10,000) at 4°C
overnight. Sections were incubated for 1 hr with the
appropriate biotinylated secondary antibody (Vector) at a
dilution 1:200 and followed by incubation in ABC (Vector,
1:250) for 1 hr at room temperature. Peroxidase activity
was visualized with 3-3 diamino-benzidine (DAB) and
hydrogen peroxidase. For double-labeling immuno-
histochemistry, the sections were first incubated with Fos
antibody and immunoreaction was visualized with 0.2%
nickel DAB. Subsequently, the sections were incubated
with parvalbumin antibody and the immunoreaction was
visualized with DAB as previously described [14]. For each
animal, five sections at 200 um interval were bidirectionly
selected at bregma -3.14 mm. The number of Fos and PV-
ir neurons was counted using a computerized imaging
analyzer (Metamorph, Universal Imaging Co. + Micromax
Kodak 1317 Cooled CCD, Princeton Instrument Co.).
Statistical analysis between groups was performed with a
one way ANOVA (T-test).

RESULTS

PV -immunoreactive (PV-ir) neurons in the hippocampus
of the control group were non-pyramidal neurons located in
the pyramidal cell layer and stratum oriens of CA1 and
CA3, and the granular cell layer of the dentate gyrus (DG).
The PV-ir neurons and fibers were greatly reduced in CA1
from 1 day after ischemia onward (Fig. 1B and Fig. 2) as
compared to the sham operated group (Fig. 1A and Fig. 2).
Furthermore, only a few PV-ir neurons were observed in

CAL1 from 3 days up to 5 days after the ischemic insult (Fig.
2). When dizocilpine was pretreated at 1 hr before ischemic
induction, the reduction of PV-ir neurons was completely
suppressed as compared to that of the vehicle treated group
(Fig. 1C and Fig. 2).

No significant change in MAP2 immunoreactivity was
observed in the hippocampus until 2 days after ischemia.
At three days after ischemia, a severe loss of MAP2
immunoreactivity was found in the hippocampa CA1 (Fig.
1E) as compared with sham control (Fig. 1D). Dizocilpine
pretreatment also protected the loss of MAP2
immunoreactivity in CA1 after ischemic insult (Fig. 1F).

Fos-immunoreactive neurons in sham operated animals
were not observed in whole hippocampal areas (Table 1).
Dizocilpine pretreatment had no significant effect on the
Fos expression of sham operated animals. At three hours
after ischemic induction, highly elevated Fos expression was
detected in the hippocampus compared to sham operated
animals (Fig. 3A), most notably in CA3 (20.5 + 3.7), CA4
(30.1 + 7.1) and the dentate gyrus (DG, 80.8 + 5.1). The
dizocilpine pretreatment ischemic group showed increased
Fos-ir neurons in both CA3 (45. £ 3.4) and CA4 (50.1 +
7.4) after 3 hr ischemic reperfusion compared to the saline
pretreated animals (Table 1 and Fig. 3B). However, Fos
expression in DG was not changed by dizocilpine
pretreatment after ischemia as compared to saline pretreated
ischemic animals (Table 1). PV-ir neurons were also
observed in CA3 and CA 4 region of hippocampus (Fig.
3C). Double-labeling showed that approximate 10% of PV-
ir neurons were colocalized with Fos immunoreactivity in
CA3, CA4 and DG of the vehicle pretreated group (9.0 +
1.0in 91.4 + 5.4 of PV-ir neurons). However, dizocilpine
pretreatment slightly increased the Fos-defined cellular
activity of PV-ir neurons in the hippocampal area (25.1 £
3.5in 90.5 + 6.1 of PV-ir neurons, Fig. 3D).

DISCUSSION

PV-ir neurons, colocalized with GABA in the CA1, are
resistant to ischemic episodes because multiple neurotrophic
factors converge in these surviving neurons of the gerbil
hippocampus [4, 19]. We also observed that PV-ir neurons
were preserved in CA3, CA4 and DG after ischemic
induction (data not shown). However, the present study
showed a significant decrease of PV-ir neurons observed in
CA1 from 1 day after ischemic insult. Other groups also
demonstrated that transient cerebral ischemia can cause a
loss of PV-ir neurons in the rat [2, 8] and mongolian gerbil
[1, 5]. Thissuggests that neuronal cell death in area CAlis
caused by secondary massive calcium influx, exceeding the
buffering ability of PV. Subsequently, a severe loss of
MAP2 immunoreactivity was also observed in the CA1 from
three days after ischemia. This indicates that the loss of
PV-ir neurons precedes the structural damage of CA1 after
ischemia. Therefore, it isassumed that the calcium buffering
effect of PV plays a pivotal role in the cell surviving during
ischemia.
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Fig. 1. Parvalbumin immunoreactivity in CAl is significantly decreased in saline pretreated ischemic animals (Sal+Isch, B) as
compared to sham operated animals (Sham, A) at 1 day after ischemia. The loss of PV-immunoreactive (PV-ir) neuronsis
completely protected by dizocilpine pretreatment (C). In Sal+Isch, MAP2 immunoreactivity is decreased at 3 day after
ischemia (E, arrowhead). In the dizocilpine pretreatment group (F), the loss of MAP2 immunoreactivity recovered to the

level of Sham (D). Bar=200 pm.

In this study, dizocilpine pretreatment completely
inhibited the loss of PV- and MAP2-immunoreactivities. In
a previous study, dizocilpine showed a neuroprotective
effect against ischemic damage by its hypothermic action
during the ischemic period [7, 13]. However, in this study

rectal temperature was maintained at 37.5 + 0.5°C from the
ischemic period to 30 min after reperfusion. Therefore, the
protective effect of dizocilpine probably has no relation to
hypothermia. During ischemia, Ca?* entry via NMDA
receptors accounts for the earliest rise in cytosolic Ca?* [22].
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Fig. 2. The number of parvalbumin-immunoreactive (PV-ir)
neurons in the CA1 area of sham control animals (Sham),
saline-pretreatment (Sal+Isch) and dizocil pine-pretreatment
postischemic animals (Dizo+lsch) was denoted by Mean *
SEM. Each value was obtained by counting the number of
PV-ir neurons in five consecutive sections (at 200 pm
interval) of 5-7 animals (n=95) at every period. *P<0.01:

significantly different from Sham group.

Fig. 3. Fos expression in the hippocampus of
saline pretreated ischemic group (A) and
dizocilpine (5 mg/kg) pretreatment group
(B) at 3 hr after ischemic insult. Bar=400
pm. Parvalbumin-immunoreactive neurons
in CA3 and CA4 regions (C). The
colocalization between Fos and PV-
immunoreactive neurons in CA3 and CA4
regions in the dizocilpine pretreated group
(D, arrowhead). Bar=100 um.
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Table 1. The effect of dizocilpine (Dizo, 5 mg/kg) pretreatment
on the Fos expression at 3 hr after ischemic insult in the hip-
pocampal area of mongolian gerbil

Group CA3 CA4 DG

Sham control 1.8+0.2 1.1+05 1.3+£03
Saline + Ischemia  20.5 + 3.7* 30.1 +5.1* 80.8 + 5.1*
Dizo + Ischemia  45.2 + 3.4** 50.1+ 4.4** 845+ 8.2*

a) Number of Fos-immunoreactive neurons (Mean + SEM) was ob-
tained by counting from a 500 pm segment long of CA3, CA4 and
dentate gyrus (DG) in the five consecutive sections of 5-7 ani-
mals using a computerized imaging analyzer.

b) *P<0.05: significantly different from Sham control.

¢) *P<0.05: significant difference between saline-pretreated ischemic
group and dizocilpine-pretreated ischemic group.

The early calcium influx in cerebral ischemiais responsible
for delaying neuronal cell death by alteration of numerous
enzyme activities, including phopholipases, endonucleases
and proteases [11]. In addition, the protective effect of
dizocilpine is achieved only by pretreatment, not by post-
treatment [13]. Therefore, the neuroprotective effect of
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dizocilpine pretreatment is probably induced by inhibition
of the early calcium influx. In further support of our
hypothesis, pretreatment with L-type Ca?* channel blocker
also prevents the ischemia-induced loss of PV-
immunoreactivity in CA1 [2], suggesting that inhibition of
the early calcium influx may be associated with preserving
PV-ir neurons.

After ischemic conditions, a transient induction of c-fos
MRNA has been reported in both non-vulnerable regions
(CA3, CA4 and DG) and the vulnerable CA1 region [9].
Fos expression in the ischemic group of this study was
increased only in the resistant regions. The failure of c-fos
mMRNA translation into protein in CA1 most likely reflects
sustained postischemic protein synthesis depression
including neurotrophic factors [4]. Furthermore, the DNA-
binding activity of AP1 is persistently potentiated in the
resistant CA3 subfield and dentate gyrus, but not in CA1,
after forebrain ischemia [21]. The increase of AP1 binding
activity and the expression of Fos may be associate with
surviving neuronal cellsin the non-vulnerable region against
ischemic injuries.

Kinouchi and his colleagues reported that dizocilpine

L]

- ".r,-rff 5

pretreatment partially attenuates the increase of c-fos mMRNA
in the hippocampus at 4 hr after ischemic insult [10]. The
present study also demonstrated that CA1 pyramidal
neurons, which are the most vulnerable to ischemia, did not
express Fos in response to dizocilpine pretreatment.
However, dizocilpine pretreatment significantly increased
ischemia-induced Fos expression in the non-vulnerable
regions, especially CA3 and CA4, comparing with vehicle
treatment ischemic animals. Previous studies demonstrate
that the calcium concentration in the CA1 is higher in the
early stage of ischemia than that in the CA3 and DG, and
that this early calcium influx is inhibited by dizocilpine
pretreatment [15]. The expression of Fos protein is followed
by the expression of the late effector genes, such as the
various neurotrophin genes [16]. Furthermore, the
expression of neurotrophin genes (i.e. nerve growth factor
and brain derived neurotrophic factor) may be important in
regenerative processes and functional recovery after cerebral
ischemia[6]. Therefore, we assume that the increase of Fos
expression in the CA3 and CA4 may reflect the molecular
mechanism mediating the neuroprotective effect of
dizocilpine in the early reperfusion period. In addition, the
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neuronal activity of PV-ir neurons was slightly increased by
the dizocilpine pretreatment in non-vulnerable region after
cerebral ischemia, which may reflect the neuroprotective
effect of dizocilpine in the early reperfusion period.

This study demonstrated that NMDA receptor-mediated
calcium influx correlates with the loss of PV-ir neurons in
the CA1 hippocampal region, and that dizocilpine
pretreatment increased the neuronal activity of PV-ir neurons
and Fos expression in the non-vulnerable region of
hippocampus after cerebral ischemia. Based on this data,
the protective effect of dizocilpine may be a result of the
regulation of calcium overload, or the upregulation of
neuroregenerative components such as Fos protein.
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