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We investigated the immunohistochemical alterations of parvalbumin (PV)-expressing interneurons in the hippocampus after transient

cerebral ischemia in gerbils in comparison with neuronal nitric oxide synthase (nNOS)-expressing interneurons. We also examined the

effect of 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitor pitavastatin against the damage of neurons and interneurons in the

hippocampus after cerebral ischemia. Severe neuronal damage was observed in the hippocampal CA1 pyramidal neurons 5 and 14 days

after ischemia. The PV immunoreactivity was unchanged up to 2 days after ischemia. At 5 and 14 days after ischemia, in contrast, a

conspicuous reduction of PV immunoreactivity was observed in interneurons of the hippocampal CA1 sector. Furthermore, a significant

decrease of PV immunoreactivity was found in interneurons of the hippocampal CA3 sector. No damage of nNOS-immunopositive

interneurons was detected in the gerbil hippocampus up to 1 day after ischemia. Thereafter, a decrease of nNOS immunoreactive

interneurons was found in the hippocampal CA1 sector up to 14 days after ischemia. Pitavastatin significantly prevented the neuronal cell

loss in the hippocampal CA1 sector 5 days after ischemia. Our immunohistochemical study also showed that pitavastatin prevented

significant decrease of PV- and nNOS-positive interneurons in the hippocampus after ischemia. Double-labeled immunostainings showed

that PV immunoreactivity was not found in nNOS-immunopositive interneurons of the brain. The present study demonstrates that

cerebral ischemia can cause a loss of both PV- and nNOS-immunoreactive interneurons in the hippocampal CA1 sector. Our findings

also show that the damage to nNOS-immunopositive interneurons may precede the neuronal cell loss in the hippocampal CA1 sector

after ischemia and nNOS-positive interneurons may play some role in the pathogenesis of cerebral ischemic diseases. Furthermore, our

present study indicates that pitavastatin can prevent the damage of interneurons in the hippocampus after cerebral ischemia. Thus, our

study provides valuable information for the pathogenesis after cerebral ischemia.
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INTRODUCTION

Selective vulnerability of neurons in the central nervous
system (CNS) to a brief period of transient cerebral
ischemia is a well-known phenomenon that is particularly
evidence in the hippocampus (Kirino, 1982; Pulsinelli et al,
1982; Araki et al, 1992, 1993). The pyramidal neurons in the
hippocampal CA1 sector begin to degenerate a few days
after ischemia. In contrast, interneurons of the hippocampal
CA1 sector and granule cells of dentate gyrus are resistant to

such a brief period of ischemic insult (Nitsch et al, 1989;
Tortosa and Ferrer, 1993). A similar pattern is seen in the
human hippocampus after cerebral ischemia (Petito et al,
1987). A previous study has demonstrated that nonpyr-
amidal neurons, like interneurons, in the hippocampal CA1
sector, can survive transient ischemia, but undergo
degenerative changes following complete loss of CA1
pyramidal neurons (Fukuda et al, 1993). This observation
suggests that interneurons are not resistant to prolonged
periods of cerebral ischemia. Therefore, the postischemic
changes of interneurons in the hippocampal CA1 sector
which is most vulnerable to ischemia are not fully under-
stood.

Calcium-binding proteins such as parvalbumin (PV) are
thought to protect neurons against cytotoxic calcium
overload because of their potential buffering ability
(Tortosa and Ferrer, 1993; Ferrer et al, 1998). Parvalbumin
is a cytosolic calcium buffer expressed in GABAergic
(g-aminobutyrate) interneurons and is present numerous
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nuclei of the brain (Andressen et al, 1993; Hontanilla et al,
1998). Therefore, it is well known that PV is a superior
marker for a subpopulation of GABAergic interneurons
(Celio, 1986).

A previous study suggests that 3-hydroxy-3-methylglutar-
yl-coenzyme A (HMG-CoA) reductase inhibitors decrease
cerebral ischemia and infarct size in normocholesterolemic
mice (Endres et al, 1998). A recent interesting study
suggests that HMG-CoA reductase inhibitor inhibits the
formation of TNF-a and peroxynitrite in activated micro-
glia, thereby protecting dopaminergic neurons from in-
flammatory damage (Selley, 2005). Pitavastatin (NK-104) is
a novel synthetic potent and selective inhibitor of HMG-
CoA reductase, the rate-limiting enzyme in cholesterol
biosynthesis (Aoki et al, 1997). This compound is known to
lower plasma total cholesterol levels and reduce triglyceride
levels (Kajinami et al, 2000). We recently reported that
pitavastatin can protect against the hippocampal CA1
neuronal damage after transient cerebral ischemia in gerbils
(Kumagai et al, 2004; Muramatsu et al, 2004). These
observations indicate that the HMG-CoA reductase inhi-
bitor pitavastatin is effective against transient cerebral
ischemia. However, little is known about the effect of
pitavastatin against changes of interneurons in the hippo-
campal CA1 sector after transient cerebral ischemia.

In the present study, therefore, we investigated the
immunohistochemical alterations of PV-positive inter-
neurons in the hippocampus after 5 min of transient cere-
bral ischemia in gerbils in comparison with neuronal
nitric oxide (NO) synthase (nNOS)-positive cells, which
are limited to interneurons in the hippocampus. We also
examined the effect of HMG-CoA reductase inhibitor
pitavastatin against the changes of interneurons in the
hippocampal CA1 sector after cerebral ischemia.

MATERIALS AND METHODS

Experimental Animals

Male adult Mongolian gerbils, weighing 60–90 g (Nihon SLC
Co., Shizuoka, Japan), were used. The animals were housed
in a controlled environment (23711C, 5075% humidity)
and were allowed food and tap water ad libitum. The room
lights were on between 0800 and 2000 h. The animals were
anesthetized with 2% halothane in a mixture of 30% oxygen
and 70% nitrous oxides. Bilateral carotid arteries were
exposed and anesthesia was discontinued to minimize its
effect. The carotid arteries were clamped with aneurismal
clips for 5 min, and then the animals were allowed to survive
for 1 h (n¼ 6), 5 h (n¼ 5), 1 day (n¼ 5), 2 days (n¼ 5),
5 days (n¼ 8), and 14 days (n¼ 5) after ischemia. Sham-
operated animals (n¼ 7) were treated in the same manner,
except for the clipping of the bilateral carotid arteries. Body
temperature was maintained at 37–381C with a heating pad
equipped with a thermostat until the animals started
moving. All experiments were performed in accordance
with the Guidelines for Animal Experiments of the
Tokushima University School of Medicine.

Drug Treatments

To evaluate the neuroprotective effect of drug treatment,
pitavastatin at doses of 3, 10, or 30 mg/kg was administrated

orally twice a day for 5 days before transient cerebral
ischemia. Transient cerebral ischemia was induced in
gerbils 1 h after the last treatment with pitavastatin. Vehicle
(0.5% carboxymethylcellulose (CMC)) was also adminis-
tered in sham-operated gerbils under the same conditions.
Pitavastatin was generously provided by Kowa company,
Ltd, Tokyo, Japan.

Immunohistochemistry

The animals were anesthetized with sodium pentobarbital
(50 mg/kg, i.p.) 1, 5 h, 1, 2, 5, and 14 days after cerebral
ischemia, and the brains were perfusion-fixed with 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4)
following a heparinized saline flush. The brains were
removed 1 h after perfusion fixation at 41C and were
immersed in the same fixative until they were embedded in
paraffin. Paraffin sections, 5 mm in thickness, were stained
with cresyl violet and used for immunohistochemistry.

For immunohistochemical studies, a Vectastain elite ABC
kit (Vector Labs., Burlingame, CA, USA), mouse anti-PV
monoclonal antibody (Chemicon International, Inc., Teme-
cula, CA, USA), and rabbit anti-nNOS polyclonal antibody
(Zymed Labs., San Francisco, CA, USA) were used. The
immunohistochemical staining with anti-PV antibody
(1 : 500) and anti-nNOS antibody (1 : 500) was performed
as described previously (Kurosaki et al, 2002; Muramatsu
et al, 2002). Negative control sections were treated in the
same way, except that each antibody was omitted.
Immunoreactions for PV and nNOS staining were visualized
using Vector DAB (30,30-diaminobenzidine) substrate kit
(Vector Labs., Burlingame, CA, USA) and Vector NovaRed
substrate kit (Vector Labs., Burlingame, CA, USA).

The immunostaining for PV and nNOS was semiquanti-
tatively graded as intense (grade 3), moderate (grade 2),
weak (grade 1), and not detectable (grade 0), without the
examiner knowing the experimental protocols, as described
previously (Kato et al, 1995; Muramatsu et al, 2003;
Kurosaki et al, 2005). Values were expressed means7SD.
Statistical significance was evaluated using the nonpara-
metric Dunnett’s multiple comparison test.

Double-labeled immunostaining with anti-PV and anti-
nNOS antibodies was performed in some sections of gerbils.
The immunohistochemical staining with anti-NOS antibody
was performed as described above. Then, the double-labeled
immunostaining with anti-PV antibody was performed as
described above. Immunoreactions for PV and nNOS
staining were visualized using Vector DAB substrate kit
(brown) and Vector NovaRed substrate kit (red), respec-
tively.

RESULTS

Neuronal Loss in the Hippocampus after Transient
Cerebral Ischemia

Neuronal death in CA1 pyramidal cells after ischemia was
elucidated by cresyl violet staining. In the hippocampus,
sham-operated gerbils showed no neuronal damage
throughout the experiments. Gerbils subjected to ischemia
showed no neuronal damage in the hippocampus up to 2
days after ischemia. At 5 and 14 days after ischemia, severe

Cerebral ischemia and interneurons
T Himeda et al

2015

Neuropsychopharmacology



neuronal damage was observed in the hippocampal CA1
pyramidal neurons. However, the neuronal damage was not
seen in the hippocampal CA3 sector and dentate gyrus.
Prophylactic treatment with pitavastatin significantly pre-
vented the neuronal cell loss in the hippocampal CA1 sector
5 days after ischemia, as shown in Figures 1 and 2.

PV Staining in the Hippocampus after Transient
Cerebral Ischemia

Representative microphotographs of PV staining in the
hippocampus are shown in Figures 3 and 4. In sham-
operated gerbils, PV-immunoreactive interneurons were
clearly evident in the hippocampus. The majority of PV-
immunoreactive cell bodies with varicose dendrites were
located to the hippocampus. In animals subjected to
ischemia, the PV immunoreactivity was unchanged up to
2 days after ischemia. At 5 and 14 days after ischemia, in
contrast, a conspicuous reduction of PV immunoreactivity
was noted in interneurons of the hippocampal CA1 sector.
Furthermore, a significant decrease of PV immunoreactivity
was found in interneurons of the hippocampal CA3 sector.
However, dentate gyrus showed no significant changes
throughout the experiments. In contrast, prophylactic
treatment with pitavastatin significantly prevented a loss
of PV-immunoreactive interneurons in the hippocampal
CA1 sector 5 days after ischemia, as shown in Tables 1 and
2. However, prophylactic treatment with pitavastatin did
not prevent the reduction of PV-immunoreactive inter-
neurons in the hippocampal CA3 sector. Furthermore, this
compound showed no significant changes of PV-immuno-
reactive cells in dentate gyrus 5 days after ischemia.

nNOS Staining in the Hippocampus after Transient
Cerebral Ischemia

Representative microphotographs of nNOS staining in the
hippocampus are shown in Figures 5 and 6. nNOS
immunoreactivity was observed in interneurons of the
hippocampus in sham-operated gerbils. No damage of
nNOS-immunopositive interneurons was detected in the
gerbil hippocampus up to 1 day after transient forebrain
ischemia. Thereafter, a decrease of nNOS immunoreactivity
was found in the hippocampal CA1 sector 2, 5, and 14 days
after ischemia. In the hippocampal CA3 sector, nNOS
immunoreactivity decreased only 5 days after ischemia. In
contrast, the changes of nNOS immunoreactivity were not
observed in the granule cells throughout the experiments,
except for a transient decrease in this region 2 days after
ischemia. Prophylactic treatment with pitavastatin signifi-
cantly prevented a loss of nNOS-immunoreactive inter-
neurons in the hippocampal CA1 and CA3 sector 5 days
after ischemia. Furthermore, this compound showed no
significant changes of nNOS-immunoreactive cells in the
dentate gyrus 5 days after ischemia, as shown in Tables 1
and 2.

Double-Labeled Immunostainings

Representative microphotographs of double-labeled immu-
nostainings with anti-PV and anti-nNOS antibody are
shown in Figure 7. PV immunoreactivity was not found in

nNOS-immunopositive interneurons of the hippocampus
and cerebral cortex. Thus, the interneuron with PV was
different from that with nNOS.

DISCUSSION

It is well known that calcium plays a key role in ischemic
neuronal damage (Paschen, 1996). Calcium-binding pro-
teins belonging to the EF-hand family function as high-
affinity, selective intracellular calcium buffers. One of these
calcium-binding proteins, PV, is present throughout the
brain, where it is selectively localized in a subpopulation of
GABA-containing neurons (Heizmann, 1984; Celio, 1986).
Therefore, the PV has been regarded as a superior marker
for a subpopulation of GABAergic interneurons throughout
the brain (Celio, 1986; Schwartz-Bloom and Sah, 2001). A
previous study has shown that PV-immunoreactive neurons
are particularly resistant to transient ischemic insult which
produces hippocampal CA1 neuronal death (Nitsch et al,
1989). Furthermore, Tortosa and Ferrer (1993) also
demonstrated that PV-immunoreactive neurons in the
hippocampus are preserved after a brief period of cerebral
ischemia in gerbils. For this reason, it is suggested that the
calcium-buffering properties of PV protect the GABAergic
neurons from ischemic cell damage. PV-containing neurons
also exhibit a higher survival rate in the human epileptic
hippocampus (Sloviter et al, 1991), and, recently, a
protective effect of PV on excitotoxic motor neurons
death has been observed (Van Den Bosch et al, 2002).
On the other hand, other studies suggest that PV-immuno-
reactive neurons were gradually depleted in the brain of
gerbils after a longer period of ischemia (Fukuda et al,
1993). Furthermore, PV-containing neurons are supposed
to be selectively vulnerable in Alzheimer’s disease (Solodkin
et al, 1996) and not to be protected in some forms of
epilepsy (Bouilleret et al, 2000). Thus, much evidence
for the vulnerability and role of PV-containing neurons
to stress response such as ischemia and epilepsy is
contradictory.

Increasing evidence demonstrates that NO participates in
the mechanisms of cerebral ischemia and much attention
has been focused on the role of NO in the pathogenesis of
ischemic brain damage. Excessive production of NO, and
consequent increase of the oxygen-free radical peroxyni-
trite, has been implicated in neuronal cell loss occurring
both in acute and chronic brain pathologies (Dawson and
Dawson, 1995; Iadecola, 1997; Yun et al, 1997). However,
the precise role of NO in the pathogenesis of ischemic brain
damage is not fully understood (Choi, 1993; Iadecola et al,
1994). NO, a free radical gas, synthesized from L-arginine by
NOS is involved in a wide range of physiological and
pathological mechanisms, including the control of the
cardiovascular, immune, and nervous systems, as well as
cellular neurotoxicity (Dawson et al, 1991; Moncada et al,
1991; Dawson and Snyder, 1994). Three isoforms of NOS
enzymes are traditionally recognized: nNOS, inducible NOS
(iNOS), and endothelial NOS (eNOS). Among the three
isoforms of NOS enzymes, nNOS is the main NOS isoform
in the brain, as its catalytic activity and proteins are
identifiable throughout the CNS (Bredt et al, 1991; Huang
et al, 1993). It is known that nNOS is restricted to occasional
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Figure 1 Representative photographs with Cresyl violet staining in the hippocampus (a–g) and CA1 sector (h–n) after transient cerebral ischemia.
(a, h): sham-operated gerbil brain. (b, i): vehicle-treated gerbil brain 1 h after ischemia. (c, j): vehicle-treated gerbil brain 5 h after ischemia. (d, k): vehicle-
treated gerbil brain 1 day after ischemia. (e, l): vehicle-treated gerbil brain 2 days after ischemia. (f, m): vehicle-treated gerbil brain 5 days after ischemia.
(g, n): vehicle-treated gerbil brain 14 days after ischemia. Arrows show location of changes. Each group contained 5–8 animals. Bar (a–g)¼ 1 mm.
Bar (h–n)¼ 100 mm.

Cerebral ischemia and interneurons
T Himeda et al

2017

Neuropsychopharmacology



interneurons in the hippocampus (Dinerman et al, 1994). In
the mouse striatum, furthermore, nNOS-positive cells are
known to be interneurons (Zucker et al, 2005). However,
little is known about the exact changes of nNOS expression
as interneurons in the hippocampus after transient cerebral
ischemia in gerbils.

In the present study, no neuronal damage in the
hippocampus was observed up to 2 days after transient

cerebral ischemia. At 5 and 14 days after ischemia, severe
neuronal damage was found only in the hippocampal CA1
sector. The PV immunoreactivity was also unchanged up to
2 days after ischemia. At 5 and 14 days after ischemia,
however, a conspicuous reduction of PV immunoreactivity
was noted in interneurons of the hippocampal CA1 sector.
Furthermore, a significant decrease of PV immunoreactivity
was found in interneurons of the hippocampal CA3 sector.

Figure 2 Effect of pitavastatin on neuronal densities in the CA1 sector (a0–e0) of the hippocampus (a–e) of the gerbil brain 5 days after transient cerebral
ischemia. (a, a0): sham-operated gerbil brain. (b, b0): vehicle-treated gerbil brain 5 days after ischemia. (c, c0): pitavastatin (3 mg/kg)-treated gerbil brain 5 days
after ischemia. (d, d0): pitavastatin (10 mg/kg)-treated gerbil brain 5 days after ischemia. (e, e0): pitavastatin (30 mg/kg)-treated gerbil brain 5 days after
ischemia. Arrows show location of changes. Each group contained 7–8 animals. Bar (a–e)¼ 1 mm. Bar (a0–e0)¼ 100 mm.

Cerebral ischemia and interneurons
T Himeda et al

2018

Neuropsychopharmacology



Figure 3 Representative photomicrographs with PV immunostaining of the hippocampus (a–g) and CA1 sector (h–n) after transient cerebral ischemia.
(a, h): sham-operated gerbil brain. (b, i): vehicle-treated gerbil brain 1 h after ischemia. (c, j): vehicle-treated gerbil brain 5 h after ischemia. (d, k): vehicle-
treated gerbil brain 1 day after ischemia. (e, l): vehicle-treated gerbil brain 2 days after ischemia. (f, m): vehicle-treated gerbil brain 5 days after ischemia.
(g, n): vehicle-treated gerbil brain 14 days after ischemia. Each group contained 5–8 animals. Bar (a–g)¼ 1 mm. Bar (h–n)¼ 100 mm.
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However, the dentate gyrus showed no significant changes
throughout the experiments. On the other hand, no damage
of nNOS-immunopositive interneurons was detected in the
gerbil hippocampus up to 1 day after transient cerebral
ischemia. Thereafter, a decrease of nNOS immunoreactivity
was found in the hippocampal CA1 sector at 2, 5, and 14
days after ischemia. In the hippocampal CA3 sector, nNOS
immunoreactivity decreased only 5 days after ischemia. In

contrast, the changes of nNOS immunoreactivity were not
observed in the granule cells throughout the experiments,
except for a transient decrease in this region 2 days after
ischemia. These results indicate that transient cerebral
ischemia can cause a loss of both PV and nNOS-
immunoreactive interneurons in the hippocampal CA1
sector. Furthermore, our findings suggest that the damage
to nNOS-immunopositive interneurons may precede the

Figure 4 Effect of pitavastatin on PV immunoreactivity in the CA1 sector (a0–e0) of the hippocampus (a–e) of the gerbil brain 5 days after transient
cerebral ischemia. (a, a0): sham-operated gerbil brain. (b, b0): vehicle-treated gerbil brain 5 days after ischemia. (c, c0): pitavastatin (3 mg/kg)-treated gerbil
brain 5 days after ischemia. (d, d0): pitavastatin (10 mg/kg)-treated gerbil brain 5 days after ischemia. (e, e0): pitavastatin (30 mg/kg)-treated gerbil brain 5 days
after ischemia. Each group contained 7–8 animals. Bar (a–e)¼ 1 mm. Bar (a0–e0)¼ 100 mm.
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neuronal cell loss in the hippocampal CA1 sector after
ischemia.

The present study with our double-labeled immunostain-
ings demonstrates that the interneuron with PV was
different from that with nNOS. nNOS has been shown to
account for 95% or more of all NOS catalytic activity in
the brain under basal conditions (Huang et al, 1993).
Immunohistochemical studies have shown that 1–2% of
neurons in the cortex contain NOS immunoreactivity (Bredt
et al, 1991), later equated with neuronal isoform. These
neurons constitute a relatively small subpopulation of
interneurons, which also contain GABA, neuropeptide Y,
and somatostatin (Vincent and Kimura, 1992; Valtschanoff
et al, 1993). However, PV has also been regarded as a
superior marker for a subpopulation of GABAergic inter-
neurons throughout the brain (Celio, 1986). In the present
study, therefore, the exact reason that PV-immunoreactive
cells and nNOS-immunoreactive cells were clearly different
interneurons in both cerebral cortex and hippocampal CA1
sector of gerbils is presently unclear. In this respect, a
previous study demonstrated that double labeling of nNOS
with calretinin or with PV did not show any double-labeled
cells in the monkey cerebral cortex (Smiley et al, 2000). We
recently reported that PV-immunoreactive cells and nNOS-
immunoreactive cells were clearly different interneurons in
both the striatum and substantia nigra of mice (Kurosaki
et al, 2005). Therefore, we speculate that PV-immunoreac-
tive interneurons and nNOS-immunoreactive interneurons
may play a different role in the brain, although further
studies should be performed to investigate the precise
mechanism responsible for our findings.

Of particular interest in the present study is that the
damage to nNOS-immunopositive interneurons preceded
the neuronal cell loss in the hippocampal CA1 sector after
ischemia. Although the reason for this phenomenon is
presently unclear, we speculate that nNOS interneurons
may play some role in the pathogenesis of cerebral ischemic
diseases. Furthermore, a significant loss of PV immuno-
reactivity and nNOS immunoreactivity was found in inter-
neurons of the hippocampal CA3 sector. For this reason, we
suggest that transient cerebral ischemia may cause the
functional damage of interneurons in the hippocampal CA3
sector. However, the precise mechanisms responsible for
such findings should be investigated in further studies.

Pitavastatin is a novel potent HMG-CoA reductase
inhibitor with prolonged effect and has been approved for
treatment of hyperlipoproteinemia (Aoki et al, 1997;
Fujimoto et al, 1999). This drug is also known to lower
plasma total cholesterol levels and reduce triglyceride levels.
Furthermore, pitavastatin processes a 10-fold higher
cholesterol-lowering effect, compared with other HMG-
CoA reductase inhibitors such as pravastatin and simvas-
tatin (Aoki et al, 1997; Suzuki et al, 1999). A recent study
indicates that long-term treatment with pitavastatin is
effective and safe for patients with heterozygous familial
hypercholesterolemia (Noji et al, 2002). From these
observations, it is suggested that pitavastatin is a new and
potentially superior therapeutic agent in comparison with
other currently available statins. Several studies suggest that
HMG-CoA reductase inhibitors can affect expression of
eNOS (endothelial NO synthase), increasing the bioavail-
ability of NO (Laufs et al, 1997; John et al, 1998; Kaesemeyer

Table 1 Time Course of Parvalbumin and nNOS
Immunoreactivity in the Gerbil Hippocampus after Transient
Cerebral Ischemia

CA1 sector CA3 sector Dentate gyrus

Parvalbumin

Sham 2.070.3 2.370.4 1.870.4

1 h 2.070.6 2.270.5 1.870.4

5 h 2.770.3 2.470.3 1.970.2

1 day 2.170.3 2.170.1 1.970.4

2 days 1.770.4 1.970.3 1.670.5

5 days 0.970.5* 1.470.3** 1.470.2

14 days 0.770.3** 1.570.2* 1.870.3

nNOS

Sham 2.670.3 2.970.2 2.470.4

1 h 2.470.2 2.970.2 2.370.3

5 h 2.870.2 2.970.2 2.070.4

1 day 2.870.3 2.870.3 2.170.4

2 days 1.870.4* 2.570.4 1.770.5*

5 days 1.570.4** 2.470.3* 2.070.6

14 days 1.670.6* 2.670.5 2.470.4

The immunoreactivity was semiquantitatively graded as intense (grade 3),
moderate (grade 2), weak (grade 1) and not detectable (grade 0). Values were
expressed as mean7SD. Each group contained 5–8 animals. Statistical
significance was evaluated by nonparametric Dunnett’s multiple comparison test
(*po0.05, **po0.01 compared with the sham-operated control group).

Table 2 Effect of Pitavastatin on Parvalbumin and nNOS
Immunoreactivity in the Gerbil Hippocampus 5 days after Transient
Cerebral Ischemia

CA1 sector CA3 sector Dentate gyrus

Parvalbumin

Sham 2.070.3** 2.370.4** 1.870.4

Ischemia+0.5% CMC 1.070.5 1.470.3 1.470.2

Ischemia+Pitavastatin

Pitavastatin (3 mg/kg) 1.570.5 1.470.3 1.370.2

Pitavastatin (10 mg/kg) 1.870.6* 1.870.4 1.670.5

Pitavastatin (30 mg/kg) 1.970.2** 1.870.2 1.770.2

nNOS

Sham 2.670.3** 2.970.2** 2.470.4

Ischemia+0.5% CMC 1.570.4 2.470.4 2.070.6

Ischemia+Pitavastatin

Pitavastatin (3 mg/kg) 2.170.5 2.770.4 2.070.3

Pitavastatin (10 mg/kg) 2.470.4* 2.870.3* 2.370.4

Pitavastatin (30 mg/kg) 2.370.7* 2.870.2* 2.170.6

The immunoreactivity was semiquantitatively graded as intense (grade 3),
moderate (grade 2), weak (grade 1) and not detectable (grade 0). Values were
expressed as mean7SD. Each group contained 7–8 animals. Statistical
significance was evaluated by nonparametric Dunnett’s multiple comparison test
(*po0.05, **po0.01 compared with ischemia+0.5%CMC group).
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Figure 5 Representative photomicrographs with nNOS immunostaining of the hippocampus (a–g) and CA1 sector (h-n) after transient cerebral ischemia.
(a, h): sham-operated gerbil brain. (b, i): vehicle-treated gerbil brain 1 h after ischemia. (c, j): vehicle-treated gerbil brain 5 h after ischemia. (d, k): vehicle-
treated gerbil brain 1 day after ischemia. (e, l): vehicle-treated gerbil brain 2 days after ischemia. (f, m): vehicle-treated gerbil brain 5 days after ischemia.
(g, n): vehicle-treated gerbil brain 14 days after ischemia. Each group contained 5–8 animals. Bar (a–g)¼ 1 mm. Bar (h–n)¼ 100 mm.
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et al, 1999). Furthermore, a previous study demonstrates
that prophylactic treatment with HMG-CoA reductase
inhibitors can decrease the severity of cerebral focal
ischemic damage irrespective of serum cholesterol levels
(Endres et al, 1998). We recently reported that pitavastatin
can protect against the hippocampal CA1 neuronal damage
after transient cerebral ischemia in gerbils (Kumagai et al,
2004; Muramatsu et al, 2004). Based on these observations,

it is conceivable that the HMG-CoA reductase inhibitor
pitavastatin are effective against transient cerebral ischemia.

The present study showed that prophylactic treatment
with pitavastatin significantly prevented the neuronal death
of the hippocampal CA1 sector 5 days after transient
cerebral ischemia. Our immunohistochemical study also
showed that pitavastatin prevented significant decrease of
PV-positive interneurons and nNOS-positive interneurons

Figure 6 Effect of pitavastatin on nNOS immunoreactivity in the CA1 sector (a0–e0) of the hippocampus (a–e) of the gerbil brain 5 days after transient
cerebral ischemia. (a, a0): sham-operated gerbil brain. (b, b0): vehicle-treated gerbil brain 5 days after ischemia. (c, c0): pitavastatin (3 mg/kg)-treated gerbil
brain 5 days after ischemia. (d, d0): pitavastatin (10 mg/kg)-treated gerbil brain 5 days after ischemia. (e, e0): pitavastatin (30 mg/kg)-treated gerbil brain 5 days
after ischemia. Each group contained 7–8 animals. Bar (a–e)¼ 1 mm. Bar (a0–e0)¼ 100 mm.
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in the hippocampus 5 days after ischemia. We recently
reported that pitavastatin can decrease the neuronal damage
of the hippocampal CA1 sector after transient cerebral
ischemia in gerbils via inhibition of superoxide production
(Kumagai et al, 2004). Therefore, the protective effect of
pitavastatin against interneurons may, at least in part, be
due to its free radical scavenging activity. These results
suggest that HMG-CoA reductase inhibitors can protect
against the damage of interneurons in the hippocampal CA1
sector after transient cerebral ischemia, although further
studies are needed to investigate the exact mechanisms for
our findings.

In conclusion, the present study demonstrates that
transient cerebral ischemia can cause a loss of both PV
and nNOS-immunoreactive interneurons in the hippo-
campal CA1 sector. Our findings also show that the damage
to nNOS-immunopositive interneurons may precede the

neuronal cell loss in the hippocampal CA1 sector after
ischemia and nNOS-positive interneurons may play some
role in the pathogenesis of cerebral ischemic diseases.
Furthermore, the present study suggests that transient
cerebral ischemia may cause the functional damage of
interneurons in the hippocampal CA3 sector. Moreover, our
present study indicates that prophylactic treatment with
pitavastatin can prevent the damage of interneurons in the
hippocampal CA1 and CA3 sectors after transient cerebral
ischemia. Thus, our study provides valuable information for
the pathogenesis after transient cerebral ischemia.
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