
Abstract Ionized calcium-binding adapter molecule 1

(iba-1) is specifically expressed in microglia and plays

an important role in the regulation of the function of

microglia. We observed chronological changes of iba-1-

immunoreactive cells and iba-1 level in the gerbil

hippocampal CA1 region after transient ischemia.

Transient forebrain ischemia in gerbils was induced by

the occlusion of bilateral common carotid arteries for

5 min. Immunohistochemical and Western blot analy-

sis of iba-1 were performed in the gerbil ischemic

hippocampus. In the sham-operated group, iba-1-

immunoreactive cells were detected in the CA1 region.

Thirty minutes after ischemia/reperfusion, iba-1

immunoreactivity significantly increased, and its

immunoreactive cells were well ramified. Three hours

after ischemia/reperfusion, iba-1 immunoreactivity and

level decreased, and thereafter they increased again

with time after ischemia/reperfusion. Three days after

ischemia/reperfusion, iba-1-immunoreactive cells had

well-ramified processes, which projected to the stratum

pyramidale of the CA1 region. Seven days after

ischemia/reperfusion, iba-1 immunoreactivity and level

were highest in the CA1 region, whereas they signifi-

cantly decreased in the CA1 region 10 days after

ischemia/reperfusion. Iba-1-immunoreactive cells in

the ischemic CA1 region were co-localized with

OX-42, a microglia marker. In brief, iba-1-immunore-

active cells change morphologically and iba-1 immu-

noreactivity alters in the CA1 region with time after

ischemia/reperfusion. These may be associated with

the delayed neuronal death of CA1 pyramidal cells in

the gerbil ischemic hippocampus.
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Introduction

Transient cerebral ischemia induced by the temporary

deprivation of blood flow to the brain results in the

insidious degeneration of specific vulnerable neurons

such as pyramidal cells in the hippocampal CA1 region

[1–3]. Changes in the hippocampal CA1 pyramidal

cells are slower, and this process is described as ‘‘de-

layed neuronal death’’. Many researchers have studied

on delayed neuronal death in the hippocampus after

transient forebrain ischemia [4–6].

Neuronal death induced by the injury of the central

nervous system causes the activation of microglia [7–9].

Microglia are resident macrophages in the brain and

are thought to modulate degenerative and regenerative

functions in brain. Microglia can contribute to the

elimination of deleterious debris and may be involved
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in neuroprotection by producing neurotrophic factors

[10–13]. On the other hand, microglia exert a cytotoxic

function by releasing nitric oxide, tumor necrosis

factor-a, and radicals [14–17].

Microglia response factor-1 (mrf-1) is expressed in

microglia and macrophages following cerebral ische-

mia in the rat [18]. In addition, allograft inflammatory

factor-1 (aif-1) is up-regulated in microglial cells in

human cerebral infarctions [19]. Ionized calcium-

binding adapter molecule 1 (iba-1) is a novel calcium-

binding protein, and is specifically expressed in

microglia in the brain, which suggests that iba-1 plays

an important role in the regulation of the function of

microglia [20–23]. In a view of the localization of iba-1

gene within major histocompatibility complex class III

region [20], iba-1 up-regulation shown in activated

microglia is of great interest, because in activated state,

microglia may function in antigen presentation and

lymphocyte activation for CNS immune responses [24].

Although iba-1 is an established marker of micro-

glia, and microglial activation in the post-ischemic

hippocampus has been extensively studied [21, 22, 25],

no study on the morphological change of iba-1-immu-

noreactive cells in the hippocampus induced by a glo-

bal cerebral ischemia has been performed. In the

present study, therefore, we investigated the chrono-

logical change of iba-1-immunoreactive cells as well as

iba-1 level in the gerbil hippocampal CA1 region after

5 min of transient forebrain ischemia.

Experimental procedure

Animals

The present study used the progeny of Sprague–

Dawley (SD) rats, ICR mice and Mongolian gerbils

(Meriones unguiculatus) obtained from the Experi-

mental Animal Center, Hallym University, Chunchon,

South Korea. Male SD rats, ICR mice and Mongolian

gerbils were used at 6 months of age. The animals were

housed in a conventional state under adequate tem-

perature (23 �C) and humidity (60%) control with a

12-h light/12-h dark cycle, and provided with free

access to water and food. Procedures involving animals

and their care conformed with the guidelines, which

are in compliance with current international laws and

policies (NIH Guide for the Care and Use of Labora-

tory Animals, NIH Publication No. 85-23, 1985, revised

1996) and were approved by the Hallym’s Medical

Center Institutional Animal Care and Use Committee.

All experiments were conducted to minimize the

number of animals used and suffering caused.

Confirmation of antibody specificity

Brains of rats (n = 5), mice (n = 5) and gerbils (n = 5)

were removed and homogenized in a 10 mM phos-

phate buffer (PB) containing 0.1 mM ethylenediamine

tetraacetic acid (EDTA), 1 mM 2-mercaptoethanol,

and 1 mM phenylmethyl sulfonyl fluoride (PMSF). The

individual 25% (w/v) homogenate was centrifuged at

10,000g for 1 h. Five microliters of each supernatant

were mixed with an equal volume of a 2· SDS-sample

buffer and boiled for 3 min. The cooled samples were

applied to a SDS-PAGE and transferred to nitrocel-

lulose membranes. The blots were processed by the

procedure described in Western blot analysis.

In order to establish the specificity of the immuno-

staining, a negative control test was carried out with

pre-immune serum instead of the primary antibody.

The negative control test was conducted in all groups.

Induction of transient forebrain ischemia

Male Mongolian gerbils were used at 6 months (B.W.,

70–75 g) of age. The animals were anesthetizes with a

mixture of 2.5% isoflurane in 33% oxygen and 67%

nitrous oxide. A midline ventral incision was then

made in the neck, and bilateral common carotid

arteries were isolated, freed of nerve fibers, and

occluded using non-traumatic aneurysm clips. The

complete interruption of blood flow was confirmed by

observing the central artery in retinae using an oph-

thalmoscope. After 5 min of occlusion, the aneurysm

clips were removed from the common carotid arteries.

The restoration of blood flow (reperfusion) was

observed directly using the ophthalmoscope. We

maintained the body (rectal) temperature under free

regulating or normothermic (37 ± 0.5 �C) conditions

with a rectal temperature probe (TR-100; YSI, USA)

and a thermometric blanket before, during and after

the surgery until the animals completely recovered

from anesthesia. Sham-operated animals served as

controls: these sham-operated animals were subjected

to the same surgical procedures except that the com-

mon carotid arteries were not occluded.

Tissue processing for histology

For histology, sham-operated and ischemia-operated

animals (n = 7 at each time point) at designated times

(30 min, 3, 6, 12 h, 1, 2, 3, 4, 5, 7 and 10 days after

reperfusion) were sacrificed. The animals were anes-

thetized with pentobarbital sodium and perfused

transcardially with 0.1 M phosphate-buffered saline

(PBS, pH 7.4) followed by 4% paraformaldehyde in
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0.1 M phosphate-buffer (PB, pH 7.4). The brains were

removed and post-fixed in the same fixative for 6 h.

The brain tissues were cryoprotected by infiltration

with 30% sucrose overnight. Thereafter the frozen

tissues were serially and transversely cut to 30 lm

thickness on a cryostat and then collected into six-well

plates containing PBS.

NeuN immunohistochemistry for delayed neuronal

death

To confirm the delayed neuronal death in the hippo-

campal CA1 region after transient forebrain ischemia,

the sections were sequentially treated with 0.3%

hydrogen peroxide (H2O2) in PBS for 30 min and 10%

normal horse serum or normal rabbit serum in 0.05 M

PBS for 30 min. The sections were next incubated with

diluted mouse anti-NeuN (Chemicon International,

diluted 1:1000) overnight at room temperature.

Thereafter the tissues were exposed to biotinylated

goat anti-mouse IgG and streptavidin peroxidase

complex (Vector, USA). And they were visualized

with 3,3’-diaminobenzidine in 0.1 M Tris–HCl (pH 7.2)

buffer and mounted on the gelatin-coated slides.

Immunohistochemical staining of iba-1

To ensure that immunohistochemical data were com-

parable between groups, free-floating sections were

carefully processed by immunohistochemistry under

the same conditions. The sections were sequentially

treated with 0.3% hydrogen peroxide (H2O2) in PBS

for 30 min and 10% normal goat serum in 0.05 M PBS

for 30 min. They were next incubated with diluted

rabbit anti-iba-1 (Wako, 1:500, Japan) overnight at

room temperature and subsequently exposed to bioti-

nylated goat anti-rabbit IgG and streptavidin peroxi-

dase complex (diluted 1:200, Vector, USA). Then, the

sections were visualized by staining with 3,3’-diam-

inobenzidine in 0.1 M Tris–HCl buffer (pH 7.2) and

mounted on the gelatin-coated slides.

To establish the specificity of primary antibody,

procedure included the omission of the primary anti-

body, goat anti-rabbit, substitution of normal goat

serum for the primary antibody. As a result, immuno-

reactivity disappeared completely in tissues.

Double immunofluorescence staining of

iba-1/GFAP or iba-1/OX-42

To confirm the glial type containing iba-1 immunore-

activity, double immunofluorescence staining for rabbit

anti-iba-1 (1:100)/mouse anti-glial fibrillary acidic

protein (GFAP, 1:200, Chemicon International, USA)

or rabbit anti-iba-1/mouse anti-OX-42 (1:100, Serotec,

USA) was performed. Brain tissues were incubated in

the mixture of antisera overnight at room temperature.

After washing three times for 10 min with PBS, the

sections were also incubated in a mixture of both

FITC-conjugated goat anti-rabbit IgG (1:200; Jackson

ImmunoResearch, USA) and Cy3 conjugated goat

anti-mouse IgG (1:600; Jackson ImmunoResearch) for

2 h at room temperature. The immunoreactions were

observed under the microscope (Axioscope, Carl Zeiss,

Germany) attached HBO100.

Western blot analysis

To confirm changes in iba-1 level in the hippocampal

CA1 region after transient forebrain ischemia, at des-

ignated times (30 min, 12 h, 4 and 10 days after the

surgery), sham-operated and ischemia-operated ani-

mals (n = 7 at each time point) were sacrificed and

used for the Western blot analysis. After sacrificing

them and removing the hippocampus, the tissues were

serially and transversely cut to 400 lm thickness on a

vibratome (Leica, Germany) and the hippocampal

CA1 region was dissected with surgical blade. The

tissues were homogenized in 50 mM PBS (pH 7.4)

containing ethylene glycol bis (2-aminoethyl ether)-

N,N,N’,N’ tetraacetic acid (EGTA) (pH 8.0), 0.2%

Nonidet P-40, 10 mM EDTA (pH 8.0), 15 mM sodium

pyrophosphate, 100 mM b-glycerophosphate, 50 mM

NaF, 150 mM NaCl, 2 mM sodium orthvanadate,

1 mM PMSF and 1 mM dithiothreitol (DTT). After

centrifugation, iba-1 level was determined in superna-

tants using a Micro BCA protein assay kit with bovine

serum albumin as the standard (Pierce Chemical,

USA). Aliquots containing 20 lg of total protein were

boiled in loading buffer containing 150 mM Tris (pH

6.8), 3 mM DTT, 6% sodium dodecyl sulfate (SDS),

0.3% bromophenol blue and 30% glycerol. Then, each

aliquot was loaded onto a 10% polyacryamide gel.

After electrophoresis, the gels were transferred to

nitrocellulose transfer membranes (Schleicher and

Schuell, USA). To reduce background staining, the

membranes were incubated with 5% non-fat dry milk

in PBS containing 0.1% Tween 20 for 45 min and then

with rabbit anti-iba-1 antiserum (1:500), peroxidase-

conjugated goat anti-rabbit IgG (Sigma, USA), and an

ECL kit (Amersham, USA).

Quantification of data and statistical analysis

All measurements were performed in order to ensure

objectivity in blind conditions, by two observers for
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each experiment, carrying out the measures of

control and experimental samples under the same

conditions.

For the quantitative analysis of iba-1 immunoreac-

tivity in the hippocampal CA1 region, 15 sections in

each animal were randomly selected within hippo-

campal CA1 region. The mid-point areas of the CA1

region were measured on the monitor at a magnifica-

tion of 25–50·. Images of all iba-1-immunoreactive

structures taken from three layers (strata oriens,

pyramidale and radiatum in the hippocampal CA1

region) were obtained through an Axiophot light

microscope (Carl Zeiss, Germany) equipped with a

CCD (Charge Coupled Device) camera connected to a

PC monitor. Video images were digitized into an array

of 512 · 512 pixels corresponding to a tissue area of

140 · 140 lm (40· primary magnification). Each pixel

resolution was 256 gray levels. The intensity of all iba-

1 immunoreactive structures was evaluated on the

basis of a relative optical density (ROD), which was

obtained after the transformation of the mean gray

level using the formula: ROD = log (256/mean gray

level). We measured the ROD of the complete field,

and the level of background staining was subtracted

from the ROD level of immunoreactive structure

before statistically processing. The relative % of con-

trol level was demonstrated in the graph. The results of

the Western blot analysis were also scanned, and ROD

was obtained using Scion Image software (Scion Corp.,

USA).

The interanimal differences in each group, as well as

the interexperimental differences, were not statistically

significant. The data shown here represent the means

of experiments performed for each hippocampal area.

Differences among the means were statistically ana-

lyzed by one-way analysis of variance followed by

Duncan’s new multiple range method or the Newman–

Keuls test to elucidate ischemia-associated changes in

iba-1 to determine differences between sham-operated

and ischemia-operated groups.

Results

Specificity of iba-1 antibody in the rat, mouse and

gerbil brain

In order to examine the specificity of iba-1 antibody,

brain homogenates from rat, mouse and gerbil were

immunoblotted with iba-1 antibody. This antibody

reacted with a single-protein band of 17 kDa (Fig. 1).

In a pre-serum treated negative study, iba-1 immuno-

reactivity was not detected.

Delayed neuronal death in the CA1 region

In this study, delayed neuronal death in the ischemic

gerbil hippocampal CA1 region was confirmed using

NeuN immunohistochemistry. In the sham-operated

group, neurons in the gerbil hippocampus were posi-

tive to NeuN (Fig. 2A, B). One and 2 days after

ischemia/reperfusion, neurons in the CA1 region were

positive to NeuN (Fig. 2C–F). Four days after ische-

mia/reperfusion, a few NeuN-immunoreactive CA1

pyramidal cells were detected in the stratum pyrami-

dale of the CA1 region (Fig. 2G, H). Almost all of the

CA1 pyramidal cells in the stratum pyramidale were

lost due to the delayed neuronal death

Change in iba-1 immunoreactivity

In the sham-operated group, iba-1-immunoreactive

cells were detected in all the layers of the CA1 region

(Fig. 3A). In this group, iba-1 immunoreactivity in the

cells was weak. Thirty minutes after ischemia/reperfu-

sion, iba-1 immunoreactivity in cells in the CA1 region

significantly increased and iba-1-immunoreactive cells

became ramified (Figs. 3B and 4).

Three hours after ischemia/reperfusion, iba-1

immunoreactivity decreased in the CA1 region com-

pared to that in the 30 min post-ischemic group

(Figs. 3C and 4). Thereafter, iba-1 immunoreactivity in

cells in the CA1 region began to increase again with

time after ischemia/reperfusion (Figs. 3D–K, 4). Two

days after ischemia/reperfusion, the cytoplasm of iba-1-

immunoreactive cells was bulky (Fig. 3G). Three days

after ischemia/reperfusion, significant morphological

change in iba-1-immunoreactive cells was shown: the

processes of iba-1-immunoreactive cells in the strata

oriens and radiatum of the CA1 region projected to the

stratum pyramidale (Fig. 3H).

Four to 7 days after ischemia/reperfusion, iba-1-

immunoreactive cells aggregated in the stratum

pyramidale, and their iba-1 immunoreactivity was

very strong (Fig. 3I–K). The iba-1 immunoreactivity

peaked at 7 days after ischemia/reperfusion (Fig. 4).

Ten days after ischemia/reperfusion, the size of iba-1-

immunoreactive cells and their iba-1 immunoreactiv-

ity significantly decreased in the CA1 region

(Figs. 3L, 4).

Fig. 1 Specificity of iba-1 antibody from rat, mouse, gerbil and
negative control (NC). Note that only one immunoblot is shown
in 17 kDa
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Co-localization of iba-1 and OX-42

We performed double immunofluorescence staining in

the CA1 region for iba-1/GFAP or iba-1/OX-42 after

ischemia/reperfusion. Many iba-1-immunoreactive

cells in the CA1 region were co-localized with OX-42,

a microglia marker (Fig. 5). In this study, iba-1-

immunoreactive cells were not co-localized with

GFAP, an astrocytes marker, in the CA1 region after

ischemia/reperfusion (data not shown).

Change in iba-1 level

The result of Western bolt analysis showed that the

change pattern of iba-1 level in the hippocampal CA1

region after ischemia/reperfusion was similar to the

immunohistochemical data in ischemic groups (Fig. 6).

Iba-1 level increased 30 min and decreased 12 h after

ischemia/reperfusion, respectively. Thereafter, iba-1

level increased with time after ischemia/reperfusion.

Iba-1 level in the CA1 region was highest 7 days after

ischemia/reperfusion and significantly decreased again

10 days after ischemia/reperfusion.

Discussion

Iba-1 mRNA and protein is clearly expressed in

monocyte cell lines, and iba-1 protein functions as an

adapter molecule that mediates calcium signals in the

monocytic lineage, including microglia [20, 23].

Fig. 2 Immunohistochemical
staining of NeuN in the
hippocampus of the sham-
operated (A, B) and
ischemia-operated (C–H)
animals. B, D, F and H is the
high magnification of the CA1
region (CA1) in A, C, E and
G, respectively. One and
2 days after ischemia/
reperfusion, CA1 pyramidal
cells in the stratum
pyramidale (SP) show NeuN
immunoreaction (C–F). Four
days after ischemia/
reperfusion, NeuN
immunoreaction in the SP
(asterisk) nearly disappears
due to the delayed neuronal
death of CA1 pyramidal cells
(G, H). SO, stratum oriens;
SR, stratum radiatum.
Bar = 800 lm (A, C, E and
G), 50 lm (B, D, F and H)
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There are several studies on the expression of iba-1,

aif-1 and mrf-1 by microglia/macrophages under brain

damages. These include, for example, experimental

studies on expression of these proteins following

cerebral ischemia [18, 26–29] and following cerebral

hemorrhages [30]. Furthermore, aif-1 expresses in

microglia in normal human brains and in human

ischemic brain [19, 31].

In the present study, we observed the chronological

change of iba-1-immunoreactive cells and in iba-1 level

in the hippocampal CA1 region after 5 min of transient

forebrain ischemia in gerbils. Iba-1 immunoreactivity

in CA1 cells and iba-1 level increased significantly in

the hippocampal CA1 region at 30 min after ischemia/

reperfusion. This result indicates that the activation of

microglia is shown at very early time after ischemia/

Fig. 3 Immunohistochemical
staining for iba-1 in the CA1
region in sham-operated (A)
and ischemia-operated (B–L)
groups. In the sham-operated
group, weak iba-1
immunoreactivity is shown in
cells in the CA1 region (A).
Iba-1 immunoreactivity
significantly increases at
30 min after ischemia/
reperfusion (B). Note that
3 days after ischemia/
reperfusion, processes
(arrows) of iba-1
immunoreactive cells extend
to the stratum pyramidale
(SP) (H). From 4 days after
ischemia/reperfusion, iba-1-
immunoreactive cells
aggregate in the SP (I–K).
Bar = 50 lm. SO, stratum
oriens; SR, stratum radiatum.
Bar = 50 lm
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reperfusion. This is supported by previous reports that

one of the characteristics of microglia is their activation

at a very early stage in response to injury [32, 33]. In a

transient focal cerebral ischemia model, a slight

increase in iba-1 after 3.5 h after 90 min of transient

focal cerebral ischemia in rat brain [22].

We also observed in this study that the morpholog-

ical change of iba-1-immunoreactive cells was noted in

the CA1 region 2–3 days after ischemia/reperfusion.

When the brain is injured or affected by an insult, such

as transient ischemia, ramified microglia at the affected

site morphologically transform into cells with retracted

processes and enlarged cell bodies, and they increase in

number [33]. From 4 days after ischemia/reperfusion,

we observed that iba-1-immunoreactive cells aggre-

gated in the stratum pyramidale in the CA1 region, in

which most pyramidal cells were lost via delayed

neuronal death in this time period after ischemia/rep-

erfusion. Recently, Tanaka et al. [27] reported on the

distribution of microglia/macrophages in cerebral

ischemia using bone marrow chimera mice known to

express enhanced green fluorescent protein (EGFP).

EGFP/iba-1-positive cells began to increase at 48 h

after middle cerebral artery occlusion (MCAO), and

the distribution of EGFP/Iba 1-positive cells was

morphologically variable up to 14 days from MCAO.

In the present study, iba-1 immunoreactivity and

level in the ischemic CA1 region were highest 7 days

after transient ischemia in gerbils. In a focal ischemia

induced by MCAO in rats, iba-1-immunoreactive cells

rapidly appear at 3–5 h after reperfusion, and its

Fig. 4 The relative optical density (ROD) as % of iba-1
immunoreactivity in the CA1 region after transient forebrain
ischemia. Differences among the means are statistically analyzed
by one-way analysis of variance followed by the Duncan’s new

multiple range method or Newman–Keuls test (n = 7 per group;
aP < 0.05, significant differences from sham-operated group,
bP < 0.05, significant differences from pre-adjacent group). The
bars indicate the means ± SD

Fig. 5 Double immunofluorescence staining for iba-1 (A, green),
OX-42 (B, red) and merged image (C, yellow) in the hippocam-
pal CA1 region 5 days after ischemia/reperfusion. Many iba-1-
immunoreactive cells show OX-42 immunoreactivity in the CA1
region. Bar = 50 lm
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immunoreactivity further increased, and peaks at

7 days after reperfusion [22]. In conclusion, iba-1

immunoreactive cells alter in morphology with time

after ischemia/reperfusion. In addition, iba-1 in

microglia significantly increases in the hippocampal

CA1 region at every early and later time after ische-

mia/reperfusion.
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