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Differential regional infarction, neuronal loss and gliosis in the gerbil
cerebral hemisphere following 30 min of unilateral common carotid
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Ji Hyeon Ahn1
& Minah Song2

& Hyunjung Kim2
& Tae-Kyeong Lee2

& Cheol Woo Park2 & Young Eun Park2 &

Jae-Chul Lee2
& Jun Hwi Cho3

& Young-Myeong Kim4
& In Koo Hwang5

& Moo-Ho Won2
& Joon Ha Park1

Received: 7 August 2018 /Accepted: 12 November 2018 /Published online: 15 November 2018
# Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
The degree of transient ischemic damage in the cerebral hemisphere is different according to duration of transient ischemia and
cerebral regions. Mongolian gerbils show various lesions in the hemisphere after transient unilateral occlusion of the common
carotid artery (UOCCA) because they have different types of patterns of anterior and posterior communicating arteries. We
examined differential regional damage in the ipsilateral hemisphere of the gerbil after 30 min of UOCCA by using 2,3,5-
triphenyltetrazolium chloride (TTC) staining, cresyl violet (CV) Nissl staining, Fluoro-Jade B (F-J B) fluorescence staining,
and NeuN immunohistochemistry 5 days after UOCCA. In addition, regional differences in reactions of astrocytes and microglia
were examined using GFAP and Iba-1 immunohistochemistry. After right UOCCA, neurological signs were assessed to define
ischemic symptomatic animals. Moderate symptomatic gerbils showed several infarcts, while mild symptomatic gerbils showed
selective neuronal death/loss in the primary motor and sensory cortex, striatum, thalamus, and hippocampus 5 days after
UOCCA. In the areas, morphologically changed GFAP immunoreactive astrocytes and Iba-1 immunoreactive microglia were
found, and their numbers were increased or decreased according to the damaged areas. In brief, our results demonstrate that
30 min of UOCCA in gerbils produced infarcts or selective neuronal death depending on ischemic severity in the ipsilateral
cerebral cortex, striatum, thalamus and hippocampus, showing that astrocytes and microglia were differently reacted 5 days after
UOCCA. Taken together, a gerbil model of 30 min of UOCCA can be used to study mechanisms of infarction and/or regional
selective neuronal death/loss as well as neurological dysfunction following UOCCA.
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Introduction

Most of animal models for transient focal brain ische-
mia have been developed by the occlusion of middle

cerebral artery (Canazza et al. 2014). Therefore, tran-
sient focal brain ischemia in experimental animals is
highly reproducible and has been widely used due to
low mortality rate (Katchanov et al. 2003; Sicard and
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Fisher 2009). Many researchers need much more dam-
aged area in brains to study differential neuronal dam-
age and its mechanisms and have used a gerbil model
of unilateral occlusion of the common carotid artery
(UOCCA) to produce hemispheric ischemic damage,
which means an experimental broad focal cerebral is-
chemia, particularly to induce cortical ischemia (Hanyu
et al. 1997; Hanyu et al. 1993; Ito et al. 2014). Relative
simplicity of the operation procedure in gerbils com-
pared to rats or mice is the biggest advantage of this
model due to lack of the posterior communicating arter-
ies (Murakami et al. 1998). In addition, the gerbil mod-
el of bilateral occlusion of the common carotid arteries
is the best in long observation after ischemia because
the brainstem is not damaged (Levy et al. 1975) and
survive long time (Lee et al. 2016a). Despite these ad-
vantages, this gerbil model has shown disadvantages
that the extent of the hemispheric ischemic damage
varies due to different types of patterns of anterior and
posterior communicating arteries (Du et al. 2011). In
this regard, it is of fundamental importance to identify
the extent of damaged area (infarct) and the degree of
the damage in the hemisphere induced by UOCCA in
gerbils to investigate characteristics of neuronal degen-
eration and neurological pathophysiology in the gerbils.
Some studies have proven valid methods in a gerbil
model of UOCCA, such as the assessment of neurolog-
ical behavior (Ohno et al. 1984), the examination of the
diameter and appearance of the common carotid artery
after temporary occlusion (Matsumoto et al. 1988), and
the observation of the retinal arterial perfusion by oph-
thalmoscopy (Oostveen et al. 1992), which are correlat-
ed with histopathological results in the ischemic hemi-
sphere after UOCCA.

It is well known that focal ischemia produces two funda-
mentally different types of morphological damage, selective
neuronal loss and infarction, depending on the intensity of the
ischemic insult (the duration or frequency of ischemia)
(Hanyu et al. 1997; Hanyu et al. 1995). In particular, ischemic
damage in some regions shows different vulnerability after
transient ischemia. For example, selective neuronal loss/
death occurs in CA1 area, not CA2 and 3 areas, in the hippo-
campus induced by 5 min of transient ischemia (Kirino and
Sano 1984), in layer III, V, and VI in the somatosensory cortex
induced by 5 to 15 min of transient ischemia (Lee et al. 2013),
and in the dorsolateral field in the striatum induced by 30 min
of transient ischemia (Park et al. 2018).

Some researchers have examined ischemic damage in the
hemisphere of the gerbil brain after permanent UOCCA
(Rodriguez Cruz et al. 2010) or repeated transient UOCCA
(Ishibashi et al. 2003). However, few studies using a single
transient UOCCA have been fully investigated. Therefore, the
purpose of this study was to investigate the severity of

neuronal damage using Fluoro-Jade B (F-J B), which is a
reliable maker for neuronal degeneration (Schmued et al.
1997) as well as gliosis (astrocytosis and microgliosis) using
immunohistochemistry in various brain regions of the hemi-
sphere following a 30 min of UOCCA in gerbils.

Materials and Methods

Experimental animals

Male Mongolian gerbils (total n = 66) were obtained at 6
months of age (body weight , 70-75 g) from the
Experimental Animal Center (Kangwon University,
Chuncheon, Gangwon, Republic of Korea) and kept at a con-
stant temperature (23°C) and humidity (50%) with a 12-h
light/dark cycle. The process of the care and handling of the
gerbils conformed to the guidelines following current interna-
tional laws and policies (NIH Guide for the Care and Use of
Laboratory Animals, The National Academies Press, 8th Ed.,
2011). The protocol of this experiment was approved by the
Institutional Animal Care and Use Committee (IACUC) at
Kangwon National University (approval no. KW-180124-1).

Induction of UOCCA

As previously described (Ishibashi et al. 2004), in brief, the
gerbils were anesthetized with a mixture of 2.5% isoflurane
(Baxtor, Deerfield, IL) in 33% oxygen and 67% nitrous oxide.
UOCCA was carried out at right side for 30 min using non-
traumatic aneurysm clips after a midline incision on the ven-
tral surface of the neck. The normal body (rectal) temperature
(37 ± 0.5°C) was regulated using a thermometric blanket and
monitored with a rectal temperature probe (TR-100; Fine
Science Tools, Foster City, CA).

Groups according to neurological scores

After UOCCA surgery, neurological signs of the animals were
observed two times at 15 min and 30 min after UOCCA,
according to a previously reported method for quick evalua-
tion of six neurological signs (Matsumoto et al. 1988). In
brief, 1) disturbance of consciousness (drowsiness; paucity

Table 1 The number of animals and survival rate at 5 days after
UOCCA according to neurological symptoms

Class (group) Severe Moderate Mild None

Neurologic score 6 to 7 3 to 5 1 to 2 0

Numbers 6 (9.1 %) 10 (15.2 %) 21 (31.8 %) 29 (43.9 %)

Survival rate (%) 0 100 100 100
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of movement, semicoma; nomovement but preserved righting
reflex, and coma; loss of righting reflex), 2) contralateral
hemiparesis, 3) ipsilateral circling, 4) contralateral ptosis, 5)
torsion of the neck and 6) seizure were chosen, and each sign
was scored as 1 point, semicoma and seizure were scored 2
points, and the maximal score of 7 was automatically given
when coma occurred. Based on the neurological score (the
mean value of each neurological test), the ischemic gerbils
were divided into four groups, as shown in Table 1: severe
(score 6-7) group (n=6), moderate (score 3-5) group (n=10),
mild (score 1-2) group (n=21), and none (score 0) group
(n=29).

Staining of infarcts

To identify distribution of ischemic infarcts in the whole brain,
2,3,5-triphenyltetrazoliumchloride (TTC) staining was per-
formed according to our published procedure (Ha Park et al.
2016). In brief, the ischemic gerbils were anesthetized with 60
mg/kg pentobarbital sodium (JW Pharm. Co., Ltd., Korea)
and euthanized by rapid cervical dislocation 5 days after
UOCCA. Brains in each group (n=5 in moderate, mild and
none group) were removed, and six coronal slices (1 mm
thickness) were made using a gerbil brain slicer (ASI
Instruments, Inc., MI, USA). The slices were immersed im-
mediately in a 2% 2,3,5-TTC solution (Sigma-Aldrich, St.
Louis, Missouri) at 37°C for 20 min. The TTC-stained brain
tissues were fixed in 4% phosphate-buffered formalin and
photographed in color using a digital camera.

Tissue preparation for histology

For histology in the cerebral cortex, striatum, thalamus and
hippocampus, we used the none and mild group (n = 7 in each
group) at 5 days after UOCCA; we did not examine the mod-
erate group because the group had infarcts, which are necrotic
tissues and do not show selective neuronal death/loss. The
animals were anesthetized with 30 mg/kg Zoletil 50 (Virbac,
Carros, France) and perfused transcardially with 0.1 m phos-
phate buffered saline (PBS, pH 7.4) followed by 4% parafor-
maldehyde in 0.1 m phosphate buffer (PB, pH 7.4). The brains
were cryoprotected and serially sectioned into 30-μm coronal
sections in a cryostat (Leica, Wetzlar, Germany).

Cresyl violet (CV) staining

To investigate cellular morphology, CV staining was per-
formed according to our published protocol (Ahn et al.
2016). In brief, CV acetate (Sigma, MO) was dissolved at
1.0% (w/v) in distilled water, and glacial acetic acid was added
to this solution. The sections were mounted on gelatin-coated
microscopy slides, stained with CV and dehydrated by

immersing in serial ethanol baths. Finally, the stained sections
were covered with Canada balsam (Kanto, Tokyo, Japan).

Fluoro-Jade (F-J) B histofluorescence staining

To investigate the degeneration/death of cells, F-J B (a fluo-
rescent marker for the localization of cellular degeneration)
histofluorescence staining was conducted according to the
method published by Candelario-Jalil et al. (Candelario-Jalil
et al. 2003). In brief, the sections were first immersed in a
solution containing 1% sodium hydroxide in 80% alcohol
and followed in 70% alcohol. They were then transferred to
a solution of 0.06% potassium permanganate, and to a
0.0004% F-J B (Histochem, Jefferson, AR) staining solution.
After washing them, they were placed on a slide warmer (ap-
proximately 50°C) to be reacted. The reacted sections were
examined using an epifluorescent microscope (Carl Zeiss,
Germany) with blue (450–490 nm) excitation light and a bar-
rier filter.

Immunohistochemistry

To examine the morphology and distribution of neurons, as-
trocytes, and microglia, immunohistochemistry was done ac-
cording to our published method (Lee et al. 2016b). In short,
the sections were sequentially treated with 0.3% hydrogen
peroxide (H2O2) in PBS for 30 min and 10% normal donkey
serum in 0.05 M PBS for 30 min. The treated sections were
incubated with the primary antibodies; mouse anti-NeuN
(1:1,000, Chemicon, Temecula, CA), mouse anti-GFAP
(1:800, Abcam), and rabbit anti-Iba-1 (1:800, Wako) over-
night at 4°C. The incubated sections were exposed to biotinyl-
ated goat anti-mouse or goat anti-rabbit IgG (1:200, Vector,
Burlingame, CA) and streptavidin peroxidase complex
(1:200, Vector). Finally, the reacted sections were visualized
by staining with 3, 3’-diaminobenzidine tetrahydrochloride in
0.1 M Tris–HCl buffer (pH 7.2). In order to establish the
specificity of each immunostaining, a negative control test
was carried out with pre-immune serum instead of each pri-
mary antibody. The negative control resulted in the absence of
immunoreactivity in any structures (data not shown).

Data analysis

We analyzed numbers of F-J B, NeuN, GFAP, and Iba-1 pos-
itive cells according to our published method (Bae et al.
2015). In brief, we selected five sections from each animal
with 120-μm interval according to anatomical landmarks cor-
responding to antero-posterior +1.5 to −0.1 mm for the cortex
and striatum, and −1.65 to −2.7 mm for the thalamus and
hippocampus of the gerbil brain atlas (Radtke-Schuller et al.
2016). Images of NeuN and F-J B positive cells in the cortex
(the primary motor and sensory cortex), striatum, and
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thalamus and hippocampus were captured by using an
AxioM1 light microscope (Carl Zeiss, Göttingen, Germany)
equipped with a digital camera (Axiocam, Carl Zeiss) con-
nected to a PC monitor. Positive cells were obtained in a 250
× 250 μm square, and cell counts were obtained by averaging
the total number of F-J B, NeuN, GFAP, and Iba-1 positive
cells from each animal per group by using an Adobe
Photoshop version 8.0 and analyzed using Image J 1.46 soft-
ware (National Institutes of Health, Bethesda, MD).

Statistical analysis

The data shown here represent the means ± SEM. Differences
of the means among the groups were statistically analyzed by
analysis of variance (ANOVA) with Duncan’s post hoc test
using SPSS 17.0 software (IBM, New York, USA). Statistical
significance was considered at P < 0.05.

Results

Infarcts by TTC staining

In the asymptomatic gerbils, no obtrusive ischemic infarcts
were found in the ischemic hemisphere induced by 30 min
of UOCCA when we stained the hemisphere by using TTC
staining (Fig. 1). In the mild symptomatic gerbils, ischemic
lesions detected by TTC staining were palely distributed in the
parietal cortex, the dorsolateral field of the striatum (caudate
putamen), and the field CA1-3 of the hippocampus (hippo-
campus proper) of the ischemic hemisphere 5 days after
UOCCA (Fig. 1). In the moderate symptomatic gerbils, dis-
tinct infarcts were shown in the frontoparietal cortex (the fore-
limb field of primary somatosensory cortex), the parietal cor-
tex (the barrel field of primary somatosensory cortex), the
primary visual cortex, the primary auditory cortex, the

dorsolateral field of the striatum, the thalamus, and the hippo-
campus (hippocampus proper) in the ischemic hemisphere 5
days after UOCCA.

CV positive cells

As described in the Methods section, we examined selective
neuronal death/loss in the mild gerbils (Fig. 1). In the cerebral
cortex of the contralateral (non-ischemic) hemisphere of the
mild gerbils as well as the normal gerbils, normal CV positive
cells were easily found throughout six cortical layers in the
primary motor (M1) and sensory (S1) cortex, and large CV
positive cells, of which diameter was larger than 10 μm,
showed a pale nucleus and dark cytoplasm (Fig. 2 A-A2, C-
C2). However, in the ipsilateral M1 and S1 cortex, CV posi-
tive cells in layer II-III (Fig. 2 B-B2) and V-VI (Fig. 2 D-D2)
showed pale cytoplasm due to loss of Nissl substance, and
they were distinctively decreased in numbers compared to
those in the contralateral cortex 5 days after UOCCA.

In the striatum, many large cells in the contralateral and
normal striatum were well stained with CV throughout the
striatum (Fig. 2 E, E1). In contrast, CV-positive cells in the
dorsolateral field of the ischemic striatum were considerably
decreased in numbers 5 days after UOCCA (Fig. 2 F, F1).

In the thalamus, large CV positive cells were rarely shown
in the contralateral thalamus (Fig. 2 G, G1), although many
large CV positive cells were distributed in the ipsilateral thal-
amus 5 days after UOCCA (Fig. 2 H, H1).

In the hippocampus, CV positive cells in the contralateral
hippocampus were mainly observed in the stratum pyramidale
(SP) of the CA1-3 field (Fig. 2 I1, I2) and in the granular cell
layer (GCL) of the dentate gyrus (Fig. 2 I3). However, in the
ipsilateral hippocampus, a significant loss of CV positive cells
was found in the SP of the CA1-3 field (Fig. 2 J1, J2), and in
the polymorphic layer (PL) of the dentate gyrus (Fig. 2 J3) 5
days after UOCCA.

Fig. 1 TTC staining in the brain sections of the none (top low), mild
(middle low), and moderate (bottom low) group 5 days after UOCCA.
Core regions of infarcts are indicated (asterisks) in the parietal cortex,
striatum, thalamus, and hippocampus of the ipsilateral hemisphere of

the moderate group, whereas no obvious infarcts were found in the mild
group. The left side of each brain slice is the ipsilateral (ischemic) hemi-
sphere. (n = 5) Scale bar: 5000 μm
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F-J B positive cells

In the M1 and S1 cortex in the contralateral hemisphere, no F-
J B positive cells were found in any cortical layers (Fig. 3 A-
A2, C-C2). However, many F-J B positive degenerating cells
were detected in layers II-III (Fig. 3 B-B2) and V-VI (Fig. 3 D-
D2) of the ipsilateral M1 and S1 cortex 5 days after UOCCA
(Fig. 3K).

In the striatum, F-J B positive cells were not shown in the
contralateral side (Fig. 3 E, E1). However, many F-J B posi-
tive cells were found in the ipsilateral striatum 5 days after
UOCCA (Fig. 3 F, F1, K).

In the thalamus, F-J B positive cells were not found in the
contralateral thalamus (Fig. 3 G, G1); however, many F-J B
positive cells were scattered in the ipsilateral thalamus 5 days
after UOCCA (Fig. 3 H, H1, K).

In the hippocampus, no F-J B positive cells were found in
the contralateral hippocampus (Fig 3. I-I3). However, abun-
dant F-J B positive cells were sown in the SP of the CA1-3
field of the ipsilateral hippocampus (Fig. 3 J1, J2, K) 5 days
after UOCCA. In addition, F-J B positive cells were observed
in the GCL and PL of the dentate gyrus in the ipsilateral
hippocampus (Fig. 3 J3, K) 5 days after UOCCA.

NeuN immunoreactive neurons

In the contralateral M1 and S1 cortex, NeuN immunoreactive
neurons were typically distributed in layers (Fig. 4 A, C).
However, in the ipsilateral M1 and S1 cortex, the mean num-
ber of NeuN immunoreactive neurons in layers II-III (Fig. 4
B-B2) andV-VI (Fig. 4 D-D2) were significantly decreased by

60.2 % compared to that in the contralateral cortex at 5 days
after UOCCA (Fig. 4K).

NeuN immunoreactive neurons in the contralateral striatum
were well scattered throughout the striatum (Fig. 4 E, E1).
However, NeuN immunoreactive neurons in the ipsilateral
striatum were shrunken, and the mean number of NeuN im-
munoreactive neurons was significantly decreased by 66.2 %
compared to those in the contralateral striatum at 5 days after
UOCCA (Fig 4 F, F1, K).

In the thalamus, NeuN immunoreactive neurons were eas-
ily observed throughout the thalamus of the contralateral side
(Fig. 4 G, G1), whereas NeuN immunoreactive neurons in the
ipsilateral thalamuswere apparently decreased by 71.4% com-
pared to those in the contralateral thalamus at 5 days after
UOCCA (Fig. 4 H, H1, K).

In the hippocampus, NeuN immunoreactive neurons in the
contralateral side were easily found in the SP of the CA1-3
field (Fig. 4 I1, I2) and in the GCL of the dentate gyrus (Fig. 4
I3). However, the mean number of NeuN immunoreactive
neurons in the SP of the CA1 field and CA2/3 field was sig-
nificantly decreased by 86.8 % and 77.8%, respectively, com-
pared to that in the contralateral side 5 days after UOCCA
(Fig. 4 J1, J2, K). In addition, NeuN immunoreactive neurons
in the GCL and PL of the dentate gyrus were decreased by
50.2% and 80.7%, respectively, compared to those in the con-
tralateral side 5 days after UOCCA (Fig. 4 J3, K).

GFAP immunoreactive astrocytes

In the contralateral M1 and S1 cortex, GFAP immunoreactive
astrocytes, which had small cell bodies with thin processes,

Fig. 2 CV staining in the M1 (a, b) and S1(c, d) cortex, striatum (e, f),
thalamus (g, h), and hippocampus (i, j) of the contralateral (a, c, e, g, i) and
ipsilateral (b, d, f, h, j) hemisphere of themild group 5 days after UOCCA. In
the ipsilateral hemisphere, CV positive cells are apparently decreased in the

M1 andS1 cortex, striatum, thalamus, and hippocampus compared to those in
the contralateral hemisphere. GCL, granular cell layer; ML, molecular layer;
PL, polymorphic layer; SO, stratum oriens; SP, stratum pyramidale; SR,
stratum radiatum. Scale bars: A-J = 200 μm, A1-J3 = 25 μm

Metab Brain Dis (2019) 34:223–233 227



were distributed in all cortical layers (Fig. 5 A-A2, C-C2).
However, 5 days after UOCCA, GFAP immunoreactive astro-
cytes became hypertrophied with thickened processes and in-
creased in number by 52.7% in layers II-III (Fig. 5 B-B2) and
V-VI (Fig. 5 D-D2) compared to the contralateral M1 and S1
cortex (Fig. 5K).

In the contralateral striatum, GFAP immunoreactive astro-
cytes were evenly distributed (Fig. 5 E, E1). In the ipsilateral
striatum, the number of GFAP immunoreactive astrocyte was
significantly decreased by 67.9% compared to that in the con-
tralateral side, and the GFAP immunoreactive astrocytes had
dark cell body and swollen processes. (Fig. 5 F, F1, K) 5 days
after UOCCA.

In the contralateral thalamus, GFAP immunoreactive astro-
cytes were scattered throughout the thalamus and they had
short processes (Fig. 5 G, G1). GFAP immunoreactive astro-
cytes in the ipsilateral thalamus became hypertrophied and has
long processes, showing that the number of GFAP immuno-
reactive astrocytes was significantly increased by 78.4% com-
pared to that in the contralateral thalamus 5 days after
UOCCA (Fig. 5 H, H1, K).

In the contralateral hippocampus, typical GFAP immuno-
reactive astrocytes were distributed throughout all layer (Fig.

5 I-I3). In the ipsilateral hippocampus, the distribution of
GFAP immunoreactive astrocytes was different according to
subregions. In the ipsilateral CA1-3 filed, many of GFAP
immunoreactive astrocytes had shrunken cell body with thin
processes, and the number of GFAP immunoreactive astro-
cytes was significantly decreased by 40.4% in the CA1 field
and 25.9% in the CA2/3 field, respectively, compared to that
in the CA1 and CA2/3 filed 5 days after UOCCA (Fig. 5 J-J2,
K). However, GFAP immunoreactive astrocytes in the ipsilat-
eral dentate gyrus showed hypertrophied bulky cytoplasm
with thickened processes, and the number of GFAP immuno-
reactive astrocytes was significantly increased by 81.4% com-
pared to that in the contralateral dentate gyrus (Fig. 5 J3, K).

Iba-1 immunoreactive microglia

In the contralateral M1 and S1 cortex, typical Iba-1 immuno-
reactive microglia were observed throughout all layers, and
they had round cell body with long branched processes (Fig. 6
A-A2, C-C2). However, in the ipsilateral side, Iba-1 immuno-
reactivemicroglia became hypertrophied, their processes were
swollen and shorten, and a few round Iba-1 immunoreactive
microglia were detected (Fig. 6 B, D). In addition, the number

Fig. 3 F-J B histofluorescence staining in the M1 (a, b) and S1 (c, d)
cortex, striatum (e, f), thalamus (g, h), and hippocampus (i, j) of the
contralateral (a, c, e, g, i) and ipsilateral (b, d, f, h, j) hemisphere in of
the mild group 5 days after UOCCA. In the contralateral M1 and S1
cortex, striatum, thalamus, and hippocampus, no F-J B positive cells are
observed. However, in the ipsilateral hemisphere, many F-J B positive
cells are shown in layers II-III and V-VI of the M1 and S1 cortex, in the

dorsolateral region of the striatum, throughout of the thalamus, in the SP
of the CA1-3 filed, and in the GCL and PL of the dentate gyrus. ML,
molecular layer; SO, stratum oriens; SR, stratum radiatum. Scale bars: A-
J = 200 μm, A1-J3 = 25 μm. K: Number of F-J B positive cells in the
cortex, striatum, thalamus, and hippocampus (n = 7; *P<0.05 vs contra-
lateral side). The bars indicate the means ± SEM
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of Iba-1 immunoreactive microglia was significantly in-
creased by 118.6% (Fig. 6 B-B2, 6 D-D2) compared to that
in the contralateral side 5 days after UOCCA (Fig. 6K).

In the contralateral striatum, the morphology of Iba-1 im-
munoreactive microglia was similar to that in the cortex (Fig.
6 E, E1). Cell bodies of Iba-1 immunoreactivemicroglia in the
ipsilateral striatum became hypertrophied, their processes
were shortened and swollen, and many of Iba-1 immunoreac-
tive microglia were round in shape (Fig. 6 F, F1). In addition,
the number of Iba-1 immunoreactive microglia was signifi-
cantly increased by 101.8% compared to that in the contralat-
eral striatum 5 days after UOCCA (Fig. 6 K).

In the contralateral thalamus, typical Iba-1 immunoreactive
microglia were scattered in the striatum (Fig. 6 G, G1). In the
ipsilateral striatum, Iba-1 immunoreactive microglia became
distinctly hypertrophied and had branched processes (Fig. 6
H, H1). In addition, the number of them were significantly
increased by 168.4% compared to that in the contralateral side
5 days after UOCCA (Fig. 6 K).

In the contralateral hippocampus, typical Iba-1 immunore-
active microglia were distributed throughout all subregions
(Fig. 6 I-I3). In the ipsilateral hippocampus, Iba-1

immunoreactive microglia were apparently hypertrophied,
and many of Iba-1 positive microglia showed round type
(Fig. 6 J-J3). In addition, the number of Iba-1 immunoreactive
microglia was significantly increased in all subregions by
159.6% in the CA1-3 filed and 174.1% in the dentate gyrus
(Fig. 6 J1, J2, K) and the dentate gyrus by 131.7% (Fig. 6 J3,
K) compared to that in the contralateral side 5 days after
UOCCA.

Discussions

In the present study, we investigated regional infarcts or selec-
tive neuronal death/loss in the ipsilateral hemisphere of the
gerbil after 30 min of UOCCA. It has been reported that 30-
40% of gerbils results in cerebral infarcts following UOCCA
due to their incomplete Willis’ circle (Du et al. 2011; Kirino
and Sano 1980). In the current study, 43.9% of the gerbils
have none-ischemic symptoms, followed by mild symptoms
in about 31.8%, moderate symptoms in about 15.2%, and
severe symptoms in 9.1% after 30 min of UOCCA. In this
study, the severe gerbils died 2-3 days after 30 min of

Fig. 4 NeuN immunohistochemistry in theM1 (a, b) and S1 (c, d) cortex,
striatum (e, f), thalamus (g, h), and hippocampus (i, j) of the contralateral
(a, c, e, g, i) and ipsilateral (b, d, f, h, j) hemisphere of the mild gerbils 5
days after UOCCA. In the contralateral hemisphere, NeuN
immunoreactive neurons are easily observed. In the ipsilateral
hemisphere, however, numbers of NeuN immunoreactive neurons in
layers II-III and V-VI of the M1 and S1 cortex, in the striatum, and in
the thalamus are significantly decreased compared to those in the

contralateral side. In the hippocampus, NeuN immunoreactive neurons
are distinctively decreased in the SP of the CA1-3 field and in GCL and
PL of the dentate gyrus compared to those in the contralateral side. ML,
molecular layer; SO, stratum oriens; SR, stratum radiatum. Scale bars: A-
J = 200 μm, A1-J3 = 25 μm. K: Relative numbers of NeuN positive cells
in the cortex, striatum, thalamus, and hippocampus (n = 7; *P<0.05 vs
contralateral side). The bars indicate the means ± SEM
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UOCCA. Based on this finding, we suppose that about 10% of
gerbils might die due to absence of the anterior and posterior
communication arteries.

Among representative ischemic damages in focal ischemia,
necrosis is a form of irreversible tissue injury that neural and
non-neural cells, neuropil and blood vessels were all
destroyed and results in a tissue dissolution. For example,
Baron et al. (2014) reporetd that the severity of ischemic dam-
age in the striatum, which is a main middle cerebral artery
(MCA) territory, was infarct (necrosis) after at least 45 min
of focal ischemia using MCA occlusion in rats (Baron et al.
2014). On the other hand, it was reported that 20 or 30 min of
MCA occlusion resulted in selective neuronal loss/death in the
striatum of rats (Momosaki et al. 2017; Park et al. 2018) and
mice (Katchanov et al. 2003). In this regard, many studies
have used animals with moderate symptoms after transient
focal ischemia, therefore, we investigated neuronal damage/
loss and gliosis in the moderate infarcts of the gerbils with
mild symptom after 30 min of UOCCA, in which model we
found a few moderate infarcts in the ipsilateral hemisphere
and could conduct the quantification of selective neuronal
damage/loss and gliosis (Emmrich et al. 2015).

Selective neuronal loss is defined by death of single neu-
rons showing pyknosis and eosinophilic shrunken cytoplasm

along with preserved tissue integrity (Baron et al. 2014;
Ishibashi et al. 2004). In addition, selective neuronal loss is
observed in non-infarcted penumbra region (at direct periph-
ery of infarct lesion) (Baron et al. 2014; Ejaz et al. 2013). In
case of a gerbil model of UOCCA, Kitagawa et al. (1996)
reported ischemic cell damage in the hippocampus,
caudoputamen, cortex, and thalamus in gerbils with moderate
symptom at 7 days after 30 min of UOCCA using
hematoxylin-eosin and cresyl violet staining (Kitagawa et al.
1996). Furthermore, Ishibashi et al. (2004) reported that
20 min of UOCCA induced infarcts (necrosis) in the cerebral
cortex, striatum, thalamus and hippocampus, showing that a
wide range of selective neuronal death was shown by using
Klu¨ver-Barrera staining in surrounding infarcts (in penum-
bra) of moderate symptomatic gerbils 7 days after UOCCA
(Ishibashi et al. 2004). Similar to the previous studies, the
results of our present study showed that a 30-min episode of
UOCCA produced ischemic infarcts (necrosis) stained with
TTC in the gerbils with moderate symptoms. Furthermore,
we firstly reported that selective neuronal loss was produced
in the gerbils with mild symptom in the multiple brain regions
including the ipsilateral parietal cortex (in layer II-III and V-VI
of theM1 and S1 cortex), the dorsolateral field of the striatum,
the thalamus, and the hippocampus at 5 days after UOCCA by

Fig. 5 GFAP immunohistochemistry in the M1 (a, b) and S1 (c, d)
cortex, striatum (e, f), thalamus (g, h), and hippocampus (i, j) of the
contralateral (a, c, e, g, i) and ipsilateral (b, d, f, h, j) hemisphere of the
mild group 5 days after UOCCA. In the contralateral side, typical GFAP
immunoreactive astrocytes are identified. In all the ipsilateral areas,
GFAP immunoreactive astrocytes are hypertrophied and increased in

number compared to those in the contralateral side. GCL, granular cell
layer; ML, molecular layer; PL, polymorphic layer; SO, stratum oriens;
SP, stratum pyramidale; SR, stratum radiatum. Scale bars: A-J = 200 μm,
A1-J3 = 25μm. K: Relative numbers of GFAP positive cells in the cortex,
striatum, thalamus, and hippocampus (n = 7; *P<0.05 vs contralateral
side). The bars indicate the means ± SEM
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using F-J B fluorescence staining, which clearly detects
degenerating/dead neurons (Schmued and Hopkins 2000). In
particular, we firstly found obvious neuronal death/
degeneration of pyramidal cells in the hippocampal CA3 area
and granule cells in the dentate gyrus at 5 days after UOCCA,
which have been known as the most tolerant (relatively resis-
tant) cells to transient ischemic insults (Pulsinelli 1985). As to
ischemic damage of CA3 pyramidal neurons and dentate gran-
ule cells following after transient ischemia, we recently report-
ed that CA3 pyramidal neurons and dentate granule cells were
dead in the gerbil hippocampus after 5 min of transient ische-
mia under hyperthermia (39 ± 0.5°C) (Kim et al. 2015). It has
been reported that multiple infarctions in gerbils after repeti-
tive obstruction of carotid arteries or chronic low perfusion
resulted in persistent cognitive impairments similar to symp-
toms of multi-infarct dementia in a clinical setting (Naritomi
1991). Taken together, our present results indicate that 30 min
of UOCCA could develop selective neuronal death ofmultiple
brain regions even less vulnerable cells (pyramidal cells in the
primary motor cortex, CA3 pyramidal and dentate granule
cells) in the ipsilateral hemisphere of the gerbils with mild
symptoms. Further studies on chronological changes in their
selective neuronal death in the ipsilateral hemisphere after

30 min of UOCCA need to confirm when selective neuronal
death starts. In addition, cognitive and behavioral studies in
this gerbil model of UOCCA will be helpful in studying re-
storative processes in chronic phase after stroke.

In this study, we demonstrated GFAP and Iba-1 expres-
sions in astrocytes and microglia, respectively, reacting in
the ipsilateral hemisphere of the mild symptomatic gerbils
induced by 30 min of UOCCA by using immunohistochem-
istry for GFAP and Iba-1. First, in the ipsilateral hemisphere,
interestingly, the majority of astrocytes stained with GFAP
were reduced in number in the dorsolateral field of the stria-
tum and hippocampal CA1-3 regions, while strong GFAP
expressions in reactive astrocytes were markedly increased
in the M1 and S1 cortex, thalamus, and dentate gyrus at 5
days after UOCCA. Matsui et al. (2002) reported chronologic
patterns of GFAP expression as follows: reactive astrocytes
were strongly stained with GFAP at 3-4 days after ischemia,
showing that numbers of GFAP positive reactive astrocytes
were apparently decreased in the periinfarct area, where selec-
tive neuronal death was observed, at 7 days after permeant
MCA occlusion (Matsui et al. 2002). Furthermore, Ouyang
et al. (2007) reported regional astrocyte vulnerability based
on reduced GFAP immunoreactivity in the rat hippocampus

Fig. 6 Iba-1 immunohistochemistry in the M1 (a, b) and S1 (c, d) cortex,
striatum (e, f), thalamus (g, h), and hippocampus (i, j) of the contralateral
(a, c, e, g, i) and ipsilateral (b, d, f, h, j) hemisphere of the mild gerbils 5
days after UOCCA. Typical Iba-1 immunoreactive microglia are shown
in all the contralateral areas. In all the ipsilateral areas, Iba-1 immunore-
active microglia are hypertrophied and significantly increased in number,
in particular, in layers II-III (upper squares; B1, D1) and V-VI (lower

squares; B2, D2) of the M1 and S1 cortex, and near the SP of the CA1-
3 filed (J1, J2) and in the PL of the dentate gyrus (J3). GCL, granular cell
layer; ML, molecular layer; PL, polymorphic layer; SO, stratum oriens;
SP, stratum pyramidale; SR, stratum radiatum. Scale bars: A-J = 200 μm,
A1-J3 = 25 μm. K: Relative numbers of Iba-1 positive cells in the cortex,
striatum, thalamus, and hippocampus (n = 7; *P<0.05 vs contralateral
side). The bars indicate the means ± SEM
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after transient forebrain ischemia as follows: astrocytes in the
CA1 filed were more sensitive to ischemia than astrocytes in
the dentate gyrus, and the selective astrocytic dysfunction was
closely related to neuronal damage in the CA1 filed and den-
tate gyrus after transient forebrain ischemia (Ouyang et al.
2007). Taken together, it is likely that regional expression
pattern of GFAP, an astrocyte-specific intermediate filament
protein, in astrocytes is different depending on post ischemic
period, and the regional difference in astrocyte impairment
maybe closely related to severity of ischemic neuronal dam-
age in the ipsilateral hemisphere after 30 min of UOCCA.

On top of that, in the present study, morphologically activated
Iba-1 immunoreactive microglia and round type Iba-1 immuno-
reactive cells appeared, showing that numbers of Iba-1 immuno-
reactive microglia were significantly increased in the cortex, stri-
atum, thalamus, and hippocampus of the ipsilateral hemisphere,
where ischemic neuronal death was found at 5 days after
UOCCA. It has been reported that the activation of microglia
as well as astrocytes induced by mild focal ischemia precedes
selective neuronal death: this phenomenon may be an important
factor in selective neuronal death (Ejaz et al. 2013; Miyajima
et al. 2018). Furthermore, activations of microglia and astrocytes
are still characterized after prolonged periods (28 days) in selec-
tive neuronal death areas following brief focal ischemia (Baron
et al. 2014; Emmrich et al. 2015). As to their activation, it has
been demonstrated that cerebral ischemia/reperfusion activates
the immune system in the brain, and astrocytes and microglia
response to ischemia to play essential roles in inflammation and
tissue repair (Barakat and Redzic 2016; Choudhury and Ding
2016; Kim et al. 2016). Based on the previous studies with our
present findings, our present data imply a high association of
enhanced Iba-1 and GFAP expressions in the ipsilateral hemi-
sphere with occurrence of selective neuronal death.

To sum up, this study reveals that 30 min of UOCCA
induced infarcts or selective neuronal death in the ipsilateral
M1 and S1 cortex, striatum, thalamus, and hippocampus de-
pending on severity of ischemic symptoms in gerbils at 5 days
after 30min of UOCCA. In addition, selective neuronal death/
loss was induced in the above described regions of mild symp-
tomatic gerbils, and a substantial degree of activated astro-
cytes and microglia were found, although numbers of GFAP
and/or Iba-1 immunoreactive cells were different depending
on the ischemic regions 5 days after UOCCA.
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