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Abstract

Transient ischemia in the brain causes blood—brain barrier (BBB) breakdown and dysfunction, which is related to ischemia-
induced neuronal damage. Leakage of plasma proteins following transient ischemia is one of the indicators that is used to
determine the extent of BBB dysfunction. In this study, neuronal damage/death, leakage of albumin and IgG, microgliosis,
and inflammatory cytokine expression were examined in the hippocampal CA1 region, which is vulnerable to transient
ischemia, following 5-min (mild) and 15-min (severe) ischemia in gerbils induced by transient common carotid arteries
occlusion (tCCAo). tCCAo-induced neuronal damage/death occurred earlier and was more severe after 15-min tCCAo vs.
after 5-min tCCAo. Significant albumin and IgG leakage (albumin and IgG immunoreactivity) took 1 or 2 days to begin,
and immunoreactivity was markedly increased 5 days after 5-min tCCAo. While, albumin and IgG leakage began to increase
6 h after 15-min tCCAo and remained significantly higher over time than that seen in 5-min tCCAo. IgG immunoreactivity
was observed in degenerating neurons and activated microglia after tCCAo, and microglia were activated to a greater extent
after 15-min tCCAo than 5-min tCCAo. In addition, following 15-min tCCAo, pro-inflammatory cytokines [tumor necrosis
factor alpha (TNF-a) and interleukin 1 beta (IL-1f)] immunoreactivity was significantly higher than that seen following
5-min tCCAo, whereas immunoreactivity of anti-inflammatory cytokines (IL-4 and IL-13) was lower in 15-min than 5-min
tCCAo. These results indicate that duration of tCCAo differentially affects the timing and degree of neuronal damage or
loss, albumin and IgG leakage and inflammatory cytokine expression in brain tissue. In addition, more severe BBB leakage
is closely related to acceleration of neuronal damage through increased microglial activation and pro-inflammatory cytokine
expression in the ischemic hippocampal CA1 region.

Keywords BBB disruption and leakage - Neuronal death - Ischemic duration - Ischemia-reperfusion injury - Microglia -
Neuroinflammation

Introduction

Transient ischemia in brains is known to be induced by tem-

porary and marked reduction of cerebral blood flow, and
causes selective neuronal damage/death (loss) in vulner-

Choong-Hyun Lee and Ji Hyeon Ahn are co-first authors and
contributed equally to this article.

< Moo-Ho Won
mhwon @kangwon.ac.kr

>4 Soo Young Choi
sychoi@hallym.ac.kr

Extended author information available on the last page of the article

@ Springer

able brain regions [1, 2]. The hippocampus is composed of
CA1-3 regions, and it is known that the pyramidal neurons of
the CA1 region is most vulnerable [3, 4] and the pyramidal
neurons of the CA3 region is relatively resistant to transient
ischemia [5-7]. Death (loss) of pyramidal neurons in the CA1
region occurs at 45 days after 5-mim transient ischemia; this
phenomenon is called “delayed neuronal death (DND)” [3,
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8]; although interneurons in the CA1 region are resistant to
ischemia [9, 10]. Researchers studying the mechanisms of
DND have suggested glutamate-mediated excitotoxicity, oxi-
dative stress and neuroinflammatory process [11-14].

BBB dysfunction and endothelial damage, which are con-
sidered common pathological features, are seen in various
neurologic conditions such as ischemic stroke [15], epilepsy
[16], and multiple sclerosis [17]. Cerebral ischemia-induced
increases in oxidative stress and neuroinflammation are
known to promote BBB breakdown after cerebral ischemia,
and the disruption and increased permeability of the BBB
occurs rapidly and persists for days after onset of cerebral
ischemia [18-20]. In addition, it is generally accepted that
BBB dysfunction is one of the important mechanisms of
ischemia-induced neuronal damage and that the preservation
of BBB integrity may have a neuroprotective effect cerebral
ischemic damage [21-26].

Several methods, such as measurement of exogenous dyes
or blood proteins, to assess changes in BBB permeability
following cerebral ischemia have been introduced [18].
Among them, extravasation and accumulation of endog-
enous serum albumin and IgG following cerebral ischemia
is one of the most widely used indicators of BBB disruption
[22, 27-29]. Previous studies have investigated the distribu-
tion of serum proteins to elucidate the relationship between
leaked serum proteins and neuronal cell death in the brain
over time after transient ischemia. Notably, gliosis has been
identified in areas containing serum protein exudate after
ischemia [27, 30, 31].

Recently, we reported that neuronal damage and glial
activation in the hippocampus were distinct entities follow-
ing various durations of transient ischemia [32, 33]. How-
ever, while BBB dysfunction has been suggested as one of
the causes of ischemic neuronal death, especially in the hip-
pocampus, which is a brain structure that is more vulnerable
to transient ischemia compared to the cortex [34], striatum
[35], and septum [36], the relationship between neuronal
damage according to the ischemic duration, BBB dysfunc-
tion, and inflammatory factors has not yet been fully elu-
cidated. Therefore, the aim of this study was to examine
differences in neuronal damage, leakage of albumin and
IgG, microgliosis, and inflammatory cytokines in the gerbil
hippocampus following 5-min (mild) and 15-min (severe)
ischemia through transient common carotid arteries occlu-
sion (tCCAo0).

Materials and Methods
Experimental Animals, Protocol and Groups

Male Mongolian gerbils at six months of age (body weight,
64-76 g) were obtained from the Experimental Animal

Center of Kangwon National University (Chuncheon,
South Korea). They were cared under constant tempera-
ture (23 °C) and humidity (55%) with a 12-h light/dark
cycle. The handling and caring of the gerbils conformed
to the guidelines in the “Current international laws and
policies” included in the “NIH Guide for the Care and Use
of Laboratory Animals” published by The National Acad-
emies Press (8th Ed., 2011). Experimental protocol includ-
ing animal care and handling was approved (approval no.
KW-2000113-1) on 13th, January, 2020 by Institutional
Animal Care and Use Committee (IACUC) of Kangwon
National University (South Korea).

Gerbils (total n=140) were assigned to four groups: (1)
5-min sham tCCAo operated (5-min sham) group (subtotal
n=35); (2) 5-min tCCAo operated (5-min tCCAo) group
(subtotal n=35); (3) 15-min sham tCCAo operated (15-min
sham) group (subtotal n=35); (4) 15-min tCCAo operated
(15-min tCCAo) group (subtotal n=35).

Induction of tCCAo

As previously described in our published papers [32, 37,
38], surgical procedure of tCCAo was performed as follows.
Briefly, the gerbils were anesthetized with mixture of 2.5%
isoflurane (Baxtor, Deerfield, IL, USA) in 33% oxygen and
67% nitrous oxide. Under the anesthesia, common carotid
arteries located at both sides in the neck were isolated from
the carotid sheath and ligated for 5 and 15-mim for mild and
severe tCCAo, respectively. During tCCAo induction, body
temperature was checked with a rectal temperature probe
and controlled at normothermic condition (37 0.5 °C) by
using a thermometric blanket. The gerbils of the sham group
received the same surgical operation without occlusion of
the carotid arteries.

Preparation of Brain Sections

Sections containing the hippocampus were prepared as pre-
viously described studies [32, 37, 38]. In brief, the gerbils
in each group (n="7 at each point in time) were anesthetized
with 70 mg/kg pentobarbital sodium at designated times
(6 h, 12 h, 1 day, 2 days and 5 days after tCCAo). Under
anesthesia, the brains of the gerbils were washed by perfu-
sion with saline and fixed by perfused with 4% paraformal-
dehyde solution (in 0.1 M phosphate-buffer (PB), pH 7.4).
The brains were removed and more fixed in the fixative for
6 h. Thereafter, the brain tissues were infiltrated with 30%
sucrose solution to avoid tissue damage from freeze. These
brain tissues were sectioned into 30-pum thickness of fron-
tal sections in a cryostat, and then they were stored in well
plates containing PBS (pH 7.4) until histological staining.
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Histofluorescence with Fluoro-Jade B (FJB)

Histofluorescence with FIB (a fluorescent marker of cellu-
lar degeneration or death) was carried out to examine dam-
age/death of cells or neurons in gerbil hippocampus after
TL. In short, as described in our published papers [32, 37].
the prepared brain sections were immersed in solution of
0.06% potassium permanganate and stained with solution of
0.0004% F-I B (Histochem, Jefferson, AR, USA).

The count of FIB positive cells was counted in a
250 %250 um? at the middle of the CA1 region according to
our published method [32, 37]. Eight sections with 90-um
interval were selected in reference to anatomical landmarks
of the gerbil brain atlas [39]. The cells were observed with
a fluorescence microscope from Carl Zeiss with blue exci-
tation fluorescence filter between 450-490 nm (Gottingen,
Germany). Images of the cells, which underwent degenera-
tion with bright fluoresce in comparison to the background
[40], were captured and counted with Image J 1.59 software
(United States National Institute of Health).

Immunohistochemistry

The antibodies used in this study were Neuronal nuclear
antigen (NeuN) for detection of intact neurons, albumin
and IgG for detection for BBB leakage, TNF-a and IL-1p
for pro-inflammatory cytokines, IL-4 and IL-13 for anti-
inflammatory cytokines, and Iba-1 for detection of micro-
glial cells. The dilution and source of each antibody was
as follows: mouse anti-NeuN (diluted 1:1,000, Millipore,
Billerica, MA, USA), mouse anti-albumin (diluted 1:100,
Abcam, Cambridge, MA), rabbit anti-gerbil IgG antibody
(diluted 1:1,000, Bioss antibodies, Atlanta, GA, USA), rab-
bit anti-TNF-a (diluted 1:1000, Abcam, Cambridge, MA,
USA), rabbit anti-IL-1p (diluted 1:200, Santa Cruz Bio-
technology, Santa Cruz, CA, USA), rabbit anti-IL-4 (diluted
1:200, Santa Cruz Biotechnology, CA), rabbit anti-1L-13
(diluted 1:200, Santa Cruz Biotechnology, CA) and rabbit
anti-Iba-1 (diluted 1:800, Wako Chemicals, Japan). Immu-
nohistochemical staining was conducted according to our
published method [32, 37, 38]. In brief, the sections were
incubated in each solution of antibody for 12 h at 4 °C.
Thereafter the sections were incubated in biotinylated horse
anti-mouse (diluted 1:250, Vector, Burlingame, CA, USA)
and goat anti-rabbit (diluted 1:250, Vector, Burlingame, CA,
USA), followed by streptavidin peroxidase complex (diluted
1:250, Vector, Burlingame, CA). Finally, to change the end
product into brown, the sections were reacted in 3,3’-diam-
inobenzidine tetrahydrochloride (DAB) solution.

The count of NeuN immunoreactive neurons was per-
formed according to our published methods [3]. Briefly,
NeuN immunoreactive neurons were counted in a
250 %250 um? at the center of the CA1 region using Image
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J 1.59 software (United States National Institute of Health).
Five sections were selected with 120 um interval in reference
to anatomical landmarks of the gerbil brain atlas [39], and
cell counts were carried out by averaging the counts form
each animal. Quantitative analyses of albumin, IgG, TNF-
a, IL-1p, IL-4, IL-13 immunoreactivities were evaluated
as relative optical density (ROD) as %, as described in our
published papers [32, 37, 38]. In short, digital images of the
albumin, IgG, TNF-a, IL-1, IL-4, and IL-13 immunoreac-
tive structures were captured in all layers of the CA1 region
with the light microscope (BX53). The background was
taken from the areas adjacent to the measured area. ROD
was calibrated by using Adobe Photoshop version 8.0 and
Image J 1.59 software (United States National Institute of
Health) according to method by Sugawara et al. [41].

Double Immunofluorescence Staining

Double immunofluorescence staining was carried out to
identify cell types containing IgG immunoreactivity. Pri-
mary antibodies were rabbit anti-gerbil IgG (diluted 1:500,
Gene Tex, Inc., Irvine, CA, USA)/goat anti-Ibal (1:100,
abcam, Cambridge, MA, USA) to detect IgG localization in
microglia and IgG/mouse anti-NeuN (diluted 1:1000, Mil-
lipore, Billerica, MA, USA) to detect IgG localization in
neurons. In brief, as described in our published papers [37,
38, 42]. The sections were incubated in the mixture of the
antisera, followed by reacting in mixture of goat anti-rabbit
IgG conjugated to Alexa Fluor488 (diluted 1:500, Invitro-
gen, Waltham, MA, USA) and donkey anti-goat IgG conju-
gated to Alexa Fluor546 (diluted 1:500, Invitrogen, USA) or
goat anti-mouse IgG conjugated to Alexa Fluor 546 (diluted
1:500, Invitrogen, USA).

The double immunoreaction was observed with a fluores-
cence microscope from Carl Zeiss (Géttingen, Germany).

Statistical Analysis

Data shown in this study represent the mean + standard
deviation (SD) among experimental groups. The data were
statistically analyzed by using SPSS 18.0 (SPSS, Chicago,
IL, USA). Analysis of variance (ANOVA) with a post hoc
Bonferroni’s multiple comparison test was done to deter-
mine differences among groups. P < 0.05 was used for sta-
tistical significance.

Results
Neuronal Death After tCCAo

NeuN antibody was used for detection of neurons in the
hippocampus. NeuN immunoreactivity was changed after
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neuronal damage. In both the 5-min sham tCCAo operated
(5-min sham) group and 15-min sham tCCAo operated
(15-min sham) groups, strong NeuN immunoreactivity was
shown in pyramidal neurons located at the stratum pyrami-
dale in the CA1 region (Fig. 1A, B, a, and b). At 2 days
after tCCAo, the distribution pattern and numbers of NeuN"*
pyramidal neurons were not changed after 5-min tCCAo
(Fig. 1C, D and G); however, in the 15-min tCCAo group,
the numbers of NeuN-immunoreactive(*) pyramidal neu-
rons were significantly reduced (48.0% of the sham group)
(Fig. lc, d and G). Five days after tCCAo, a few NeuN*
pyramidal neurons (15.7% and 10.1% of the sham groups,
respectively) were found in both 5-min tCCAo and 15-min
tCCAo groups (Fig. 1E, F, e, f and G).

5 min

FJB is a fluorescent marker of cellular degeneration or
death. In this study, histofluorescence with FJB was used
to detect damaged or dead cells in gerbil hippocampus
after tCCAo. In all sham groups, no FJB positive(*) cells
were shown in the CAl region (Fig. 2A, B, and G). Two
days after 5-min and 15-min tCCAo, FIB™ cells were not
found after 5-min tCCAo (Fig. 2C, G); however, many
FIB* cells were shown in the SP after 15-min tCCAo
(Fig. 2D, G). At 5 days after tCCAo, many FIB™ cells were
detected in the SP of the 5-min tCCAo group (Fig. 2E, G),
and, at this point in time, the number of FIB* cells in the
15-min tCCAo group was higher (110.1%) than that in the
5-min tCCAo group (Fig. 2F and G).

15 min

@ 15-min tCCAo

[ O 5-min tcCAo

4
20 | D * %
0 . M
2d 5d
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Fig. 1 Immunohistochemical staining for NeuN in the CAl region
at sham (A, B, a, b), 2 days (C, D, ¢, d) and 5 days (E, F, e, f) in
the 5-min (A-F) and 15-min (a—f) tCCAo groups. NeuN* pyramidal
neurons are significantly decreased in number at 2 days after 15-min
tCCAo, not 5-min tCCAo. Five days after tCCAo, a few NeuN*
pyramidal neurons are observed in both the 5-min tCCAo and 15-min

/
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tCCAo groups. SO, stratum oriens; SP, stratum pyramidale; SR, stra-
tum radiatum. Scale bar=200 ym (A, C, E, a, c, e), 50 um (B, D, F,
b, d, f). G Numbers of NeuN"™ neurons in the SP. The bars indicate
the means+SD (n=7 at each time after tCCAo, *P<0.05, signifi-
cantly different from the sham groups, ‘P <0.03, significantly differ-
ent from the 5-min tCCAo group)
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Fig.2 FJB histofluorescence
in the CA1 region at sham (A,

5 min

15 min

B), 2 days (C, D) and 5 days
(A, B, E and F) in the 5-min
(A, Cand E) and 15-min (B,

D and F) tCCAo groups. FIB*
cells are found in the SP at

2 days after 15-min tCCAo,

not 5-min tCCAo. Five days
after tCCAo, numerous FIB*
cells are shown in the SP after
5-min and 15-min tCCAo.
Scale bar=50 pum. G Numbers
of FIB* cells in the SP. The
bars indicate the means + SD
(n="7 at each time after tCCAo,
P <0.05, significantly different
from the sham groups)
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BBB Leakage After tCCAo

In the present study, albumin immunohistochemistry was
conducted to examine BBB leakage following tCCAo
induced BBB dysfunction in the hippocampal CA1 region.
In all sham groups, albumin immunoreactivity was observed
inside blood vessels in the CA1 region (Fig. 3a, al). In the
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5-min tCCAo group, no marked change in albumin immuno-
reactivity was found at 6 h and 12 h after tCCAo compared
to that in the sham group (Fig. 3b, ¢ and g). However, albu-
min immunoreactivity began to increase at 1 day (384.1%
of the sham group) after tCCAo, and thereafter albumin
immunoreactivity was gradually increased throughout the
CA1 region, showing that, at 5 days after 5-min tCCAo,
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Fig. 3 Immunohistochemistry for albumin in the CA1 region at sham
(a, al), 6 h (b, bl), 12 h (c, cl), 1 day (d, d1), 2 days (e, el), and
5 days (f, f1) in the 5-min (a—f) and 15-min (al-f1) tCCAo groups.
Albumin immunoreactivity is gradually increased in both groups,
and the immunoreactivity at corresponding time after tCCAo is

albumin immunoreactivity was 9925.2% of the sham group
(Fig. 3d—g). In the 15-min tCCAo group, albumin immuno-
reactivity in the CA1 region was significantly increased from
6 h, showing that albumin immunoreactivity at 1 day, 2 days
and 5 days was 6256.1%, 6732.8% and 12,902.4%, respec-
tively, of that in the 5-min tCCAo group (Fig. 3b1-f1 and g).
In particular, at 1 day after 15-min tCCAo, albumin immu-
noreactivity was highly observed around vessels (Fig. 3d1).
In addition, very intense albumin immunoreactivity was
shown in the SP at 5 days after 15-min tCCAo (Fig. 3f1).
In the present study, IgG immunohistochemistry was
conducted to examine BBB leakage following tCCAo-
induced BBB dysfunction in the hippocampal CA1l

5d

much higher in the 15-min tCCAo group than that in the 5-min
tCCAo group. Scale bar=50 um. (g) ROD of albumin immunoreac-
tive structures. The bars indicate the means+SD (n=7 at each time
after tCCAo, P <0.03, significantly different from the sham groups,
TP <0.03, significantly different from the 5-min tCCAo group)

region. In both sham groups, IgG immunoreactivity was
observed inside blood vessels and no IgG extravasation
was not found in the CAl region after 5-min and 15-min
tCCAo (Fig. 4a, al). In the 5-min tCCAo group, there
was no significant change in IgG immunoreactivity at 6 h
and 12 h after tCCAo compared with that in the sham
group (Fig. 4b, c and g). However, one day after 5-min
tCCAo, IgG immunoreactivity in the CA1 region was sig-
nificantly increased and the immunoreactivity was gradu-
ally increased with time after tCCAo (Fig. 4d—f), show-
ing that, at 5 days after tCCAo, IgG immunoreactivity
was 4662.8% of the sham group (Fig. 4g). Interestingly,
IgG immunoreactivity was newly observed in cellular
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Fig.4 Immunohistochemistry for IgG in the CAl region at sham
(a, al), 6 h (b, bl), 12 h (¢, cl), 1 day (d, d1), 2 days (e, el), and
5 days (f, f1) in the 5-min (a—f) and 15-min (al-f1) tCCAo groups.
In all sham groups, IgG immunoreactivity is observed in blood ves-
sels. IgG extravasation is found from 1 day after 5-min tCCAo and
from 6 h after 15-min tCCAo. IgG immunoreactivity in the 15-min
tCCAo group is much higher than that in the 5-min tCCAo group at

components throughout the CAl region from 1 day after
tCCAo (Fig. 4d—f). In the 15-min tCCAo group, strong
IgG immunoreactivity was found in neuropil and around
blood vessels and in neuropil at 6 h after 15-min tCCAo
(Fig. 4b1), and thereafter IgG immunoreactivity was grad-
ually increased, showing that, at 5 days after tCCAo, very
strong IgG immunoreactivity (6031.6% of the sham group)
was shown (Fig. 4f1 and g). In addition, [gG immunoreac-
tivity at 5 days after tCCAo, IgG immunoreactivity in the
cellular components was stronger and clearer than that at
5 days after 5-min tCCAo (Fig. 4f1, g).
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each corresponding time after tCCAo. Note that strong IgG immu-
noreactivity is shown in cellular components (arrows) at 5 days after
15-min tCCAo. Scale bar=50 pm. (g) ROD of IgG immunoreac-
tive structures. The bars indicate the means+SD (n=7 at each time
after tCCAo, "P<0.05, significantly different from the sham groups,
P <0.05, significantly different from the 5-min tCCAo group)

To identify cell types expressing IgG immunoreactiv-
ity, double immunofluorescence staining was performed
for IgG/ionized calcium-binding adapter molecule 1 (Iba-
1, a marker for microglia) and IgG/NeuN (a marker for
neurons) in the CA1 region at 5 days after 15-min tCCAo.
IgG immunoreactivity was shown in Iba-1-immunoreac-
tive microglia throughout the CA1 region (Fig. SA-C) and
colocalized with NeuN-immunoreactive pyramidal neu-
rons (Fig. 5SD-F).
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Microglial Activation After tCCAo

In this study, microglial cells were immunohistochemi-
cally stained using Iba-1 antibody to examine change in
microgliosis. In both sham groups, Iba-1 immunoreac-
tive microglia, as a resting form, had small cytoplasm and
thin recesses, and they were distributed in all layers of the
CA1 region (Fig. 6A, B). In the 5-min tCCAo group, the
cytoplasm of Iba-1 immunoreactive microglia was hyper-
trophied, and their processes were thickened after tCCAo
(Fig. 6C, E and GI), showing that the ROD of the Iba-1
immunoreactivity was significantly increased with time
(153.7%, 219.4% and 502.6%, respectively, at 1 day, 2 days
and 5 days after 5-min tCCAo compared with that in the
sham group) (Fig. 61). Interestingly, at 5 days after 5-min
tCCAo, Iba-1 immunoreactive microglia were aggregated
in the stratum pyramidale (Fig. 6E). In the 15-min tCCAo
group, the activation of Iba-1 immunoreactive microglia
after 15-min tCCAo was higher than that in the 5-min
tCCAo group (Fig. 6D, F and H), showing that the ROD of
the Iba-1 immunoreactivity was much higher than that in the
5-min tCCAo group (214.2% at 1 day, 456.7% at 2 days and
733.1% at 5 days after 15-min tCCAo compared with that in
the sham group) (Fig. 61).

Changes of Pro-Inflammatory
and Anti-Inflammatory Cytokines After tCCAo

In this study, TNF-a and IL-1p immunohistochemistry was
conducted to examine the changes of pro-inflammatory
cytokines following tCCAo in the hippocampal CA1 region.

In both sham groups, TNF-a immunoreactivity was
shown in pyramidal cells (Fig. 7Aa, Aal), showing that the
immunoreactivity was not different between the 5-min sham
and 15-min sham groups (Fig. 7C). In the 5-min tCCAo
group, TNF-a immunoreactivity in the pyramidal cells was
gradually and significantly increased from 6 h to 1 day after
tCCAo0 (163.6% at 6 h, 248.1% at 12 h and 410.2% at 1 day
compared with that in the 5-min sham group) (Fig. 7Ab,
Ac and Ad and C), thereafter TNF-o immunoreactivity was
decreased (365.2% at 2 days and 56.6% at 5 days compared
with that in the 5-min sham group) (Fig. 7Ae, Af and C). In
the 15-min tCCAo group, TNF-a immunoreactivity in the
pyramidal neurons was also increased from 6 h after tCCAo
to 1 day after tCCAo, showing that its ROD was significantly
higher (224.8% at 6 h, 469.6% at 12 h and 515.4% at 1 day)
than that in the 5-min sham group (Fig. 7Aal, Abl, Acl and
C). Thereafter, TNF-a immunoreactivity was also gradu-
ally decreased, but its ROD was higher (217.3% at 2 days

Fig.5 Double immunofluorescence staining for IgG (green, A and
D), Iba-1 (red, B) or NeuN (red, E), and merged images (C, F) in
the CAl region at 5 days after 15-min tCCAo. IgG immunoreactiv-

ity is localized in Iba-1-immunoreactive microglia (arrows in C) and
NeuN-immunoreactive neurons (arrows in F). Scale bar=50 pm
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Fig. 6 Immunohistochemistry for Iba-1 in the CAl region at sham
(A, B) and 1 day (C, D), 2 days (E, F) and 5 days (G, H) in the 5-min
(A, C, E and G) and 15-min (B, D, F and H) tCCAo groups. Iba-1
immunoreactive microglia are activated (hypertrophied cell body and
thickened processes) after 5-min tCCAo and 15-min tCCAo, showing
that the activation in the 15-min tCCAo group is higher than that in
the 5-min tCCAo group. Scale bar=50 um. (I) ROD of Iba-1 immu-
noreactive structures. The bars indicate the means+SD (n=7 at each
time after tCCAo, "P<0.05, significantly different from the sham
group, P <0.03, significantly different from the 5-min tCCAo group)

and 66.1% at 5 days) than that in the 5-min tCCAo group
(Fig. 7Ael, Afl and C).

In the 5-min sham and 15-min sham groups, IL-1f
immunoreactivity was also found in pyramidal cells
(Fig. 7Ba and Bal), and the immunoreactivity in the two
groups was similar to each other (Fig. 7Ba, Bal and D).
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In the 5-min tCCAo group, IL-1p immunoreactivity in the
pyramidal cells was not altered at 6 h, decreased at 12 h
(59.6%) and highest (172.3%) at 1 day after TI compared
with that in the 5-min sham group (Fig. 7Bb, Bc, Bd and
D). Thereafter IL-1p immunoreactivity was decreased
(158.1% at 2 days and 35.9% at 5 days compared with
that in the 5-min sham group) (Fig. 7Be, Bf and D). In
the 15-min tCCAo group, IL-1p immunoreactivity in the
pyramidal neurons was not also changed 6 h after tCCAo,
increased until 1 day after tCCAo, showing that its ROD
was 129.7% at 12 h and 238.3% at 1 day compared with
that in the 5-min tCCAo group (Fig. 7Bal,7Bb1,7Bcl and
7D). Thereafter, IL-1p immunoreactivity was also gradu-
ally decreased, but its ROD was also higher (126.5% at
2 day and 65.4% at 5 days) than that in the 5-min tCCAo
group (Fig. 7Ael, Afl and C).

In this study, IL-4 and IL-13 immunohistochemistry
was conducted to examine the changes of anti-inflamma-
tory cytokines following tCCAo in the hippocampal CAl
region.

IL-4 immunoreactivity was weakly observed in pyrami-
dal cells in both 5-min sham and 15-min sham groups
(Fig. 8Aa and Aal), showing that the immunoreactivity
was not different between the two groups (Fig. 8C). In
the 5-min tCCAo group, IL-4 immunoreactivity in the
pyramidal cells was decreased with time after tCCAo,
showing that, at 5 days after tCCAo, the IL-4 immunore-
activity was the lowest (37.5% of the 5-min sham group)
(Fig. 8Aa—Af and C). In the 15-min tCCAo group, IL-4
immunoreactivity in the pyramidal neurons was also
significantly decreased with time after tCCAo, showing
that the immunoreactivity until 1 day after tCCAo was
not significantly different from that in the 5-min tCCAo
group but significantly lower at 2 days (25.9%) and 5 days
(21.3%) after tCCAo than that in the 5-min tCCAo group
(Fig. 8Aal-Af1 and C).

Strong IL-13 immunoreactivity was shown in pyrami-
dal neurons in both 5-min sham and 15-min sham groups
(Fig. 8Ba and Bal), and the immunoreactivity was simi-
lar to each other (Fig. 8D). In the 5-min tCCAo group,
IL-13 immunoreactivity in the pyramidal cells was gradu-
ally from 6 h after tCCAo, and, at 5 days after tCCAo,
the IL-13 immunoreactivity was the lowest (21.2% of the
5-min sham group) (Fig. 8Ba-Bf and D). In the 15-min
tCCAo group, IL-13 immunoreactivity in the pyramidal
neurons was also significantly decreased with time after
tCCAo, but the immunoreactivity at all points in time
after tCCAo was significantly lower than that in the 5-min
tCCAo group, showing that the ROD was 70.8% at 6 h,
48.1% at 12 h, 34.9% at 1 day, 19.4% at 2 days and 14.5%
at 5 days after tCCAo compared with that in the 5-min
tCCAo group (Fig. 8Aal-Afl and D).
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Fig. 7 Immunohistochemistry for TNF-a (A) and IL-1f (B) in the
CA1 region at sham (a, al), 6 h (b, bl), 12 h (c, cl), 1 day (d, d1),
2 days (e, el), and 5 days (f, f1) in the 5-min (a—f) and 15-min (al-
f1) tCCAo groups. TNF-a immunoreactivity is shown in pyramidal
cells and gradually increased until 1 day after tCCAo. In the 15-min
tCCAo group, TNF-a immunoreactivity is also gradually increased
until 1 day after tCCAo, showing that the immunoreactivity is sig-
nificantly higher than that in the 5-min tCCAo group. IL-1f immu-
noreactivity is also found in pyramidal cells. IL-1 immunoreactiv-

Discussion

In the present study, to investigate the possible mechanisms
of neuronal death after tCCAo, we examined differences in
neuronal damage, BBB permeability (leakage of albumin
and IgG), microgliosis, and inflammatory cytokine expres-
sion in the gerbil hippocampal CA1 region, which is vulner-
able to tCCAo, following 5-min and 15-min tCCAo using
immunohistochemistry.

In the present study, we found that the neuronal damage
and death induced by 15-min tCCAo occurred much earlier
and was more severe than that induced by 15-min tCCAo

ity in the 5-min tCCAo group is significantly increased 1 day after
tCCAo and then decreased. In the 15-min tCCAo group, IL-1§
immunoreactivity is altered like the change of TNF-a, showing that
the immunoreactivity is significantly high compared with that in the
5-min tCCAo group. Scale bar=50 pm. (C, D) ROD of TNF-a (C)
and IL-1p (D) immunoreactive structures in the SP. The bars indicate
the means +SD (n=7 at each time after tCCAo TI, “P<0.05, sig-
nificantly different from sham group, "P <0.05, significantly different
from 5-min tCCAo group)

in pyramidal neurons, which are the principal neurons in
the stratum pyramidale (SP) of the CA1 region. This find-
ing confirmed the results of a previous study showing that
neuronal damage/death in the CA1 region of the gerbil hip-
pocampus occurred much more rapidly and was more severe
after longer-duration ischemia [32]. In addition, more severe
tissue injury was observed in the rat brain after middle cer-
ebral artery occlusion (MCAO) with increased ischemic
duration [43]. However, even brief ischemic episodes of at
least 5-min cause neuronal death in the CA1 region that is
irreversible from 5 days after tCCAo [44, 45], which results
in a decrease in short-term memory function [46, 47].
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Fig.8 A, B Immunohistochemistry for IL-4 (A) and IL-13 (B) in
the CA1 region at sham (a, al), 6 h (b, bl), 12 h (¢, cl), 1 day (d,
d1), 2 days (e, el), and 5 days (f, f1) in the 5-min (a—f) and 15-min
(al-f1) tCCAo group. IL-4 immunoreactivity is shown in pyramidal
neurons and gradually decreased after tCCAo. In the 15-min tCCAo
group, IL-4 immunoreactivity until 1 day after tCCAo is similar to
that in the 5-min tCCAo group, but significantly lower at 2 and 5 days
than that in the 5-min tCCAo group. IL-3 immunoreactivity is also

BBB leakage is known as one of the common pathologi-
cal features in brain diseases involving ischemia. Assess-
ment of leakage of serum albumin and IgG is widely used
to determine BBB disruption following cerebral ischemia
[18, 27-29, 48]. A prior study reported that extravasation of
serum proteins, such as IgG, albumin and complement factor
C3, was detected in ipsilateral ischemic tissues and some-
times in ischemic tissues of the contralateral hemisphere
following focal ischemia induced by MCAO in rats [49].
Also, the degree of it was reported that BBB permeability,
assessed by IgG extravasation, was significantly increased in
the ipsilateral cerebral cortex following MCAO in rats [25].
In the current study, we found that significant leakage of
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found in pyramidal cells and gradually decreased after tCCAo. In
the 15-min tCCAo group, IL-3 immunoreactivity is significantly low
at all points in time compared with that in the 5-min tCCAo group.
Scale bar=50 pm. (C, D) ROD of IL-4 (C) and IL-13 (D) immuno-
reactive structures in the SP. The bars indicate the means+SD (n=7
at each time after tCCAo, "P<0.05, significantly different from sham
group, P <0.03, significantly different from 5-min tCCAo group)

albumin and IgG in the CA1 region began at 1 or 2 days after
5-min tCCAo and that albumin and IgG immunoreactivity
was markedly increased at 5 days after 5-min tCCAo. This
finding is consistent with that of studies showing that serum
albumin [42] and IgG [37] extravasation occurred in the ger-
bil CA1 region at 2 days after 5-min tCCAo and albumin and
IgG immunoreactivity was significantly increased at 5 days
post-tCCAo. Additionally, we found that albumin and IgG
leakage was more severe and occurred at earlier time points
following 15-min tCCAo vs. 5-min tCCAo and the immuno-
reactivities of albumin and IgG in the 15-min tCCAo group
was significantly greater at all post-tCCAo time points than
that in the 5-min tCCAo group. This result indicates that
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more severe BBB leakage occurs more quickly in the CA1
region following 15-min tCCAo compared to 5-min tCCAo;
it is in line with the results of a previous study showing
that increased duration of tCCAo causes more severe vas-
cular disruption and IgG leakage in the rat brain follow-
ing MCAO and implies that more severe BBB disruption
is closely related to an increase in ischemic duration [43].
To the best of our knowledge, this is the first study confirm
the changes in BBB permeability with different duration of
ischemia in a gerbil model of transient cerebral ischemia, not
focal ischemia leading necrosis.

We recently reported that albumin immunoreactivity was
markedly increased in Iba-1immunoreactive microglia and
pyramidal neurons in the gerbil hippocampal CA1 region
after 5-min tCCAo [42]. In the current study, we also found
that IgG immunoreactivity was observed in NeuN-immuno-
reactive neurons and Iba-1-immunoreactive microglia in the
CAl region following 5-min and 15-min tCCAo, showing
that, in particular, weak IgG immunoreactivity began appear
in microglia at 1 day after 5-min tCCAo and at 6 h after
15-min tCCAOo, and that the extent of [gG immunoreactivity
in the 15-min tCCAo group was significantly stronger than
that in the 5-min tCCAo group. Michalski et al. reported that
IgG and FITC-albumin immunoreactivity was observed in
neurons and activated microglia in rat brain tissue follow-
ing MCAO [28]. In addition, Zhang et al. reported that IgG
immunoreactivity was shown in neuronal cell bodies and rat
brain parenchyma at 14 days after MCAO [26]. Furthermore,
Michalak et al. reported that IgG accumulated in human and
rodent hippocampal neurons following epileptic episodes,
and they suggested that IgG leakage might lead to neuronal
dysfunction and degeneration [50]. Taken together, these
results imply that extravasated albumin and IgG is ingested
or bounded by activated microglia and neurons and that,
especially, IgG accumulation in neurons can contribute to
tCCAo-induced delayed neuronal death.

It has been theorized that BBB damage and extrava-
sation of serum proteins can promote activation of the
immune response, which contributes to cell death in
injured brain regions after ischemia [49]. Microglia that
are activated before neuronal death participate in various
responses, including microglia-mediated cytokine release
(such as TNF-a, IL-1p, interferon-y, etc.), which enhances
the inflammatory process, contributes to BBB damage,
and results in ischemic neuronal death [51, 52]. Activation
of microglia with morphological changes and increased
immunoreactivity in response to ischemic injury has been
reported in the CA1 region after tCCAo in gerbils [53, 54].
In our current study, Iba-1 immunoreactive microglia were
activated after both 5-min and 15-min tCCAo. However,
the activated microglia became aggregated in the SP ear-
lier in the 15-min tCCAo group than in the 5-min tCCAo

group. Half of all pyramidal cells located in the SP were
lost after 15-min tCCAo. While the same cells remained
alive in the 5-min tCCAo group. This finding is in agree-
ment with some studies showing excessive microglia acti-
vation and clustering at the site of accelerated neuronal
death in the hippocampal CA1 region after longer-duration
tCCAOo in rodents, suggesting that the observed microglia
must be blood-derived phagocytic macrophages [41, 55].

It has been reported that albumin can access central nerv-
ous system (CNS) tissue following BBB damage and leak-
age and that this albumin can be exposed to inflammatory
processes and tissue damage [17]. In addition, IgG in brain
parenchyma can trigger a detrimental inflammatory response
by producing TNF-«a through the formation of immune com-
plexes with microglia in responses to brain diseases [56].
Yang et al. recently reported that an intracerebral injection
of IgG from lupus serum induced microglial activation and
increased expression of pro-inflammatory cytokines (IL-1f,
TNF-a and IL-6) in brain tissue [57]. In addition, Clausen
et al. reported that TNF-a and IL-1f were expressed in neu-
rons and microglia in ischemic brain [58]. Similar to these
previous findings, in the current research, 15-min tCCAo sig-
nificantly increased pro-inflammatory cytokine (TNF-a and
IL-1pB) immunoreactivity in the ischemic CA1l region and
significantly reduced the immunoreactivities of anti-inflam-
matory cytokines (IL-4 and IL-13) compared with those in
the 5-min tCCAo group. This finding corresponded with the
significantly increased immunoreactivities of albumin and
IgG, and microglial activation in the 15-min tCCAo group.
In a recent study by Ronaldson et al., when resting microglia
were activated under pathological stress and polarized to M1
microglia, expression of pro-inflammatory cytokines (TNF-
a, IL-1p, IL-6, and IL-12 etc.) increased leading to BBB
dysfunction, whereas, when the microglia polarized to M2
microglia, anti-inflammatory cytokine (IL-10, transform-
ing growth factor-p1) expression increased, which helped
protect the BBB [59]. Together, all of these results indicate
that an increase in pro-inflammatory cytokine expression
and a decrease in anti-inflammatory cytokine expression
after tCCAo are closely related to leakage of serum proteins
and activation of microglia and that the degree of cytokine
expression is dependent on tCCAo duration.

In conclusion, the current study showed that 15-min
tCCAo accelerated neuronal damage in gerbil hippocampal
CA1 region due to earlier and more severe increases in BBB
permeability (albumin and IgG leakage), microglial activa-
tion and pro-inflammatory cytokine production than 5-min
tCCAo. Based on these results, in-depth research on inhibi-
tion of neuronal death via regulation of BBB permeability
should be conducted in the future. Based on these results,
in-depth research on inhibition of neuronal death via regula-
tion of BBB permeability should be conducted in the future.
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