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Abstract. Chemokine C‑X3‑C motif ligand 1 (CX3CL1) 
and its sole receptor, CX3CR1, are known to be involved 
in neuronal damage/death following brain ischemia. In 
the present study, time‑dependent expression changes of 
CX3CL1 and CX3CR1 proteins were investigated in the 
hippocampal CA1 field following 5 min of transient global 
cerebral ischemia (tgCI) in gerbils. To induce tgCI in gerbils, 
bilateral common carotid arteries were occluded for 5 min 
using aneurysm clips. Expression changes of CX3CL1 and 
CX3CR1 proteins were assessed at 1, 2 and 5 days after tgCI 
using western blotting and immunohistochemistry. CX3CL1 
immunoreactivity was strong in the CA1 pyramidal cells of 
animals in the sham operation group. Weak CX3CL1 immu-
noreactivity was detected at 6 h after tgCI, recovered at 1 day 
after tgCI and disappeared from 5 days after tgCI. CX3CR1 
immunoreactivity was very weak in CA1 pyramidal cells of 
the sham animals. CX3CR1 immunoreactivity in CA1 pyra-
midal cells was significantly increased at 1 days after tgCI and 
gradually decreased thereafter. On the other hand, CX3CR1 
immunoreactivity was significantly increased in microglia 

from 5 days after tgCI. These results showed that CX3CL1 
and CX3CR1 protein expression levels in pyramidal cells and 
microglia in the hippocampal CA1 field following tgCI were 
changed, indicating that tgCI‑induced expression changes of 
CX3CL1 and CX3CR1 proteins might be closely associated 
with tgCI‑induced delayed neuronal death and microglial 
activation.

Introduction

It is well known that brain injury and ischemic insults cause 
neuronal damage/death by increasing intracellular calcium 
concentration, glutamate‑mediated excitotoxicity and oxidative 
stress following ischemic events (1‑4). In addition, overactiva-
tion of neuroinflammatory responses including microglial 
activation and increases of proinflammatory cytokines can 
lead to brain injury including neuronal death/loss (5‑8).

Chemokines, as regulators of brain inflammation, are 
known to be detrimental factors following brain isch-
emic insults because their overexpression can increase 
ischemia‑induced brain injuries and recruitment of inflam-
matory cells (9‑11). Among various chemokines, chemokine 
C‑X3‑C motif ligand 1 (CX3CL1, also called as fractalkine) 
as one of CX3C chemokines is constitutively expressed 
in the central nervous system. It is especially localized in 
neurons  (12). CX3C chemokine receptor  1  (CX3CR1), a 
G‑protein‑coupled receptor, is the sole receptor for CX3CL1. 
Certain previous studies have demonstrated that it is expressed 
in microglia  (12‑14). It has widely been accepted that the 
CX3CL1/CX3CR1 signaling pathway plays important roles 
in regulating cellular interactions between neurons and 
microglia in the brain (12,15). In addition, CX3CL1/CX3CR1 
pathway has been thought to be associated with the activation 
and recruitment of microglia (15‑17). CX3CL1 is known to 
suppress microglial activation and CX3CR1 plays an impor-
tant role in modulating normal microglial activity by inhibiting 
microglial activity (18‑20).
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Previous studies have reported ischemia‑induced changes 
of CX3CL1 and/or CX3CR1 expression in rodent brains 
following focal cerebral ischemia (17,21‑23). However, the 
expression and roles of CX3CL1 and CX3CR1 in the brain 
following transient global cerebral ischemia (tgCI) in rodents 
have not been fully elucidated yet. It is known that tgCI in the 
brain is caused by impaired blood flow, leading to depriva-
tion of oxygen and glucose and resulting in selective neuronal 
death/damage in vulnerable brain regions including the 
hippocampus (24,25). In the hippocampus, pyramidal cells 
in the CA1 field are known to be vulnerable to tgCI. Death 
of CA1 pyramidal cells induced by tgCI is called ‘delayed 
neuronal death (DND)’ because CA1 pyramidal cells will die 
a few days after tgCI for 5 min (24). Therefore, the objective of 
the present study was to investigate time‑dependent changes 
of CX3CL1 and CX3CR1 expression in neuronal and/or glial 
cells of the gerbil hippocampal CA1 field following 5 min 
of tgCI.

Materials and methods

Experimental animals. Male Mongolian gerbils (Meriones 
unguiculatus), aged 6 months (body weight ~68‑73 g; n=84), 
were obtained from the Experimental Animal Center, 
Kangwon National University, (Chuncheon, Republic of 
Korea). The animals were housed in a conventional state under 
adequate temperature (23˚C) and humidity (60%) control, 
with a 12‑h light/12‑h dark cycle and were provided with free 
access to food and water. Experimental procedures for this 
study were approved by the Institutional Animal Care and 
Use Committee at Kangwon National University (approval 
number: KW‑180124‑1). In this study, numbers of animals 
used and the suffering caused by the procedures used in this 
experiment were minimized.

tgCI induction. According to the method of the authors' 
previous studies (7,26,27), the induction of tgCI was performed. 
In brief, the gerbils were anesthetized with a mixture of isoflu-
rane (2.5%) in oxygen (30%) and nitrous oxide (70%), with a 
modification of methods of previous studies (28‑30) and level 
of anesthesia was confirmed by pedal reflex (firm toe pinch). 
Bilateral common carotid arteries were occluded for 5 min 
using aneurysm clips. The complete interruption of blood flow 
was confirmed by observing the central artery in the retina 
using an ophthalmoscope (Heine Optotechnik). Their rectal 
temperature (37±0.5˚C) was kept using a thermometric blanket 
during and after tgCI. Sham operated gerbils were subjected to 
the same procedure without bilateral common carotid artery 
occlusion.

Western blotting. CX3CL1 and CX3CR1 protein levels in the 
CA1 field were analyzed at designated times (6 h, 1, 2, 5 and 
10 days after tgCI) using western blot method. According to 
the authors' published method (7), in short, 7 animals at each 
point in time were anaesthetized with sodium pentobarbital 
(60 mg/kg, i.p.) and their brains were removed. Their brains 
were serially and transversely cut into 400‑µm thickness 
using a vibratome (Leica Camera AG; Leica Microsystems, 
Inc.). CA1 fields were dissected with a surgical blade and 
homogenized in 50  mM phosphate‑buffered saline (PBS; 

pH 7.4) containing 0.1 mM ethylene glycol bis (2‑aminoethyl 
ether)‑N,N,N0,N0 tetraacetic acid (pH 8.0), 0.2% Nonidet 
P‑40, 10 mM ethylendiamine tetraacetic acid (pH 8.0), 15 mM 
sodium pyrophosphate, 100 mM β‑glycerophosphate, 50 mM 
NaF, 150 mM NaCl, 2 mM sodium orthovanadate, 1 mM 
phenylmethylsulfonyl fluoride and 1 mM dithiothreitol (DTT). 
The homogenized tissues were centrifugated at 16,000 x g for 
20 min at 4˚C and protein levels of CX3CL1 and CX3CR1 
were determined using a Micro BCA protein assay kit (Pierce 
Chemical, Co.). Aliquot containing total protein (20 mg) was 
boiled in loading buffer containing 150 mM Tris‑HCI (pH 6.8), 
6% SDS, 3 mM DTT, 0.3% bromophenol blue and 30% glycerol 
and loaded onto 10% polyacrylamide gel. The gel was trans-
ferred to nitrocellulose transfer membranes (Pall Corporation) 
after electrophoresis. The background of the membrane was 
reduced with 5% nonfat dry milk in PBS containing 0.1% 
Tween-20 for 40 min at room temperature and the membrane 
was reacted with rabbit anti‑CX3CL1 (cat. no. NBP1‑49539; 
1:1,000; Novus Biologicals, LLC) or mouse anti‑CX3CR1 
(cat. no. 824001; 1:1,000; BioLegend Inc.) overnight at 4˚C. 
Followed by incubation with peroxidase‑conjugated goat 
anti‑rabbit or mouse IgG (cat nos.  ab6721 and ab205719; 
1:5,000; Abcam) for 1 h at room temperature and visualization 
with a Pierce ECL western blotting substrate (cat. no. 32106; 
Thermo Fisher Scientific, Inc.). The loading control was carried 
out using mouse anti‑β‑actin antibody (cat. no. A5316; 1:5,000; 
Sigma‑Aldrich; Merck KGaA). Western blot analysis using 
homogenates at all experimental time‑points was performed 
simultaneously. Results of the western blotting were scanned 
and the quantification of the bands was densitometrically 
analyzed using ImageJ 1.46 software (National Institutes of 
Health). The quantification was represented by relative optical 
density (ROD). A ratio of the ROD was calibrated as %: The 
sham operated gerbil was designated as 100%.

Preparation of histological sections. For cresyl violet (CV) 
staining, fluoro‑jade B (FJB) histofluorescence, immunohis-
tochemical and double immunofluorescence stainings, brain 
sections containing the hippocampus were prepared from the 
sham and tgCI operated gerbils (n=7 at each point in time) at 
designated times (6 h, 1, 2, 5 and 10 days after tgCI). According 
to the authors' published method (7,26,27), the gerbils were 
anaesthetized with sodium pentobarbital and perfused trans-
cardially with 0.1 M PBS followed by 4% paraformaldehyde. 
And then, their brains were removed and postfixed with the 
same fixative for 8 h at room temperature and cryoprotected 
by infiltration with 30% sucrose for 10 h. The tissues were 
serially sectioned into 30‑µm frontal sections in a cryostat 
(Leica Microsystems).

In addition, sham operated tissue was presented only at 
5 days after tgCI, because there were no significant differ-
ences between the sham control samples at each designated 
time (data not shown).

CV staining. CV histochemical staining was performed to 
investigate cellular distribution and morphology. In brief, 
according to the authors' published method (31), CV acetate 
(Sigma‑Aldrich; Merck KGaA) was dissolved (1%) in distilled 
water (DW) and glacial acetic acid was added to this solution. 
Sections of each group were stained with CV solution and 
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dehydrated with serial ethanol. The sections were examined 
using an AxioM1 light microscope (Carl Zeiss AG).

FJB histofluorescence staining. FJB [a marker for neurode-
generation (32)] histofluorescence staining was performed to 
examine tgCI‑induced DND in the CA1 field. As previously 
described (7,26,27), in brief, the sections were serially stained 
with a 1% sodium hydroxide solution, a 0.06% potassium 
permanganate solution and a 0.0004% FJB (cat. no. AG301; 
Merck  KGaA) solution at room temperature. The reacted 
sections were examined using an epifluorescent micro-
scope (Carl Zeiss AG) equipped with a blue excitation light 
(450‑490 nm) and a barrier filter.

Immunohistochemistry. Immunohistochemical staining was 
carried out for ionized calcium‑binding adapter molecule 1 
(Iba1; a marker for microglia), CX3CL1 and CX3CR1. 
According to the authors' previous studies  (7,26,27), in 
brief, the sections were incubated with rabbit anti‑Iba1 (cat. 
no.  019‑19741; 1:800; Wako Pure Chemical Industries, 
Ltd.) for microglia, rabbit anti‑CX3CL1/Fractalkine (cat. 
no. NBP1‑49539; 1:250; Novus Biologicals, LLC), or mouse 
anti‑CX3CR1 (cat. no.  824001; 1:100; BioLegend Inc.) as 
primary antibodies overnight at 4˚C. The reacted sections 
were exposed to biotinylated goat anti‑rabbit IgG or horse 
anti‑mouse IgG (cat. nos.  BA‑1000 and BA‑2000; 1:250; 
Vector Laboratories) for 1 h at room temperature and strepta-
vidin peroxidase complex. Finally, the reacted sections were 
visualized with 3,3'‑diaminobenzidine at room temperature.

In order to confirm the specificity of each immunoreaction, 
each negative control test was done using pre‑immune serum 
(Vector Laboratories) instead of each primary antibody. Each 
negative control test showed no immunoreactivity in each 
immunostained tissue. In addition, immunohistochemical 
staining was performed simultaneously at all experimental 
time‑points.

Double immunofluorescence staining. To examine cell 
types containing CX3CR1 immunoreactivity, double immu-
nofluorescence staining was performed according to the 
authors' published protocol (27). In brief, mouse anti‑CX3CR1 
(cat. no. 824001; 1:50; BioLegend Inc.)/rabbit anti‑Iba1 (cat. 
no. 019‑19741; 1:400; Wako Pure Chemical Industries, Ltd.) 
were used for microglia. The sections were incubated in the 
mixture of the antisera overnight at 4˚C and the incubated 
sections were reacted in a mixture of both goat anti‑mouse 
IgG, Alexa Fluor488 (cat. no. A‑11001; 1:500; Invitrogen; 
Thermo Fisher Scientific, Inc.) and donkey anti‑rabbit IgG, 
Alexa Fluor546 (cat. no. A10040; 1:500; Invitrogen; Thermo 
Fisher Scientific, Inc.) for 1  h at room temperature. The 
immunoreaction was observed under a confocal microscope 
(LSM510 META NLO; Carl Zeiss AG) in the Korea Basic 
Science Institute Chuncheon Center.

Data analyses. Data analyses were performed by two or three 
investigators, who were blind to the experimental conditions. 
First, the numbers of CV and FJB positive cells were analyzed 
according to the authors' published method  (27). In brief, 
8 sections were selected from each animal with 120‑µm interval 
according to antero‑posterior ‑1.4 to ‑2.2 mm of the gerbil brain 

atlas. Images of CV and FJB positive cells were captured with 
an AxioM1 light microscope (Carl Zeiss AG) equipped with a 
digital camera (Axiocam; Carl Zeiss AG) connected to a PC 
monitor. Cells were obtained in a 250x250 µm square and the 
cell counts were obtained by averaging the total number of CV 
and FJB positive cells from each animal per group using an 
image analyzing system (software: Optimas 6.5; CyberMetrics 
Corporation).

For quantitative analyses of Iba1, CX3CL1 and CX3CR1 
immunoreactivities, 8 sections were selected with 120‑µm 
interval in each gerbil. Each immunoreactive image in the CA1 
field was captured with an AxioM1 light microscope (Carl 
Zeiss AG) equipped with a camera (Axiocam; Carl Zeiss AG) 
connected to a PC monitor. According to the authors' published 
method (7,26,27), each image was captured in a corresponding 
area (250x250 µm) of the CA1 field at 40X primary magnifica-
tion and the image was calibrated into an array of 512x512 pixels. 
The densities of Iba1, CX3CL1 and CX3CR1 immunoreactive 
structures were evaluated on the basis of optical density (OD): 
The OD was obtained after the transformation of the mean gray 
level using the formula: OD = log (256/mean gray level). After 
the background density was subtracted, a ratio of the OD was 
calibrated as % [relative optical density (ROD)] and analyzed 
using NIH ImageJ 1.59 software (National Institute of Health). 
A ratio of the ROD was calibrated as %, with sham tgCI oper-
ated gerbils designated as 100%.

Statistical analysis. The data shown in the present study 
represent the mean ± standard error of the mean. The normality 
test was performed using a Kolmogorov and Smirnov test 
for testing normal distributions, and Bartlett test for testing 
identical standard distributions. All data passed normality 
tests. Differences of the means among the groups were statisti-
cally analyzed by analysis of variance with Duncan's post hoc 
test in order to elucidate ischemia‑related differences among 
experimental groups. P<0.05 was considered to indicate a 
statistically significant difference.

Results

tgCI‑induced changes in CX3CL1 and CX3CR1 protein levels. 
CX3CL1 and CX3CR1 protein levels in the CA1 field were 
significantly changed with time after tgCI (Fig. 1). CX3CL1 
and CX3CR1 protein levels were significantly decreased by 
~65% (P<0.05) and 26% (P<0.05) at 6 h after tgCI compared 
with the sham operated group. Additionally, compared with the 
6 h group, CX3CL1 and CX3CR1 protein levels were signifi-
cantly increased by ~165% (P<0.05) and ~206% (P<0.05), 
respectively at 1 day after tgCI, and compared with the 1 day 
group, CX3CL1 and CX3CR1 protein levels were significantly 
decreased by ~130% (P<0.05) and 100% (P<0.05), respec-
tively, at 2 days after tgCI. At 5 days after tgCI, CX3CL1 
protein level was significantly decreased (P<0.05) by ~35%; 
however, CX3CR1 protein level was significantly increased 
(P<0.05) by ~145%, compared with those at 2 days after tgCI. 
At 10 days after tgCI, CX3CL1 and CX3CR1 protein levels 
were not significantly different from those at 5 days post‑tgCI.

tgCI‑induces DND and microglia activation. tgCI‑induced 
DND was examined in the CA1 field at 5 days after tgCI using 
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CV staining and FJB histofluorescence staining (Figs. 2 and 3). 
CV staining was shown in cells of the stratum pyramidale, 
which are called pyramidal neurons, in the CA1‑3 field of the 
sham operated group (Fig. 2A and G). In the ischemia oper-
ated group, pyramidal neurons were also well stained with 
CV until 2 days after tgCI (Fig. 2B, D, H and J); however, 
numbers of CV positive pyramidal neurons were significantly 
decreased (P<0.05) in the CA1 field from 5 days after tgCI 
(Fig. 2E, F and K‑M).

In the sham operated gerbils, no FJB positive cells were 
found in any layer (Fig. 3A). In addition, FJB positive cells 
were not observed until 2 days post‑tgCI (Fig. 3B‑D). However, 
at 5 and 10 days after tGCI, a number of FJB positive cells 
were observed in the stratum pyramidale of the CA1 field, not 
CA2/3 field, and the number of FJB positive cells was signifi-
cantly increased (P<0.05) compared with the sham group 
(Fig. 3E‑G).

Significant changes of microglia were found, which are 
mononuclear phagocytic cells, in the CA1 field after tgCI (Fig. 4). 
Iba1 immunoreactive microglia were observed as a resting form 
in the sham operated group and they were scattered in all layers 
of the CA1 field (Fig. 4A). In the ischemia operated group, Iba1 
immunoreactivity was gradually increased in a time‑dependent 
manner after tgCI and Iba1 immunoreactivity in all ischemia 

operated groups was significantly increased (P<0.05) compared 
with the sham group. In addition, the microglia were morpho-
logically activated in the ischemia operated group and they 
were hypertrophied in the cytoplasm and thickened in processes 
(Fig. 4B‑G). Especially, at 5 and 10 days after tgCI, a number 
of activated Iba1 immunoreactive microglia were aggregated 
in the stratum pyramidale, where tgCI‑induced DND of CA1 
pyramidal cells occurred (Fig. 4E and F).

tgCI‑induces change in CX3CL1 immunoreactivity. In the 
sham operated gerbils, CX3CL1 immunoreactivity was mainly 
observed in CA1 pyramidal cells (Fig. 5A). However, in the 
ischemia operated gerbils, CX3CL1 immunoreactivity in CA1 
pyramidal cells was very weak and significantly decreased 
(P<0.05) at 6 h after tgCI (Fig. 5B and G). At 1 day after tgCI, 
CX3CL1 immunoreactivity was very strong in CA1 pyramidal 
cells, showing that the CX3CL1 immunoreactivity was signifi-
cantly increased (P<0.05, 172.2% of the sham operated gerbils) 
compared with the sham operated gerbils (Fig. 5C and G). 
Thereafter, CX3CL1 immunoreactivity in CA1 pyramidal 
cells began to significantly decrease from 2 days after tgCI 
(P<0.05, 54.7% of the sham operated gerbils) and CX3CL1 
immunoreactivity in the CA1 pyramidal cells was weak at 5 
and 10 days after tgCI (P<0.05, 21.2% and P<0.05, 28.6% of 
the sham operated gerbils, respectively), because death of CA1 
pyramidal cells occurred after tgCI (Fig. 5D‑G).

tgCI‑induces change in CX3CR1 immunoreactivity. In the 
sham operated gerbils, weak CX3CR1 immunoreactivity was 
observed in CA1 pyramidal cells and their processes (Fig. 6A). 
In the ischemia operated gerbils, CX3CR1 immunoreactivity 
in the CA1 field at 6 h after tgCI was significantly decreased 
(P<0.05) by 36.5% compared with the sham operated gerbils 
(Fig. 6B and G). At 1 day after tgCI, CX3CR1 immunoreactivity 
in the CA1 field was significantly increased (P<0.05) by 103% 
compared with the sham operated gerbils, showing that the 
increased CX3CR1 immunoreactivity was shown in CA1 pyra-
midal cells (Figs. 6C and 5G). At 2 days after tgCI, CX3CR1 
immunoreactivity was significantly decreased (P<0.05) by 
25.4% compared with 1 day after tgCI (Fig. 6D and G). At 5 and 
10 days after tgCI, CX3CR1 immunoreactivity in the CA1 field 
was significantly increased by 203.8% (P<0.05) and 189.4% 
(P<0.05), respectively, compared with the sham operated gerbils. 
At these points in time, strong CX3CR1 immunoreactivity was 
shown in cells in strata oriens and radiatum (Fig. 6E‑G).

tgCI‑induces CX3CR1 immunoreactivity in microglia. Strong 
CX3CR1 immunoreactivity was shown in cells in strata oriens 
and radiatum at 5 and 10 days after tgCI (Fig. 6E and F). Their 
cell type was examined using double immunofluorescence 
staining and found that cells expressing CX3CR1 in strata 
oriens and radiatum were identified as Iba1 immunoreactive 
microglia (Fig. 7A‑C).

Discussion

In the present study, strong CX3CL1 immunoreactivity was 
found mainly in CA1 pyramidal cells in the sham operated 
gerbils, consistent with a previous study showing that CX3CL1 
was constitutively expressed in neurons  (12). In addition, 

Figure 1. Western blot analyses of CX3CL1 and CX3CR1 in the hippocampal 
CA1 field of sham operated and ischemia operated gerbils. ROD as % value of 
immunoblot band is represented (n=7 per group). *P<0.05 vs. the sham operated 
gerbils; †P<0.05 vs. the pre‑time-point group. CX3CL1, C‑X3‑C motif ligand 1; 
CX3CR1, CX3C chemokine receptor 1; ROD, relative optical density.
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weak CX3CR1 immunoreactivity was found in CA1 pyra-
midal cells in the sham operated gerbils. Meucci et al (33) 
reported that CX3CR1 is expressed in hippocampal neurons. 
They suggested that neuronal CX3CR1 might have mediated 
neurotrophic effects of fractalkine and that both fractalkine 
and CX3CR1 might be involved in cellular communications 
between neurons and glia.

In this study, CX3CL1 and CX3CR1 immunoreactivities 
were observed in CA1 pyramidal cells that were transiently 
and reduced at 6 h after tgCI and then increased at 1 day after 
tgCI. This result is somewhat consistent with a previous study 
showing that CX3CL1/CX3CR1 expression is downregulated 
within 24 after ischemic injury and upregulated at 48 h to 
7 days following focal cerebral ischemia in rats (17).

Figure 2. CV staining. Low magnification of the hippocampus of the (A) sham group and ischemia operated groups at (B) 6 h, (C) 1 day, (D) 2 days, (E) 5 days 
and (F) 10 days after tgCI. High magnification of the CA1 field of the (G) sham group and ischemia operated groups at (H) 6 h, (I) 1 day, (J) 2 days, (K) 5 days, 
and (L) 10 days after tgCI. CV positive cells are well observed in the SP in the CA1‑3 field in the sham operated group. In the ischemia operated group, CV 
positive cells are significantly decreased only in the SP (asterisks) of the CA1 field at 5 and 10 days after tgCI. Scale bars=400 µm (A‑F) and 50 µm (G‑L). 
(M) Numbers of CV positive cells in the CA1 field (n=7 at each point in time). *P<0.05 vs. the sham operated group. The bars indicate the mean ± standard error 
of the mean. CV, cresyl violet; SP, stratum pyramidale; SO, stratum oriens; SR, stratum radiatum; tgCI, transient global cerebral ischemia.



AHN et al:  ISCHEMIA-INDUCED CHANGES OF CX3CL1/CX3CR1 IN THE HIPPOCAMPUS944

Figure 3. FJB histofluorescence staining. FJB histofluorescence staining in the CA1 field of the (A) sham group and ischemia operated groups at (B) 6 h, 
(C) 1 day, (D) 2 days, (E) 5 days and (F) 10 days after tgCI. FJB positive cells are not detected in the SP until 2 days after tgCI. However, FJB positive cells 
(indicated by asterisks) are detected in the SP at 5 and 10 days after tgCI. Scale bar, 50 µm. (G) Numbers of FJB positive cells in the CA1 field (n=7 at each 
point in time). *P<0.05 vs. the sham operated gerbils. The bars indicate the mean ± standard error of the mean. SP, stratum pyramidale; FJB, Fluoro‑Jade B; 
tgCI, transient global cerebral ischemia.

Figure 4. Iba‑1 immunohistochemistry. (A‑F) Iba1 immunohistochemistry in the CA1 field of the (A) sham group and ischemia operated groups at (B) 6 h, 
(C) 1 day, (D) 2 days, (E) 5 days and (F) 10 days after tgCI. In the ischemia operated gerbils, Iba1 immunoreactivity is gradually increased after tgCI. 
In particular, Iba1 immunoreactive microglia are aggregated in the SP (asterisks) at 5 and 10 days after tgCI. Scale bar, 50 µm. (G) ROD as % of Iba1 
immunoreactive structures after tgCI (n=7 at each point in time). *P<0.05 vs. the sham operated gerbils; †P<0.05 vs. the pre‑time-point gerbils. Bars indi-
cate the mean ± standard error of the mean. SP, stratum pyramidale; tgCI, transient global cerebral ischemia; ROD, relative optical density; Iba1, ionized 
calcium‑binding adapter molecule 1.
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Figure 5. CX3CL1 immunohistochemistry. (A‑F) CX3CL1 immunohistochemistry in the CA1 field of the (A) sham group and ischemia operated groups at 
(B) 6 h, (C) 1 day, (D) 2 days, (E) 5 days and (F) 10 days after tgCI. Strong CX3CL1 immunoreactivity is shown in CA1 pyramidal cells of the SP at sham and 
1 day after tgCI. CX3CL1 immunoreactivity is very weak in the CA1 field at 6 h (asterisk), 5 days and 10 days after tgCI. Scale bar, 50 µm. (G) ROD as % of 
CX3CL1 immunoreactive structures in the CA1 field after tgCI (n=7 at each point in time) *P<0.05 vs. the sham operated gerbils; †P<0.05 vs. the pre‑time-point 
group. Bars indicate the means ± standard error of the mean. SP, stratum pyramidale; ROD, relative optical density; tgCI, transient global cerebral ischemia; 
CX3CL1, C‑X3‑C motif ligand 1; CX3CR1, CX3C chemokine receptor 1.

Figure 6. CX3CR1 immunohistochemistry. (A‑F) CX3CR1 immunohistochemistry in the CA1 field of the (A) sham group and ischemia operated groups at 
(B) 6 h, (C) 1 day, (D) 2 days, (E) 5 days and (F) 10 days after tgCI. Weak CX3CR1 immunoreactivity is detected in the SP (asterisk) of the sham operated 
gerbils and CX3CR1 immunoreactivity in the SP (asterisk) at 1 day after tgCI is strong. At 5 and 10 days after tgCI, strong CX3CR1 immunoreactivity is 
shown in cells (arrows) in the SO and SR. Scale bar, 50 µm. (G) ROD as % of CX3CR1‑immunoreactive structures in the CA1 field after tgCI (n=7 at each 
point in time). *P<0.05 vs. the sham operated gerbils; †P<0.05 vs. the pre‑time-point group. Bars indicate the mean ± standard error of the mean. SO, stratum 
oriens; SP, stratum pyramidale; SR, stratum radiatum; tgCI, transient global cerebral ischemia; CX3CL1, C‑X3‑C motif ligand 1; CX3CR1, CX3C chemokine 
receptor 1; ROD, relative optical density.
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A number of studies have reported roles of CX3CL1/CX3CR1 
signaling pathway in the brain following ischemic insults. 
However, relevant findings have been controversial. Certain 
studies have demonstrated beneficial effects of CX3CL1 
against cerebral ischemic damage and shown that administra-
tion of CX3CL1 can decrease ischemia‑induced infarct size, 
neuronal death and neurologic deficits in the rat brain following 
focal cerebral ischemia (34,35). On the other hand, it has been 
reported that transient focal cerebral ischemia‑induced cerebral 
infarction is significantly lower in CX3CL1‑deficient mice 
compared with their wild‑type littermates  (36). Regarding 
CX3CR1, its deficiency provides a neuroprotective effect against 
ischemia‑induced brain injury in mice following focal cerebral 
ischemia (18,22,37). However, a recent study has shown that 
CX3CR1 deficiency does not affect lesion size after transient 
focal cerebral ischemia in mice (38).

Liu et al (21) have demonstrated the detrimental effects of 
CX3CL1/CX3CR1‑mediated microglial activation in the ischemic 
mouse brain. They reported that reduced expression of CX3CR1 
by CX3CR1 small interfering RNA could remarkably decrease 
expression levels of proinflammatory cytokines, such as tumor 
necrosis factor‑α, interleukin (IL)‑1β and IL‑6, in a mouse brain 
after bilateral common carotid artery stenosis as well as in BV2 
microglia with oxygen‑glucose deprivation. In addition, certain 
studies have suggested detrimental roles of CX3CL1/CX3CR1 
pathway in ischemic brain injury. For example, CX3CL1‑ and 
CX3CR1‑knockout mice show less severe brain damage after 
focal cerebral ischemia (34,39). In the present study, it was found 
that microglia began to be activated and increased in number from 
6 h after tgCI. In addition, it was found that CX3CR1 immunore-
activity was increased in microglia at 5 and 10 days after tgCI. It is 
known that CX3CL1 signals to microglia by binding to CX3CR1 
which functions as an inhibitor of microglial activity (15,20). 
Therefore, a transient reduction of CX3CL1 and CX3CR1 
immunoreactivities in the CA1 field at 6 h after tgCI might be 
related to the beginning of ischemia‑induced microglial activa-
tion and recruitment while increases of CX3CL1 and CX3CR1 
immunoreactivities at 1 day after tgCI might be a compensatory 
response to regulate microglial activation. Thereafter, a gradual 
decrease of CX3CL1 and CX3CR1 immunoreactivities in the 
CA1 field at 2 days after tgCI might be associated with a failure 
of a compensatory response, which led to considerable microglial 
activation. However, there might be other mechanisms to explain 
elevations of CX3CL1 and CX3CR1 immunoreactivities in CA1 
pyramidal cells at 1 day after tgCI. Yeo et al (40) have reported 

that CX3CR1 immunoreactivity is transiently increased in hippo-
campal pyramidal cells following pilocarpine‑induced status 
epilepticus and suggested that a transient upregulation of neuronal 
CX3CR1 expression might play a role in neurodegeneration 
following status epilepticus. In addition, a recent study has shown 
that CX3CR1 is upregulated in ischemic hippocampal neurons 
under oxygen‑glucose deprivation as well as in ischemic neurons 
of mice subjected to focal cerebral ischemia (22). That study has 
suggested that neuronal CX3CR1 elevation might be associated 
with ischemia‑induced apoptotic neuronal death (22). Based on 
the results of previous studies, it can be postulated that transient 
decreases and subsequent increases of CX3CL1 and CX3CR1 
immunoreactivities in the hippocampal CA1 field at early time 
after tgCI might be closely associated with tgCI‑induced microg-
lial activation as well as tgCI‑induced delayed neuronal death.

In this study, weak CX3CL1 immunoreactivity in CA1 
pyramidal cells was detected from 5 days after tgCI. The reduc-
tion of CX3CL1 immunoreactivity in the CA1 pyramidal cells 
might be associated with the process of delayed neuronal death 
of CA1 pyramidal cells following tgCI. On the other hand, 
CX3CR1 immunoreactivity was increased in microglial cells 
from 5 days after tgCI. It is known that cerebral ischemia leads 
to microglial activation including an increase of CX3CR1 expres-
sion in microglia, which causes an increase in the generation of 
proinflammatory cytokines in the activated microglia (21). In 
addition, other studies and the authors' previous study have shown 
marked microglial activation in the hippocampal CA1 field when 
tgCI‑induced delayed neuronal death occurs, suggesting that 
activated microglia participate in phagocytic action (7,41‑43). 
Thus, sustained and increased CX3CR1 expression in activated 
microglia might participate in the neuroinflammatory response 
and phagocytosis of activated microglia in ischemic regions.

However, there are still some important limitations of this 
study. As described above, a number of previous studies have 
reported various effects of CX3CL1‑ and/or CX3CR1‑deficiency 
against ischemia‑induced brain injury following focal cerebral 
ischemia, not tgCI, using CX3CL1 and CX3CR1 mutant mice. 
Therefore, a further study needs to investigate functional effects 
of CX3CL1 and/or CX3CR1 following tgCI using CX3CL1 and 
CX3CR1 mutant mice. In addition, possible upstream regulators 
of CX3CL1 and CX3CR1 in rodent brains following tgCI have 
not been fully elucidated yet. Therefore, the possible upstream 
regulators, which are related to the tgCI‑induced changes of 
CX3CR1 and CX3CL1 in the hippocampus, should be also 
investigated in a further study.

Figure 7. Double immunofluorescence staining for (A) CX3CR1 (green), (B) Iba1 (red) and (C) merged images in the CA1 field at 10 days after tgCI. CX3CR1 
immunoreactivity is identified as Iba1‑immunoreactive microglia (arrows). Scale bar, 50 µm. CX3CL1, C‑X3‑C motif ligand 1; CX3CR1, CX3C chemokine 
receptor 1; tgCI, transient global cerebral ischemia; Iba1, ionized calcium‑binding adapter molecule 1.
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In conclusion, CX3CL1 and CX3CR1 immunoreactivities 
were markedly changed in CA1 pyramidal cells and microglia 
in the hippocampal CA1 field after tgCI, indicating that 
tgCI‑induced changes in CX3CL1 and CX3CR1 expression 
might be closely associated with tgCI‑induced delayed neuronal 
death and microglial activation in ischemic brain regions.
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