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Introduction
The brain damage due to cerebral ischemia is a leading 
cause of morbidity and mortality worldwide. Transient 
global cerebral ischemia (tGCI) that results from cardiac 
arrest, severe hypotension and coronary artery bypass, 
leads to the selective and delayed neuronal injury of the 
hippocampal cornu amonis (CA) 1 region [1]. It is now 
widely known that cerebral ischemia triggers a wide-
spread inflammatory reaction, which significant contrib-
utes to ischemia-induced neuronal death. Inflammation 
driven primarily by activating glial cells that reside in 
the central nervous system (CNS) produces several 
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Abstract
Microglial activation-mediated neuroinflammation is a major contributor to neuronal damage after cerebral 
ischemia. The Fractalkine (FKN)/CX3C chemokine receptor 1 (CX3CR1) axis plays a critical role in regulating 
microglial activation and neuroinflammation. The aim of this study is to ascertain the role and mechanism of 
FKN/CX3CR1 axis in hypoxic postconditioning (HPC)-induced anti-inflammatory and neuroprotective effects on 
transient global cerebral ischemia (tGCI). We found that HPC suppressed microglial activation and alleviated 
neuroinflammation in hippocampal CA1 after tGCI. Meanwhile, HPC upregulated the expression of FKN and 
CX3CR1 in neurons, but it downregulated the expression of CX3CR1 in glial cells after tGCI. In addition, the 
overexpression of FKN induced by the administration of FKN-carried lentivirus reduced microglial activation and 
inhibited neuroinflammation in CA1 after tGCI. Furthermore, silencing CX3CR1 with CX3CRi-carried lentivirus in CA1 
after tGCI suppressed microglial activation and neuroinflammation and exerted neuroprotective effects. Finally, the 
overexpression of FKN caused a marked increase of neuronal CX3CR1 receptors, upregulated the phosphorylation 
of Akt, and reduced neuronal loss of rats in CA1 after tGCI. These findings demonstrated that HPC protected 
against neuronal damage in CA1 of tGCI rats through inhibiting microglial activation and activating Akt signaling 
pathway via FKN/CX3CR1 axis.
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proinflammatory factors, such as tumor necrosis factor 
(TNF)-α and interleukin (IL)-1β, which lead to a disrup-
tion of cellular homeostasis and structural damage of 
brain. Microglia, the resident immune cells of the brain, 
play pivotal roles in inflammatory responses after cere-
bral ischemia. During brain ischemia, microglia are acti-
vated, as shown by process thickening and hypertrophy of 
the cell body, with coinciding upregulation of cell surface 
markers, such as cluster of differentiation (CD) 68 [2–4]. 
A large body of data shows that anti-inflammatory drugs 
that inhibit the activation of microglia serve to protect 
against cerebral ischemia-induced insults to the CNS [5, 
6]. Our previous study demonstrated that hypoxic post-
conditioning (HPC) with 8% O2 for 120 min protects hip-
pocampal CA1 pyramidal neurons against tGCI injury in 
adult rats [7]. Even so, what remains unknown is whether 
HPC exerts neuroprotection against tGCI-induced injury 
by modulating microglia-mediated inflammation.

The established consensus is that the mechanism of 
microglial activation during cerebral ischemia involves 
multiple pathways. It is noteworthy that Fractalkine 
(FKN)/CX3C chemokine receptor 1 (CX3CR1) axis 
mediates microglia-neuron communications, either in 
physiological or pathological states [4, 8, 9], involving 
in the microglial activation. As the only member of the 
CX3C chemokine family, FKN exists in the form of mem-
brane-anchored FKN (mFKN) and soluble FKN (sFKN) 
isoforms. The former consists of an extracellular N-ter-
minal domain, a mucin-like stalk domain connecting 
with the cell membrane, a transmembrane domain and 
an intracellular C-terminal domain. Extracellular domain 
of mFKN can be cleaved into sFKN. Subsequently FKN 
binds to its only identified receptor, CX3CR1 and initi-
ates its downstream signal pathway [10–13]. Under nor-
mal conditions, microglia are kept quiescent through 
FKN/CX3CR1 cross-communication between neurons 
and glial cells. Rather, the disruption of FKN/CX3CR1 
axis can result in microglial activation and overexpres-
sion of TNF-α and IL-1β [4]. Although growing body of 
evidence suggests the involvement of FKN/CX3CR1 axis 
in brain disorders, the published results are relatively 
controversial. For example, the neuroprotective role for 
FKN/CX3CR1 has been supported in studies of amyo-
trophic lateral sclerosis [14], Parkinson’s disease [15–17] 
and multiple sclerosis in some studies [18], whereas a 
neurotoxic role for FKN/CX3CR1 has been demon-
strated in Alzheimer’s disease [19, 20] and stroke [21] in 
another. The controversial results indicate that a disrup-
tion of FKN/CX3CR1 axis can induce a disease-specific 
microglial response which can be regarded as either 
beneficial or detrimental. Thus, it follows that, the ascer-
tained roles of FKN/CX3CR1 shall shed light on the isch-
emic tolerance induced by HPC after tGCI.

In general, FKN predominantly expresses on neurons 
in CNS, whereas CX3CR1 is thought to be restricted to 
microglia [22, 23], and contributes to the chemoattrac-
tion processes and the activation of microglia follow-
ing neuroinflammation or brain injury [24]. Although 
increasing evidence suggests that astrocytes and hip-
pocampal neurons express CX3CR1 [25–29], less estab-
lished is the role of the astrocytic and neuronal CX3CR1. 
Intriguingly, FKN directly modulates neuronal survival 
via autoregulatory interaction [28], which means, it can 
be released from these neurons, possibly by interacting 
directly with its receptor expressed on the same cell. FKN 
is proposed to protect hippocampal neurons from the 
neurotoxicity through activation of protein kinase B [28], 
also known as Akt, an important component of prosur-
vival and antiapoptotic mechanism in neurons [30, 31]. 
Notably, our prior study has revealed that HPC increased 
phosphorylation of Akt in CA1 after tGCI, while the 
inhibition of Akt phosphorylation with LY294002 sup-
pressed the neuroprotection induced by HPC. Our 
results supported that the activation of Akt signaling 
pathway mediated by HPC contributed to the induction 
of neuroprotection against tGCI [7]. This led us to the 
investigation of whether FKN/CX3CR1 axis activated 
Akt signaling pathway to mediate HPC-induced neuro-
protection against tGCI.

In the current study, we intend to explore the roles of 
FKN/CX3CR1 axis in HPC-induced neuroprotection 
against tGCI. We also directed our efforts to the potential 
molecular mechanism of FKN/CX3CR1 axis in microg-
lia-mediated neuroinflammation after tGCI and in neu-
ronal survival modulated via activation of Akt signaling 
pathway after HPC.

Materials and methods
Animals
Animal experimental procedures were carried out 
according to the Animal Research: Reporting In Vivo 
Experiments guidelines under the oversight of the Ani-
mals Care and Use Committee of Guangzhou Medical 
University (Guangzhou, China). Adult male Wistar rats 
weighing 220–280  g (aged 7–8 weeks) were used and 
obtained from Southern Medical University (Guangzhou, 
China). All animals were free to access food and water, 
and were housed under a temperature-controlled envi-
ronment (21–23 ℃) on a 12 h light-dark cycle. According 
to the standard procedures, rats were randomly divided 
into different groups using a random number table.

Transient global cerebral ischemia and hypoxic 
postconditioning
Transient global cerebral ischemia in tGCI group was 
induced in accordance with the four-vessel occlusion 
method [32]. In brief, the animals were anesthetized with 
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3–4% isoflurane in a chamber. Anesthesia was main-
tained with a mask using 2–3% isoflurane during the 
operation. Bilateral vertebral arteries were blocked by 
electrocauterization. Common carotid arteries were iso-
lated, and a teflon/silastic occluding device was placed 
around each common carotid artery without interrupting 
blood flow. Twenty-four hours after surgery, global cere-
bral ischemia was induced in the awake rats for 10 min 
by occluding both common carotid arteries. After occlu-
sion, rats that lost their righting reflex within 1 min and 
had mydriasis were selected for later experiments. Rectal 
temperature was maintained at a temperature of 37–38 
℃ throughout the experiments. The rats in Sham-oper-
ated (Sham) group received the same surgical procedures 
without 10-min occlusion of common carotid arteries. 
All operations were performed under aseptic conditions. 
In HPC group, rats were placed in a hypoxic chamber 
with air containing 8% O2 and 92% N2 flowing continu-
ously at 23–25 ℃ for 120  min at 24  h after ischemia. 
Twenty-four hours after sham-operated procedures 
without ischemia, sham-operated, hypoxia-treated rats 
(hereinafter referred to as hypoxia group) were exposed 
to 120-min hypoxia. The experimental schedule is shown 
in Suppl Fig. S1.

Immunohistochemistry
Rats were sacrificed at 0, 4, 26 and 50  h after reperfu-
sion with or without hypoxia, respectively, and samples 
were prepared as described previously [33]. Single-label 
immunohistochemistry was performed using avidin-
biotin-peroxidase complex (ABC) method, as previously 
mentioned [34]. In brief, the sections were first soaked in 
3% hydrogen peroxide for 30 min, followed by 5% normal 
serum for 1 h at room temperature, and then incubated 
with primary antibodies overnight at 4 ℃. The primary 
antibodies used included mouse anti-Iba-1 (ionized cal-
cium binding adaptor molecule-1; 1:200; Cat#019-19741, 
Wako), mouse anti-CD68 (1:200; Cat# MAB1435, Mil-
liporeSigma), rabbit anti-mFKN (1:300; Cat# ab25088, 
Abcam), rabbit anti-CX3CR1 (1:3000; Cat# ab8021, 
Abcam) and mouse anti-NeuN (neuronal nuclei; 1:4000; 
Cat# Mab377, MilliporeSigma). After being washed with 
phosphate-buffered saline (PBS), the sections were incu-
bated with biotinylated secondary immunoglobulin G 
(IgG) antibody for 2  h, and then treated with ABC for 
30  min at room temperature. The peroxidase reaction 
was visualized with 0.05% diaminobenzidine and 0.01% 
hydrogen peroxide. The number or the optical density 
of immunopositive cells was quantified from 4 nonre-
peated random fields of 0.037 mm2 in CA1 under a light 
microscope with ×660 magnification. Data were quanti-
fied bilaterally in 4 sections from each rat and assessed 
blindedly.

Double-fluorescent immunohistochemistry was per-
formed to observe cell types and the exact position 
where mFKN and CX3CR1 were distributed. NeuN, 
glial fibrillary acidic protein (GFAP) and Iba-1 were used 
to identify neuronal nuclei, astrocytes and microglia, 
respectively. Antibodies used in these studies included 
rabbit anti-mFKN (1:50; Cat# ab25088, Abcam), rab-
bit anti-CX3CR1 (1:3000; Cat# ab8021, Abcam; 1:200; 
Cat#13885-1-AP, Proteintech), mouse anti-CX3CR1 
(1:50; Cat# 824002, Biolegend), mouse anti-NeuN 
(1:1000; Cat# MAB377, MilliporeSigma), rabbit anti-
NeuN (1:1000; Cat# ABN78, MilliporeSigma), mouse 
anti-GFAP (1:3000; Cat# AMB360, MilliporeSigma), rab-
bit anti-GFAP (1:3000, Cat# AB5804, MilliporeSigma), 
mouse anti-Iba-1 (1:500, Cat# 234 011, Synaptic Sys-
tems), rabbit anti-Iba-1 (1:10000; Cat# 019-19741 Wako), 
Cy3-conjugated goat anti-mouse IgG antibody (1:100; 
Cat# AP124C, MilliporeSigma), Alexa Fluor 488-conju-
gated goat anti-mouse antibody (1:100; Cat# ab150077, 
Abcam), Cy3-conjugated goat anti-rabbit IgG antibody 
(1:100; Cat# AP132C, MilliporeSigma), and Alexa Fluor 
488-conjugated goat anti-rabbit antibody (1:100; Cat# 
ab150077, Abcam). Slides were analyzed with a confo-
cal laser microscope (SP8, Leica Microsystems, Wetz-
lar, Hessen, Germany). Colocalization was quantified by 
Pearson’s coefficient and Mander’s coefficient with Costes 
threshold using FIJI/ImageJ coloc2 plugin.

Fluorescence in situ hybridization assay
The Cy3-labeled probes specific to targeting rat CX3CR1 
were designed and synthesized by GenePharma (Shang-
hai, China), and the fluorescence in situ hybridization 
(FISH) assay was performed using a fluorescence in situ 
hybridization kit (GenePharma, Shanghai, China) fol-
lowing the manufacturer’s instructions. The images were 
acquired and analyzed with a confocal microscopy sys-
tem (SP8, Leica Microsystems). The probe sequences are 
shown below: 5′-tagataggaagatggtcccaaccagaccgaacgt-
gaagaccaaagagcaggtcgctcaag-3′.

Western blotting
The animals were euthanized at 0, 4, 26, and 50  h after 
reperfusion with or without hypoxia, respectively. The 
brain tissue was cut into 2  mm coronal slices using a 
brain matrix, and the CA1 subregions of bilateral hippo-
campi were quickly dissected under a stereomicroscope. 
Proteins of CA1 were extracted and Western blotting 
procedure was performed as described previously [34]. 
Protein concentration was detected by bicinchoninic acid 
method recommended by the manufacturer (Beyotime, 
Jiangsu, China). The proteins were separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis and 
then transferred to polyvinylidene fluoride membranes 
(MilliporeSigma). The primary antibodies included 
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rabbit anti-mFKN (1:1000; Cat# ab25088, Abcam), rab-
bit anti-sFKN (1:4000; Cat# ab25088, Abcam), rabbit 
anti-CX3CR1 (1:1000, Cat# ab8021, Abcam), mouse anti-
glyceraldehyde 3-phosphate dehydrogenase (GADPH)
(1:10000; Cat# 60004-I-Ig, Proteintech), rabbit anti-Akt 
(1:8000; Cat# 4685  S, Cell Signaling Technology), and 
rabbit anti-p-Akt (1:1000; Cat# 4060  S, Cell Signaling 
Technology). The intensity of each band was quantified 
with ImageJ software, calibrated with the housekeeping 
protein GAPDH, and was normalized to those in Sham 
rats.

Lentivirus construction and administration
Plasmids containing the sequence of rat FKN (GenBank 
accession number NM_134455) and a negative control 
(NC) sequence (CON319) were designed by Genechem 
(Shanghai, China). In brief, the sequence was inserted 
into AgeI and AgeI sites of the Ubi-MCS-3FLAG-CMV-
EGFP (GV365) lentiviral vector. To produce recombi-
nant lentiviruses, the shuttle vector and viral packaging 
system were cotransfected into HEK293T cells using 
Lipofectamine 2000 (Invitrogen, San Diego, CA, USA). 
Afterwards, HEK293T cells were used for viral infection. 
The infection efficiency monitored with GFP protein 
expression was greater than 80%. After 48  h of infec-
tion, cells were harvested and total RNA were extracted 
to examine the mRNA expression of FKN. The titers of 
lentiviruses were approximately 5 × 108 TU/ml. A total 
of 5 µl volume (1.25 µl virus diluted by 3.75 µl enhanced 
solution) containing 0.625 × 106 TU of particles was 
injected into the bilateral CA1 region (3.5 mm posterior 
to bregma, 2.3 mm lateral to bregma, and 2.6 mm below 
the dura) using the RWD syringe and WPI infusion pump 
at a speed of 30 µl/h.

Three small-interfering RNA sequences targeted rat 
CX3CR1 (Genbank accession number NM_133534) and 
a NC vector (CON208) were designed by Genechem. 
The sequences for CX3CR1-RNAi 1, 2, 3 were ​G​T​C​C​A​
A​G​A​G​C​A​T​C​A​C​T​G​A​C​A​T, ​G​G​C​C​G​C​C​A​A​C​T​C​C​A​T​G​A​
A​C​A​A, and ​A​G​C​C​A​T​T​A​G​G​C​T​C​A​T​C​C​T​C​T​T, respec-
tively. Briefly, RNAi was inserted into AgeI and EcoRI 
sites of the hU6-MCS-Ubiquitin-EGFP-IRES-puromycin 
(GV248) lentiviral vector. The shuttle vector and viral 
packaging system were contransfected into HEK293T to 
produce recombinant lentiviral particles. To verify inhi-
bition efficacy, lentiviral particles were transferred into 
rat Schwann cell line RSC96, CX3CR1 mRNA expression 
levels were examined by RT-qPCR. The results showed 
that the best-performing CX3CR1-RNAi sequence was ​
G​T​C​C​A​A​G​A​G​C​A​T​C​A​C​T​G​A​C​A​T (CX3CR1-RNAi 1) 
with maximal inhibitory efficacy. Therefore, CX3CR1-
RNAi 1 was utilized for subsequent experiments. Titers 
of lentiviral particles were approximately 8 × 108 TU/ml. 

Accordingly, a 5-µl volume containing 1.25 × 106 TU of 
particles was bilaterally injected into CA1.

Rats were allowed to recover for up to 14 d after lenti-
viral injection to ensure sufficient gene expression before 
being used for subsequent experiment.

Analysis of cell viability
As done previously, Nissl and NeuN staining were per-
formed to verify the hippocampal cell viability after 168 h 
of reperfusion. Sections from Nissl and NeuN staining 
were examined under a light microscope (×660), and cell 
counts were conducted [35]. Cells in the CA1 pyrami-
dal layer were quantitatively analyzed within three non-
repeated rectangular areas of 0.037 mm2 in the typical 
dorsal hippocampus (between anterior-posterior (AP) 
4.8 and 5.8 mm, interaural or AP 3.3–3.4 mm, bregma). 
Data were quantified bilaterally in sections from each 
brain and assessed blindedly, and four sections per ani-
mal were evaluated.

Statistical analysis
Statistical data analyses were performed using Statisti-
cal Package for Social Sciences Software for Windows, 
version 25.0 (SPSS, Inc., Chicago, IL, USA). All data 
were checked by normal distribution and homogeneity 
of variance, respectively. When the data were normally 
distributed, one-way ANOVA and t-test were applied. 
For comparison between the two groups, the student 
two-tailed t-test was performed. Multiple comparisons 
were performed by using one-way ANOVA followed by 
Least Significant Difference (LSD) test for comparisons 
of Sham versus tGCI at different time points, or ANOVA 
followed by Bonferroni’s test for comparisons the signifi-
cant difference at different time points in tGCI or HPC 
groups. When the data were normally distributed and 
the variances were unequal, multiple comparisons were 
conducted by using one-way ANOVA followed by Tam-
hane’s T2 post-hoc test. When the data were abnormally 
distributed and the variances were unequal, nonparamet-
ric tests were used, including Mann-Whitney’s U test for 
the comparison between two groups and Kruskal-Wallis 
for multiple comparisons. Data were expressed as the 
mean ± standard deviation (SD). Differences were consid-
ered statistically significant when p < 0.05. All data graph-
ing were performed using the GraphPad Prism 6 software 
(GraphPad, La Jolla, CA).

Results
HPC inhibits microglial activation and attenuates 
neuroinflammation in CA1 after tGCI
To ascertain whether HPC inhibits microglial activation 
in CA1 after tGCI, the expression of Iba-1 and CD68 in 
CA1 was examined with immunohistochemical assay. 
We used CD68, a specific marker for the transmembrane 
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glycoprotein localized within lysosomal membranes as 
an index of typical microglia based on shape and size of 
the soma [36, 37]. Iba-1-positive cells in CA1 of Sham 
rats showed classical ramified morphology, with a small 
cell soma and fine processes (Fig.  1A, a-b). However, at 
168 h of reperfusion, Iba-1-positive cells in CA1 of tGCI 

or HPC rats displayed typical activated morphology, 
with retracting and thickening of processes and hyper-
trophy of cell body (Fig. 1A, c-f ). Compared with Sham 
group, statistical analysis did not reveal a significant 
effect of hypoxia on the number of Iba-1-positive in CA1 
of Sham rats. However, the number of Iba-1-positive 

Fig. 1  HPC prevents the activation of microglia and alleviates inflammatory response in CA1 after tGCI. (A) Immunohistochemistry of Iba-1 in rat brains. 
Representative images show Sham group (a, b), 168 h after reperfusion of tGCI groups (c, d) and HPC groups (e, f ), respectively. Scale bar, 250 μm (a, c, 
e) and 25 μm (b, d, f ). (B) Quantitative analyses of Iba-1-positive cells in CA1. (C) Immunohistochemistry of CD68 in rat brains. Representative images 
show Sham group (a, b), 168 h after reperfusion of tGCI groups (c, d) and HPC groups (e, f ), respectively. Scale bar, 250 μm (a, c, e) and 25 μm (b, d, f ). (D) 
Quantitative analyses of CD68-immunoreactivities in CA1. (E, F) Representative immunoblots showing the expressions of TNF-α and IL-1β in CA1, respec-
tively. The histogram presents the quantitative analyses of TNF-α and IL-1β levels. The horizontal axis of the chart represents times of reoxygenation or 
reperfusion. Data are expressed as percentage of value of Sham animals. Each bar represents the mean ± S.D. *p < 0.05 vs. Sham animals and #p < 0.05 vs. 
tGCI groups at the same time point
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cells significantly increased at 168  h after tGCI. HPC 
decreased the number of Iba-1-positive cells at 26–168 h 
after tGCI (Fig. 1B). As expected, the expression pattern 
of CD68 was similar to that of Iba-1 in CA1. Similarly, 
hypoxia did not affect the expression of CD68 in CA1 of 
Sham rats, but HPC significantly reduced the expression 
of CD68 at 50 h and 168 h after tGCI (Fig. 1C-D). These 
results suggest that HPC can suppress the activation of 
microglia after tGCI.

Subsequently, we examined the protein expression of 
inflammatory cytokines TNF-α and IL-1β in CA1 with 
Western blotting. As shown in Fig.  1E and F, no differ-
ences were observed regarding both levels of TNF-α 
and IL-1β in CA1 of hypoxia groups. By contrast, HPC 
reduced the expression of TNF-α in CA1 at 50  h after 
tGCI (Fig. 1E). Similarly, IL-1β was increased at 26 h and 
50 h after reperfusion of tGCI, while HPC repressed this 
increase of IL-1β at 50 h after reperfusion (Fig. 1F).

HPC inhibits microglial activation via upregulating FKN in 
CA1 after tGCI
To ascertain the underlying mechanism by which HPC 
inhibits microglial activation after tGCI, the expres-
sion of FKN in CA1 was examined using immunohis-
tochemical assay and Western blotting. The results 
showed a high expression of mFKN in CA1 of Sham, and 
that mFKN-positive cells mainly existed in the neuron-
like cells of pyramidal layer of hippocampus either in 
tGCI or HPC groups (Fig.  2A). The quantitative analy-
sis of mFKN immunopositive cells in CA1, as shown in 
Fig. 2B, revealed that the number of mFKN-positive cells 
both in hypoxia and tGCI groups decreased at 26–168 h 
after reperfusion, compared with the Sham group. Strik-
ingly, HPC prevented this reduction induced by tGCI 
at 26–168 h. Also, the changes in mFKN level were fur-
ther confirmed by Western blotting analysis, in which 
the expression of mFKN in CA1 decreased at 0  h after 
hypoxia and at 0–50  h after tGCI, and HPC increased 
mFKN expression at 26  h and 50  h after reperfusion 
(Fig.  2C). In contrast, the expression of sFKN in CA1 
of tGCI rats upregulated at 26  h after reperfusion. On 
the other hand, HPC exerted no significant effect on 
the expression of sFKN after tGCI. Double-fluorescent 
immunohistochemistry was performed to ascertain cell 
types expressing mFKN in CA1 after tGCI with or with-
out hypoxia, which revealed that mFKN was colocalized 
with neuronal marker protein NeuN in Sham and tGCI 
rats at 168  h after reperfusion with or without hypoxia 
(Fig.  2D), indicating that mKFN was predominantly 
localized in neurons.

To further ascertain the extent to which HPC inhib-
ited microglial activation and neuroinflammation via 
upregulating FKN in CA1 after tGCI, FKN-carried lenti-
virus (referred to as OE-FKN) was administrated into the 

bilateral hippocampus. Rats were randomly subjected to 
Sham operation, or tGCI with or without hypoxia 14 days 
after the administration of OE-FKN or scrambled lentivi-
rus vector (referred to as LV-con) (Fig. 3A). The effective-
ness of lentivirus transfection was verified as shown in 
Fig. 3B-C. As shown by immunofluorescence, mFKN was 
colocalized with GFP in OE-FKN administrated rats at 7 
days after tGCI (Fig. 3C). In addition, mFKN expression 
in CA1 detected by Western blotting increased both in 
Sham and tGCI rats after OE-FKN administrated at 50 h 
of reperfusion (Fig.  3D). Meanwhile, OE-FKN adminis-
tration prevented increase in the expressions of TNF-α 
and IL-1β in CA1 after tGCI (Fig.  3E-F). Accordingly, 
we examined the effects of OE-FKN administration on 
microglial activation in CA1 after tGCI with or without 
hypoxia at 7 days of reperfusion. As shown in Fig. 3G-I, 
the number of Iba-1-positive cells and the optical density 
of CD68 were markedly reduced in tGCI rats after OE-
FKN administration, indicating that the overexpression 
of FKN in CA1 mediated by FKN-carried lentivirus mim-
ics the neuroprotective effects of HPC against tGCI.

HPC exerts neuroprotective effects by upregulating 
CX3CR1 in neurons and downregulating CX3CR1 in glial 
cells in CA1 after tGCI
Since FKN is capable of suppressing activation of microg-
lia and attenuating inflammation by binding with the 
specific receptor CX3CR1, we examined the expression 
of CX3CR1 in CA1 of rats exposed to tGCI with or with-
out hypoxia. Immunohistochemical assay showed that 
CX3CR1-positive cells mainly existed in the pyramidal 
cell layer with neuron-like appearance in Sham, tGCI rats 
at the early reperfusion and HPC groups (Fig. 4A, a-d, g, 
h). Notably, at 168 h after tGCI, CX3CR1 was expressed 
mainly in cells with glia-like appearance, which exhibited 
polymorphic somata and processes (Fig.  4A, e, f ). The 
quantitative analysis showed that compared with Sham 
group, the number of CX3CR1-positive cells increased 
at 24  h after reoxygenation in hypoxia groups, and at 
0–50  h after reperfusion of tGCI. However, when com-
pared with tGCI rats, the number of CX3CR1-positive 
cells in HPC rats showed a slightly increase at 26 h but 
a slightly decrease at 168 h (Fig. 4B). Interestingly, com-
pared with Sham group, the number of CX3CR1-posi-
tive glia-like cells in CA1 were largely increased both in 
hypoxia groups and tGCI groups after reperfusion at 50 h 
and 168  h. On the other hand, HPC reduced the num-
ber of CX3CR1-positive glia-like cells at 50 h and 168 h 
after reperfusion (Fig.  4C). Meanwhile, the number of 
CX3CR1-positive neuron-like cells in CA1 increased 
at 0–26  h, and then significantly decreased at 50  h and 
168  h after reperfusion of tGCI. Hypoxia did not affect 
the number of CX3CR1-positive neuron-like cells in CA1 
of Sham rats. In contrast, HPC repressed the reduction 
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Fig. 2  The effects of HPC on the expression of mFKN and sFKN in CA1 after tGCI. (A) Immunohistochemistry of mFKN in rat brains. Representative images 
show Sham group (a, b), 50 h after reperfusion of tGCI groups (c, d) and HPC groups (e, f ), 168 h after reperfusion of tGCI groups (g, h) and HPC groups 
(i, j), respectively. Scale bar, 250 μm (a, c, e, g, i) and 25 μm (b, d, f, h, j). (B) Quantitative analyses of mFKN-positive cells in CA1. (C) Representative im-
munoblots showing the expressions of mFKN and sFKN in CA1, respectively. The histogram presents the quantitative analyses of mFKN and sFKN levels. 
The horizontal axis of the chart represents times of reoxygenation or reperfusion. Data are expressed as percentage of value of Sham animals. Each bar 
represents the mean ± S.D. *p < 0.05 vs. Sham animals and #p < 0.05 vs. tGCI groups at the same time point. (D) Representative photomicrographs with 
fluorescent staining of mFKN (green) and NeuN (red) in CA1. Representative images show Sham group (a-c), 168 h after reperfusion of tGCI groups (d-f ) 
and HPC groups (g-i), respectively. Scale bar, 25 μm
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Fig. 3  The effects of FKN overexpression on inflammatory response and activation of microglia in CA1 after tGCI with or without HPC. (A) Design of ex-
periments in which rats were stereotaxically injected with lentiviral vectors bilaterally into the dorsal CA1 pyramidal layer and subjected to either Sham or 
tGCI with hypoxia. (B) Phase contrast and fluorescent images from CA1 coronal sections of Sham group following with OE-FKN injection. Scale bar, 75 μm. 
(C) Representative photomicrographs show the co-localization of GFP (green), mFKN (red), and DAPI (blue) in CA1 from tGCI rats with OE-FKN injection. 
Scale bar, 25 μm. (D–F) Representative immunoblots showing the expressions of mFKN, TNF-α and IL-1β in CA1 with or without OE-FKN administration. 
The histogram presents the quantitative analyses of mFKN, TNF-α and IL-1β levels. Data are expressed as percentage of value of Sham animals. Each bar 
represents the mean ± S.D. (G) Representative microphotographs of Iba-1 and CD68 immunostaining in CA1 from rats administered bilaterally with either 
LV-con or OE-FKN at 168 h after reperfusion with or without hypoxia. Boxes indicate that the magnified regions displayed in the right panel. Scale bar, 
250 μm (a, c, e, g, i, k, m, o, q, s, u, w) and 25 μm (b, d, f, h, j, l, n, p, r, t, v, x). (H, I) Quantitative analyses of Iba-1-positive cell and CD68-immunoreactivities 
in CA1. Each bar represents the mean ± S.D. *p < 0.05 vs. Sham + LV-con animals, #p < 0.05 vs. tGCI group with LV-con, and &p < 0.05 vs. Sham/tGCI/HPC 
group with LV-con
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of CX3CR1-positive neuron-like cells at 50 h and 168 h 
after reperfusion (Fig.  4D). Western blotting analysis 
showed that CX3CR1 expression in CA1 increased at 
50 h after reperfusion in HPC groups (Fig. 4E).

Examined by double-labeled immunofluorescence, 
CX3CR1 was mainly expressed in hippocampal neurons 
of Sham rats, as shown by the co-localization with NeuN, 
and low levels of CX3CR1 was expressed in astrocytes, as 
shown by the co-localization with GFAP (Fig. 5A). How-
ever, at 168  h after tGCI, CX3CR1-positive cells were 

mainly GFAP-positive, and only a few were colocalized 
with NeuN (Fig. 5B). Conversely, a majority of CX3CR1-
positive cells in HPC rats exhibited similar appearance 
to neurons (Fig.  5C). Notably, only a few Iba-1-positive 
cells colocalized with CX3CR1-positive cells in CA1 
of the rats described above. Quantitation showed that 
compared with Sham group, the expression of CX3CR1 
in neurons of CA1 decreased after tGCI with or without 
hypoxia, and HPC repressed the reduction of CX3CR1 
in neurons after tGCI. In contrast, the expression of 

Fig. 4  The effects of HPC on the expression of CX3CR1 in CA1 after tGCI. (A) Immunohistochemistry of CX3CR1 in rat brains. Representative images show 
Sham group (a, b), 4 h after reperfusion of tGCI groups (c, d), 168 h after reperfusion of tGCI groups (e, f ) and HPC groups (g, h), respectively. Scale bar, 
250 μm (a, c, e, g) and 25 μm (b, d, f, h). (B) Quantitative analyses of CX3CR1-positive cells in CA1. (C) Quantitative analyses of CX3CR1-positive glia-like 
cells in CA1. (D) Quantitative analyses of CX3CR1-positive neuron-like cells in CA1. (E) Representative immunoblots showing the expression of CX3CR1 in 
CA1. The histogram presents the quantitative analyses of CX3CR1 levels. The horizontal axis of the chart represents times of reoxygenation or reperfusion. 
Data are expressed as percentage of value of Sham animals. Each bar represents the mean ± S.D. *p < 0.05 vs. Sham animals and #p < 0.05 vs. tGCI groups 
at the same time point
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Fig. 5  The effects of HPC on the localization of CX3CR1 in CA1 after tGCI. (A) Representative photomicrographs with fluorescent staining of CX3CR1 
(green) and NeuN/GFAP/Iba-1 (red) in CA1 of Sham group. (B) Representative photomicrographs with fluorescent staining of CX3CR1 (green) and NeuN/
GFAP/Iba-1 (red) in CA1 of tGCI 168 h group. (C) Representative photomicrographs with fluorescent staining of CX3CR1 (green) and NeuN//GFAP/Iba-1 
(red) in CA1 of HPC 168 h group. Rabbit derived CX3CR1 antibody was used for detecting the colocalization with NeuN and GFAP. Mouse derived CX3CR1 
antibody was used for detecting the colocalization with Iba-1. Scale bar, 25 μm. (D) Quantification of colocalization CX3CR1 and NeuN with Pearson’s 
coefficient in CA1. (E) Quantification of colocalization CX3CR1 and GFAP with Pearson’s coefficient in CA1. (F) Quantification of colocalization CX3CR1 
and Iba-1 with Mander’s coefficient in CA1. Values represent the mean ± SD of three independent experiments. *p < 0.05 vs. Sham animals and #p < 0.05 
vs. tGCI group
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CX3CR1 in astrocytes increased after tGCI with or with-
out hypoxia (Fig.  5D-F). The results above were recon-
firmed by using another antibody of anti-rabbit CX3CR1 
(Suppl Fig. S2). Additionally, in order to verify cell distri-
bution of CX3CR1 at different time points of reperfusion, 
another antibody of anti-rabbit Iba-1 and anti-mouse 
CX3CR1 were used, the results of which established that 
a little bit of CX3CR1 is expressed in microglia at 0–50 h 
of reperfusion with or without hypoxia (Suppl Fig. S3). 
Furthermore, the expression of CX3CR1 mRNA was 
detected by FISH assay. As shown in Suppl Fig. S4, the 
mRNA of CX3CR1 was mainly expressed in neurons of 
Sham rats. However, at 168 h after tGCI, it was colocal-
ized with GFAP and Iba-1.

The inhibitory experiments with lentivirus-mediated 
CX3CR1 knockdown were conducted to ascertain the 
role of CX3CR1 in the neuroprotection of HPC against 
tGCI. Rats were randomly subjected to Sham or tGCI 
at 14 days after the administration of CX3CRi-carried 
lentivirus (referred to as KD-CX3CR1) or scrambled 
lentivirus vector (referred to as LV-con) into the bilat-
eral hippocampus. The efficacy of lentivirus transfection 
was hereby verified (Fig. 6A-C). As shown in Fig. 6B, the 
expression of CX3CR1 in glia-like cells decreased sharply 
at 168 h after reperfusion in CA1 of tGCI rats adminis-
trated with KD-CX3CR1 compared with the rats admin-
istrated with LV-con. As expected, the administration of 
KD-CX3CR1, rather than LV-con, significantly reduced 
the CX3CR1 expression in Sham and tGCI rats (Fig. 6C). 
Meanwhile, KD-CX3CR1 administration prevented the 
increase in the expression of TNF-α and IL-1β in CA1 
after tGCI (Fig.  6D-E). However, KD-CX3CR1 adminis-
tration registered no significant effect on the expressions 
of TNF-α and IL-1β in CA1 after HPC. Accordingly, the 
effects of KD-CX3CR1 administration on the microglial 
activation in CA1 after tGCI with or without hypoxia 
were examined (Fig. 6F-H), and the results showed that 
KD-CX3CR1 administration reduced the number of Iba-
1-positive cells in CA1 of tGCI rats. Also, rats injected 
with KD-CX3CR1 in CA1 showed a significant decrease 
in the expression of CD68 compared with those rats 
injected with LV-con after tGCI. Nevertheless, either 
administration of KD-CX3CR1 or LV-con had no signifi-
cant effects on the number of Iba-1-positive cells and the 
expression of CD68 in CA1 after HPC. Afterwards, the 
effects of KD-CX3CR1 administration on the neurons 
in CA1 after tGCI with or without hypoxia were tested 
(Fig.  6F, I-J), which showed that the administration of 
KD-CX3CR1 or LV-con had no impact on the pyrami-
dal neurons in CA1 of Sham rats, whereas KD-CX3CR1 
administration markedly ameliorated cellular damage 
and neuronal loss after tGCI.

The overexpression of FKN mediated by HPC increases 
neuronal CX3CR1 and p-Akt, reduced neuronal loss in CA1 
after tGCI
As shown above, CX3CR1 can be expressed in neurons 
of CA1 after tGCI with or without hypoxia. Moreover, 
FKN directly modulates neuronal activity and survival 
via autoregulatory interaction [26]. Accordingly, we 
explored whether the neuronal FKN/CX3CR1 signal 
axis was involved in the neuroprotection induced by 
HPC after tGCI. As shown in Fig.  7A and B, OE-FKN 
administration increased the expression of CX3CR1 in 
neurons of CA1 at 168  h after tGCI. Western blotting 
analysis showed that CX3CR1 expression in CA1 was 
markedly increased in tGCI rats after OE-FKN adminis-
tration (Fig. 7C). Furthermore, to verify the involvement 
of Akt signal pathway in the neuroprotection mediated 
by the neuronal FKN/CX3CR1 axis, we thus examined 
the levels of Akt and p-Akt (Ser473) in CA1 of rats after 
administration of OE-FKN. The results demonstrated 
that the administration of OE-FKN or LV-con had no 
impact on the expression of Akt either in Sham or tGCI 
rats with or without hypoxia (Fig. 7D). Nonetheless, com-
pared with the administration of LV-con in tGCI rats, 
the phosphorylation of Akt (Ser473) was increased with 
OE-FKN (Fig. 7E). Accordingly, we examined the effects 
of OE-FKN administration on the neurons in CA1 after 
tGCI with or without hypoxia. As shown in Fig. 7F-H, the 
administration of OE-FKN showed no neurotoxic effect 
in CA1 of Sham rats, whereas, expectedly, the admin-
istration of OE-FKN significantly ameliorated cellular 
damage and neuronal lose at 168 h after tGCI.

Discussion
Accumulating evidence from clinical and animal stud-
ies indicates that ischemia-associated neuroinflamma-
tion within the brain is partially responsible for neuronal 
injury [38, 39]. In the present study, as shown in Fig.  8 
(drawing by Figdraw (www.figdraw.com)), we report that 
tGCI stimulated microglial activation and neuroinflam-
mation through activation of CX3CR1 in astrocytes, 
resulting in neuronal damage in hippocampal CA1 of 
rats. We also found that HPC upregulated endogenous 
FKN expressed in neurons and limited the activation of 
CX3CR1 on glial cells, thereby inhibiting microglial neu-
roinflammation in CA1 after tGCI. Meanwhile, the over-
expression of FKN mediated by HPC increased CX3CR1 
in neurons and upregulated p-Akt which were probably 
involved in reduced neuronal loss after tGCI (Fig.  8). 
According to this study, HPC protected against neuronal 
damage in CA1 after tGCI, perhaps through inhibiting 
microglial neuroinflammation and activating Akt, which 
was mediated by FKN/CX3CR1 axis in the neuronal 
network.

http://www.figdraw.com
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Fig. 6  The effects of CX3CR1 knockdown on the neuronal damage and inflammatory response in CA1 after tGCI with or without HPC. (A) Phase contrast 
and fluorescent images from CA1 coronal sections of Sham group with KD-CX3CR1. Scale bar, 75 μm. (B) Representative photomicrographs show the 
co-localization of GFP (green) and CX3CR1 (red) in CA1 from 168 h after reperfusion of tGCI groups with LV-con or KD-CX3CR1 injection. Scale bar, 25 μm. 
(C–E) Representative immunoblots showing the expressions of CX3CR1, TNF-α and IL-1β in CA1 with or without KD-CX3CR1 administration. The histogram 
presents the quantitative analyses of CX3CR1, TNF-α and IL-1β levels. Data are expressed as percentage of value of Sham animals. Each bar represents the 
mean ± S.D. (F) Representative microphotographs of Iba-1 and CD68 immunostaining, cresyl violet staining and NeuN immunostaining in CA1 from rats 
administered bilaterally with either LV-con or KD-CX3CR1 at 168 h after reperfusion with or without hypoxia. Boxes indicate that the magnified regions 
displayed in the right panel. Scale bar, 250 μm (a1-f1) and 25 μm (a2-f2, a3-f3, a4-f4). (G–J) Quantitative analyses of Iba-1-positive cell, CD68-immunore-
activities, surviving cells and NeuN-positive cells in CA1. Each bar represents the mean ± S.D. *p < 0.05 vs. Sham + LV-con animals, # p < 0.05 vs. tGCI group 
with LV-con, and & p < 0.05 vs. Sham/tGCI/HPC group with LV-con
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Fig. 7  The effects of FKN overexpression on the neuronal damage and the expression of CX3CR1 and p-Akt in CA1 after tGCI with or without HPC. (A) 
Representative photomicrographs show the co-localization of GFP (green), CX3CR1 (gray) and NeuN (red) in CA1 from 168 h after reperfusion of tGCI 
groups with LV-con or OE-FKN injection. Scale bar, 25 μm. (B) Quantitative analyses of CX3CR1-positive cell in neurons of CA1 from 168 h after reperfusion 
of tGCI groups with LV-con or OE-FKN injection. (C–E) Representative immunoblots showing the expressions of CX3CR1, Akt and p-Akt in CA1 with or 
without OE-FKN administration. The histogram presents the quantitative analyses of CX3CR1, Akt and p-Akt levels. Data are expressed as percentage of 
value of Sham animals. Each bar represents the mean ± S.D. (F) Representative microphotographs of cresyl violet staining and NeuN immunostaining in 
CA1 from rats administered bilaterally with either LV-con or OE-FKN at 168 h after reperfusion with or without hypoxia. Boxes indicate that the magnified 
regions displayed in the right panel. Scale bar, 250 μm (a, c, e, g, i, k, m, o, q, s, u, w) and 25 μm (b, d, f, h, j, l, n, p, r, t, v, x). (G, J) Quantitative analyses of sur-
viving cells and NeuN-positive cells in CA1. Each bar represents the mean ± S.D. *p < 0.05 vs. Sham + LV-con animals, #p < 0.05 vs. tGCI group with LV-con, 
and &p < 0.05 vs. Sham/tGCI/HPC group with LV-con
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Microglia/macrophages, the first line of defense against 
CNS injuries, exert a crucial effect on maintaining brain 
homeostasis. The resident mocroglia and peripheral 
macrophage are rapidly activated after cerebral ischemia 
[40], and they play a pivotal part in regulating neuroin-
flammation, implicated in the pathological process of 
ischemic brain injury. Cerebral ischemia not only induces 
neuronal death but also promotes activation of microglia. 
Dying neurons release neurotoxic factors that promote 
activation of microglia, resulting in excessive release of 
proinflammatory cytokines, which in turn triggers an 
inflammatory response and aggravates neuronal dam-
age after cerebral ischemia [41]. In opposition, inhibiting 
the activation of microglia and reducing the release of 

inflammatory mediators would alleviate neuronal dam-
age, reduce infarct volume and improve neurological 
function [42, 43]. In this study, we found that the number 
of Iba-1 immunopositive cells increased and the expres-
sion of the activating marker CD68 in CA1 enhanced 
at 168  h after tGCI. Meanwhile, the expression of pro-
inflammatory cytokine was found to be upregulated. 
Nonetheless, microglia in CA1 of HPC rats displayed a 
more resting morphology, and the expression of CD68 
and proinflammatory cytokines decreased. These results 
imply that HPC inhibits the activation of microglia and 
the release of proinflammatory cytokines in CA1 after 
tGCI.

Fig. 8  Schematic depicting mechanism by which HPC protects neuron against tGCI in the hippocampal CA1 through regulating FKN/CX3CR1 axis. HPC 
activates the FKN/CX3CR1 axis in neurons, and then upregulates the phosphorylation of Akt, thereby protecting neurons in CA1 against tGCI. Meanwhile, 
HPC downregulates the expression of CX3CR1 in glial cells, thereby preventing the excessive activation of microglia and inhibiting the production of 
proinflammatory cytokines in CA1 after tGCI
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In the CNS, the interaction between neurons and 
glial cells is an important endogenous mechanism for 
neurons to inhibit excessive activation of microglia, 
in which FKN/CX3CR1 axis plays a crucial role [44]. 
Under physiological conditions, neuron-derived FKN 
suppresses microglial activation and maintains them in 
a resting state through binding to its receptor CX3CR1 
on microglia [45]. However, during pathological states, 
the expression of FKN was reduced, resulting in attenu-
ation of the FKN-CX3CR1 interactions between neurons 
and microglia, and consequently activating the microg-
lia-induced inflammation. For example, Lyons et al. [46] 
have shown that in aged rats, the levels of FKN in the 
hippocampus were downregulated, which was correlated 
with an increase in CX3CR1 expression and microglial 
activation. Moreover, FKN has also been shown to inhibit 
the lipopolysaccharide-induced microglial activation 
and reduce the release of inflammatory, such as TNF-α 
[47]. Interestingly, the expression of FKN in neurons of 
ischemic penumbra was decreased following focal cere-
bral ischemia-reperfusion, accompanied by the activa-
tion of microglia and the secretion of proinflammatory 
cytokines, such as TNF-α and IL-1β [48]. In addition, 
the intracerebroventricular administration of exogenous 
FKN resulted in a long-lasting neuroprotective effect on 
cerebral ischemia in rodents [49, 50]. Similarly, our study 
demonstrated a reduction of mFKN expression in CA1 
after tGCI, whereas this trend was reversed by HPC. 
Furthermore, the overexpression of FKN in CA1 medi-
ated by FKN-carried lentivirus would inhibit microglial 
activation and attenuate the release of inflammatory fac-
tors after tGCI, which was similar to the effects of HPC. 
These data suggest that a high level of endogenous or 
exogenous FKN expressed in neurons limits CX3CR1 
activation on glial cells, and thus keeping microglia in a 
quiescent state. HPC suppresses microglial activation 
with neuroinflammation in hippocampal CA1 induced by 
tGCI via upregulating the expression of FKN.

In general, FKN exists in two forms, mFKN and sFKN. 
In the peripheral immune system, mFKN is adhesive 
and mediates the adhesion of leukocytes to the surface 
of endothelial cells. Whereas, sFKN, with chemotaxis, 
induces the expression of cell surface binding proteins 
on the surface of activated primary endothelial cells to 
promote strong adhesion of white blood cells [10–13]. 
However, the roles of mFKN and sFKN in the activation 
of microglia in CNS remain to be elucidated. In a mouse 
model of Parkinson’s disease, the overexpression of sFKN 
by the administration of sFKN-carried adeno-associ-
ated virus in substantia nigra neurons would ameliorate 
microglia activation and proinflammatory factors release, 
then alleviate the loss of substantia nigra neurons, and 
thus exerting neuroprotective effects; yet mFKN has 
no similar effects [15]. However, in a transgenic mouse 

models of Alzheimer’s disease, it is mFKN, but not sFKN, 
which regulates microglial phagocytosis of Aβ and neu-
ronal microtubule-associated protein tau phosphoryla-
tion [51]. The current study has expanded these findings 
to examine the roles of mFKN and sFKN in microglial 
activation after cerebral ischemia. We found that tGCI 
reduced the expression of mFKN in CA1, and HPC pre-
vented this reduction after tGCI. On the other hand, the 
expression of sFKN in CA1 increased after tGCI, while 
HPC had no significant effect on its expression. There-
fore, this important finding may provide evidence that 
mFKN, rather than sFKN, could be involved in a poten-
tial mechanism for attenuating neuroinflammation 
induced by HPC against tGCI.

In contrast to the exclusive location in neurons of FKN, 
the expression of CX3CR1 in the CNS is still somewhat 
controversial [8]. Ahn et al. found that the expression 
of CX3CR1 in CA1 pyramidal neurons was significantly 
increased at 1 day after 5 min of bilateral carotid artery 
occlusion in gerbils, and it gradually decreased thereaf-
ter. Nevertheless, the expression of CX3CR1 was mark-
edly increased in microglia after 5 days of reperfusion 
[52]. Wang et al. observed in permanent MCAO model, 
elevated neuronal CX3CR1 expression in the peri-infarct, 
hippocampus and striatum after ischemia [53]. Con-
trary to these finding, other studies suggested CX3CR1 
expresses restrictively in microglia [54–56]. In this study, 
we demonstrate that CX3CR1, including CX3CR1 pro-
tein and mRNA, was mainly expressed in neurons in CA1 
of Sham rats. Interestingly, CX3CR1, present in astro-
cytes, gradually increased post-tGCI, while HPC reduced 
its expression in astrocytes. What is noteworthy is that 
a shade of CX3CR1 was expressed in microglia in CA1. 
There have been reported that CX3CR1 was expressed in 
astrocytes of brain samples including human and rodent, 
both in vivo and in vitro [57, 58]. The localization of 
CX3CR1 in astrocytes implicates that FKN/CX3CR1 axis 
may play a role in modulating astrocyte reactivity. Addi-
tionally, it is possible that astrocyte-derived CX3CR1 
induce the release of soluble mediators to promote 
microglial proliferation [27], which may involve in the 
communication between astrocytes and microglia. For 
example, after cerebral ischemic injury in mice, activated 
astrocytes in the brain tissue can secrete IL-15 and other 
inflammatory mediators, thus aggravating neuronal dam-
age [59]. In addition, in the ischemic penumbra of human 
brain tissue, astrocytes can activate microglia, which in 
turn triggers an inflammatory response and aggravates 
neuronal damage [60]. Although these mediators remain 
to be identified, the different cellular distributions of 
FKN and CX3CR1 in CA1 of Sham and operated rats in 
our study suggest that FKN/CX3CR1 axis are involved in 
more complex signaling among neurons, astrocytes and 
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microglia in the pathophysiology of cerebral ischemia, 
rather than just mediating neuron-microglia crosstalk.

In order to ascertain the role of CX3CR1 in the neu-
roprotection of HPC against tGCI, the inhibitory experi-
ments with lentivirus-mediated CX3CR1 knockdown 
were conducted. The results showed that inhibiting the 
expression of CX3CR1 reduced the activation of microg-
lia in CA1 after tGCI and promoted neuronal survival. 
Similarly, research by Tang et al. found that knocking out 
CX3CR1 in adult male mice causes a significant reduc-
tion in microglial activation and inflammatory media-
tor release, thus alleviating neurological deficits after 
MCAO [61]. Intriguingly, although CX3CR1 expresses 
in both neurons and glial cells in CA1, administrated 
with KD-CX3CR1 in tGCI rats decreased sharply the 
expression of CX3CR1 in glia-like cells. In this study, 
using LV-CX3CR1-RNAi, we observed that inhibiting the 
expression of CX3CR1 in glial cells reduced the activation 
of microglia in CA1 after tGCI and promoted neuronal 
survival. Therefore, it seems logical to state that the acti-
vation of CX3CR1 in glial cells after cerebral ischemia led 
to microglial activation and aggravates neuronal damage. 
Further investigation, such as using lentivirus-delivered 
particles with specific promoter or in vitro experiment, 
will be required to elucidate the roles of CX3CR1 in dif-
ferent cells. In addition, though the overexpression of 
FKN or silencing of CX3CR1 was mimicking the effect 
of HPC, the loss of function verification should be more 
important.

As stated above, FKN reduces microglial activation, 
and inhibits inflammatory cytokines, thereby contribut-
ing to its neuroprotective effects. Indeed, given the fact 
that FKN is mainly expressed in neurons, it is impera-
tive to investigate the direct effects of FKN on neurons. 
Heinisch and Kirby reported that FKN inhibits the raphe 
serotonin neurons by enhancing the activity of GABAer-
gic receptors. Interestingly, over 70% of these neurons 
exhibits FKN/CX3CR1 co-localization [62]. In fact, in 
our study, most CX3CR1-positive cells in CA1 of Sham 
and HPC rats were neurons. Specifically, the overexpres-
sion of FKN in CA1 led to a significant increase in the 
expression of CX3CR1 in neurons, further suggesting 
that FKN exerted a direct neuroprotective effect on neu-
rons, as opposed to indirect actions through microglia-
mediated neuromodulation. Based on this noteworthy 
discovery, it is crucial to elucidate the mechanisms of 
FKN-mediated neuroprotective effect via autoregulatory 
interaction. Several studies in vitro cell culture systems 
have investigated the role of the FKN-mediated intra-
cellular signaling in neurons. For example, Deiva et al. 
reported that the treatment of human neurons with FKN 
induced phosphorylation of extracellular signal-regulated 
kinase 1/2 (ERK1/2) and Akt after exposed to glutamate 
receptor-mediated excitotoxicity [63]. In addition, FKN 

inhibits glutamate receptor-mediated neuron apoptosis, 
but this neuroprotective effect is abolished by blocking 
Akt and ERK1/2 signaling pathway [63]. It was further 
confirmed by Limatola et al. that neurons-derived FKN 
activates Akt through acting on CX3CR1 in neurons, and 
reduces neuronal apoptosis induced by glutamate [29]. 
FKN also rapidly increased Akt activation in microglia 
in a dose- and time-dependent manner [27]. However, to 
our best knowledge, there has been no study in vivo to 
explore the effects of FKN/CX3CR1 axis on Akt signaling 
pathway so far. Our in vivo results demonstrate that the 
overexpression of FKN induces a significant increase in 
phospho-Akt levels which correlated with marked neu-
roprotection of hippocampal neurons in CA1 after tGCI. 
Moreover, our previous study found that phospho-Akt 
is exclusively located in neurons of CA1 with or with-
out tGCI [34]. Unfortunately, we did not investigate the 
effect of Akt suppressor and inducer after overexpression 
of FKN on the neuroprotection of HPC against tGCI, 
including neurological functional tests. In addition, fur-
ther investigation, such as the knockdown of neuronal 
CX3CR1 in CA1 after overexpression of FKN, will be 
required to elucidate the roles of neuronal FKN/CX3CR1 
axis in the activation of Akt signaling pathways. None-
theless, these works give credence to the hypothesis that 
FKN can increase neuronal CX3CR1, activate Akt signal-
ing pathway and mediate HPC-induced neuroprotection 
against tGCI.

In this study, we have provided evidence for a poten-
tial mechanism of HPC-induced anti-inflammation and 
neuroprotection against tGCI through driving the FKN/
CX3CR1 axis in CA1. The FKN/CX3CR1 axis seems to 
have evolved as a communication link between neurons 
and glial cells after cerebral ischemia. Moreover, our 
study established that FKN, rather than merely a che-
motactic factor, may mediate neuroprotective effects on 
cerebral ischemia via activation of Akt signal pathway. 
Thus, FKN/CX3CR1 axis may be an attractive potential 
therapeutic target for anti-inflammation and neuropro-
tection after cerebral ischemia.
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