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 Background: Fractalkine is widely expressed throughout the brain and spinal cord, where it can exert effects on pain 
enhancement and hyperalgesia by activating microglia through CX3C chemokine receptor 1 (CX3CR1), which 
triggers the release of several pro-inflammatory cytokines in the spinal cord. Fractalkine has also been shown 
to increase cytosolic calcium ([Ca2+]i) in microglia.

 Material/Methods: Based on the characteristics of CX3CR1, a G protein-coupled receptor, we explored the role of inositol 1,4,5-tri-
sphosphate (IP3) signaling in fractalkine-induced inflammatory response in BV-2 cells in vitro. The effect and 
the underlying mechanism induced by fractalkine in the brain were observed using a mouse model with intra-
cerebroventricular (i.c.v.) injection of exogenous fractalkine.

 Results: [Ca2+]i was significantly increased and IL-1b and TNF-a levels were higher in the fractalkine-treated cell groups 
than in the farctalkine+ 2-APB groups. We found that i.c.v. injection of fractalkine significantly increased 
p-p38MAPK, IL-1b, and TNF-a expression in the brain, while i.c.v. injection of a fractalkine-neutralizing antibody 
(anti-CX3CR1), trisphosphate receptor (IP3R) antagonist (2-APB), or p38MAPK inhibitor (SB203580) prior to frac-
talkine addition yielded an effective and reliable anti-allodynia effect, following the reduction of p-p38MAPK, 
IL-1b, and TNF-a expression.

 Conclusions: Our results suggest that fractalkine leads to hyperalgesia, and the underlying mechanism may be associated 
with IP3/p38MAPK-mediated calcium signaling and its phlogogenic properties.
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Background

Fractalkine, which contains an extracellular region, transmem-
brane region, and intracellular region, is a chemokine found in 
cell membranes of central nervous system cells [1,2]; its receptor, 
CX3C chemokine receptor 1 (CX3CR1), is mainly expressed by 
microglia [3,4]. As a mediator of neuron-to-microglia signaling, 
fractalkine is closely related to inflammation [5]. Fractalkine sheds 
off from neurons and binds to its receptor, CX3CR1, to activate 
microglia, which can promote the release of pro-inflammatory cy-
tokines, including IL-1b and TNF-a, to induce further glial activa-
tion, ultimately resulting in an adverse cycle of inflammation [6]. 
Fractalkine has been shown to lead to increased cytosolic calcium 
([Ca2+]i) in microglia [7]. However, no previous report describes 
the mechanism by which cytosolic calcium is elevated, nor its 
relationship to hyperalgesia; indeed, no study reports the brain 
mechanism induced by fractalkine in a pain state.

In the present study, we assessed the role of inositol 1,4,5-tri-
sphosphate (IP3) signaling in the change of [Ca2+]i induced by 
fractalkine in BV-2 cells. First, we used primary cultured mi-
croglia, but they did not proliferate substantially, and we could 
not achieve the quality and quantity necessary for the exper-
iment. It was not successful after 3 months of cultivation, so 
we changed to the cell line and completed our experiments. 
Effects and underlying mechanisms were investigated using 
a mouse model with i.c.v. injection of exogenous fractalkine. 
The study of this signaling pathway may provide a reference 
for central mechanisms of pain.

Material and Methods

Cell culture and treatment

BV-2 cells (Cell Resource Centre of the Beijing Union, China), 
a murine microglial cell line, were cultured in DMEM/F12 
containing 10% fetal bovine serum and 1% penicillin and 
streptomycin, at 37°C with 5% carbon dioxide. When cul-
tures were 70–80% confluent, and 0.25% trypsin was used to 
digest and passage cells. Cells were seeded in 35-mm-diam-
eter dishes (5 mL/dish), 24-well plates (1 mL/well), or 6-well 
plates (2 mL/well) at a density of 1×105 cells/ml. After 24 h of 
growth, culture medium was replaced with serum-free DMEM/
F12 medium and synchronized for 12 h.

Cells were randomly divided into 4 groups (n=18 per group): 
control (C), fractalkine (aa25-105, R&D Systems, Minneapolis, 
MN) (F), 2-APB (Cayman, Ann Arbor, MI) + fractalkine (AF), and 
2-APB (A). Cells were treated with 10 nmol/L fractalkine in 
groups F and AF, 2-APB (50 µmol/L for 1 h) prior to 10 nmol/L 
fractalkine addition in group AF, serum-free medium in group C, 
or 50 µmol/L 2-APB in group A.

Two-photon confocal microscopy of [Ca2+]i

[Ca2+]i was determined by measuring the F340/F380 ratio of 
Fura-2/AM (Molecular Probes, Eugene, OR) fluorescence with 
a photometer coupled to an Olympus 1×70 inverted micro-
scope and IPLab v3.7 image processing and analysis software 
(Biovision Technologies, Exton, PA). We determined F340/
F380 ratios according to the Ge Liang method [8]. Briefly, 
microglia were loaded with Fura-2/AM in buffer (in mM: NaCl 
126, HEPES 10, KCl 6, CaCl2 1, MgCl2 1.2, glucose 10, Fura-2/
AM 0.001, pH 7.4) for 30 min at 2°C. Cells were washed twice 
to remove excess extracellular Fura-2/AM and maintained for 
30 min in buffer with or without calcium before testing for 
[Ca2+]i. CaCl2 was chelated by adding 1 mM EGTA in calcium-
free buffer. [Ca2+]i was tested in buffer with or without cal-
cium and containing 0, 0.1, 1, or 10 nM fractalkine in the 4 
groups. Fluorescence signals were measured with excitation 
at 340 and 380 and emission at 510 nm for the last 10 min of 
each treatment. F340/F380 ratios were averaged from a min-
imum of 30 cells in 6 separate experiments. [Ca2+]i was cal-
culated using a previously described ratiometric method [9].

Enzyme-linked immunosorbent assay (ELISA) for IL-1b and 
TNF-a

Cell culture supernatants were extracted after treatment in 
the absence or presence of 2-APB or fractalkine (10 nM) for 0, 
6, 12, and 24 h. Briefly, samples were centrifuged at 3,000 g 
at 4ºC for 20 min and supernatants were collected. IL-1b and 
TNF-a were measured by ELISA (Mouse IL-1b Assay Kit and 
Mouse TNF-a Assay Kit; Boster, Wuhan, China), according to 
the manufacturer’s instructions. Absorbance values were mea-
sured at a 490-nm wavelength using a microplate reader (Bio-
Rad, Hercules, CA). Concentrations of samples were calculated 
using a standard curve drawn according to the absorbance 
values of standards.

Mice in the 6 groups were rapidly sacrificed before injection (0) 
or at 6, 12, or 24 h after i.c.v. injection. The hippocampus was 
collected. IL-1b and TNF-a were measured by ELISA according 
to the manufacturer’s instructions. Optical density was mea-
sured at 450 nm using a microplate reader and values were 
obtained from standard curves using the recombinant IL-1b 
and TNF-a provided in the ELISA kits.

Quantitative real-time PCR for IL-1b and TNF-a

Cells were harvested after treatment with or without fractalkine 
for 6 h, in the absence or presence of 2-APB, and after frac-
talkine (10 nM) treatment for 0, 6, 12, or 24 h. Total RNA was 
extracted from cells using Trizol reagent (Invitrogen, Carlsbad, 
CA). Mice in the fractalkine group were treated as described 
for the ELISA assay. Reverse transcription was performed 
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according to standard protocols using a reverse transcrip-
tase assay kit (Invitrogen). Expression levels of target genes 
were determined from cDNA samples according to standard 
protocols using a SYBR qPCR mix kit (Toyobo, Osaka, Japan). 
PCR cycling protocols were as follows: initial denaturation, 
95°C for 1 min; cycling, 95°C for 15 s, 58°C for 10 s, and 72°C 
for 45 s; for 40 cycles. The following primers were used for 
mRNA detection: IL-1b forward, 5’-TTTGAAGTTGACGGACCCC-3’; 
reverse, 5’-GTGCTGCTGCGAGATTTGA-3’; TNF-a forward, 
5’-CGGGCAGGTCTACTTTGGAG-3’, reverse, 5’-CAGGTC 
ACTGTCCCAGCATC-3’; actin forward, 5’-CCGTGAAAAG 
ATGACCCAG-3’, reverse, 5’-TAGCCACGCTCGGTCAGG-3’. For rel-
ative comparison of each gene, realtime PCR data were evalu-
ated using the equation 2–DCt test/2–DCt control.

Animal preparation

All animal experiments were carried out in accordance with 
the Guide for the Care and Use of Laboratory Animals. All 
procedures were approved by Animal Ethics and Welfare 
Committee of Inner Mongolia Autonomous Region People’s 
Hospital (IACUC-20160427).

Animals were maintained under controlled conditions (24±2ºC, 
50–60% humidity, 12/12-h dark/light cycles) with free access to 
food and water. Anti-mouse CX3CR1 (eBioscience, San Diego, 
CA) is a neutralizing antibody for CX3CR1, 2-APB (Cayman, Ann 
Arbor, MI) is an IP3R antagonist, and SB203580 (Sigma-Aldrich, 
St. Louis, MO) is a p38MAPK inhibitor. Following complete an-
esthesia with propofol (i.v. 30 µg/g), we performed a right lat-
eral ventricle puncture according to the Ge ZJ method to de-
liver reagents directly into the cerebrospinal fluid. All reagents 
were diluted in 5 µL of sterile normal saline.

At total of 138 adult male C57BL/6 mice, weighing 25–30 g, 
were randomized and divided into 6 groups: sham (no i.c.v. 
injection), n=20; vehicle (i.c.v. injection of 5 µL normal saline), 
n=23; fractalkine (i.c.v. injection of 100 ng fractalkine), n=35; 
fractalkine + 1 μg anti-CX3CR1 (i.c.v.), n=20; fractalkine + 3.4 μg 
2-APB (i.c.v.), n=20; and fractalkine + 1 μg SB203580, n=20. 
Pretreatments (i.c.v.) were conducted 1 h before i.c.v. injection 
of 100 ng fractalkine in the last 3 groups.

Thermal nociceptive thresholds

The time between placement on the heat source and appear-
ance of withdrawal or licking of the hind paw was recorded 
as paw withdrawal latency (PWL). PWL was assayed according 
to the Hargreaves method using an Ugo Basile 37370 plantar 
test platform (Ugo Basile, Milan, Italy). Each mouse was tested 
30 min before, as control performance (0 min), and at 30, 60, 
120, and 240 min after drug administration.

Immunofluorescence assay for the role of fractalkine in 
microglia

Mice in vehicle and fractalkine groups were rapidly sacrificed 
4 h after i.c.v. injection. Coronal sections (10-µm thick) of the 
hippocampus were made using a cryostat. Sections were an-
alyzed by immunofluorescence as previously described using 
goat anti-mouse fractalkine antibody (1: 50; SC-7227, Santa 
Cruz Biotechnology, Dallas, TX), rabbit anti-mouse Iba-1 (1: 500; 
Wako Chemicals, Richmond, VA), and rabbit anti-mouse GFAP 
(1: 50; ZSGB-BIO, Beijing, China) with secondary FITC-labeled 
anti-rabbit IgG Ab (1: 50; Proteintech, San Diego, CA) or TRITC-
labeled anti-goat IgG Ab (1: 50; Proteintech). Images (400×) 
were obtained with a fluorescence microscope.

Western blot analysis of p38MAPK and p-p38MAPK

Mice in fractalkine groups were rapidly sacrificed 30 min before 
injection (0) and at 30, 60, 120, and 240 min after i.c.v. injec-
tion; whereas mice in the 6 treatment groups were rapidly sac-
rificed 30 min after i.c.v. injection. The hippocampus was rap-
idly isolated on ice and homogenized with a hand-held pestle 
in SDS sample buffer (10 µL/mg tissue) containing a cocktail 
of proteinase inhibitors and phosphatase inhibitors (Beyotime, 
Beijing, China). After complete cleavage, centrifugation at 
14 000× g for 5 min at 4ºC, supernatants were collected and 
proteins were quantified using BCA as a standard (Beyotime). 
A total of 40 μg of protein was analyzed by Western blot using 
monoclonal anti-mouse phosphor-p38MAPK and anti-mouse 
p38MAPK (1: 1000, Beyotime). Images were analyzed with 
Quantity One software (Bio-Rad). Phosphorylation levels of 
p38MAPK were calculated using the equation: grayscale value 
of p-p38MAPK/grayscale value of p38MAPK.

Statistical analysis

On the basis of testing the homogeneity of variances, differ-
ences among groups were compared by ANOVA. Differences 
between any 2 groups were compared using the least signifi-
cant difference (LSD) test, while 2 independent samples were 
compared by t test. Statistical significance was established at 
a level of P<0.05. All statistical analyses were performed using 
SPSS version 13.0 software (IBM, Armonk, NY).

Results

IP3-mediated calcium signaling participates in fractalkine-
induced [Ca2+]i release in BV-2 cells

First, we investigated whether IP3-mediated calcium signaling 
is involved in the elevation of induced by fractalkine. Effects 
were determined with a [Ca2+]i assay using Fura-2 as a probe 
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(Figure 1A–1C). The results indicated that fractalkine markedly 
increased [Ca2+]i in BV-2 microglia cells in calcium-containing 
and calcium-free media, and this effect was dose-dependent. 
While fractalkine-induced elevation of [Ca2+]i was inhibited by 
2-APB, 2-APB alone did not affect [Ca2+]i, indicating that IP3-
mediated calcium signaling is involved in fractalkine-induced 
[Ca2+]i elevation.

IP3-mediated calcium signaling is involved in fractalkine-
induced inflammatory responses in vitro

We investigated whether IP3-mediated calcium signaling is 
involved in the inflammatory response stimulated by fractal-
kine in BV-2 cells. Effects of 2-APB on production of IL-1b and 
TNF-a are depicted in Figure 2. Expression of IL-1b and TNF-a 
persistently increased in BV-2 cells exposed to fractalkine for 
6, 12, and 24 h (Figure 2A, 2B). In contrast, when treated with 
2-APB prior to fractalkine addition, production of these fac-
tors was greatly decreased at 24 h, but 2-APB alone did not 
affect IL-1b or TNF-a protein levels (Figure 2C, 2D). These re-
sults demonstrate that fractalkine-stimulated IL-1b and TNF-a 
production can be inhibited by suppressing IP3-mediated [Ca2+]i 
elevation in BV-2 cells using 2-APB.

We next analyzed the influence of IP3-mediated calcium 
signaling on IL-1b and TNF-a gene expression. Fractalkine mark-
edly upregulated IL-1b and TNF-a mRNA levels (Figure 2E, 2F), 
but 2-APB significantly downregulated fractalkine-induced 
increases of IL-1b and TNF-a mRNA levels (Figure 2G, 2H); 
however; 2-APB alone did not affect IL-1b and TNF-a mRNA 
expression. These observations were consistent with expres-
sion of IL-1b and TNF-a proteins, suggesting that inhibition 
of IP3-mediated [Ca2+]i elevation by 2-APB can suppress IL-1b 
and TNF-a protein expression by directly modulating gene 
transcription.

Fractalkine injection lead to thermal hyperalgesia and 
activated microglia in vivo

Mice in fractalkine-injected groups exhibited thermal hyper-
algesia (i.e., decreased thermal nociceptive threshold) at 60, 
120, and 240 min after i.c.v. injection; the lowest thermal no-
ciceptive threshold was observed at 120 min. Pretreatment 
(i.c.v.) with anti-CX3CR1, 2-APB, or SB203580 decreased frac-
talkine-induced thermal hyperalgesia at 60, 120, and 240 min 
(Figure 3A).

Immunofluorescence of Iba-1 and GFAP was used to assess 
microglia and astrocytes, respectively (Figure 3B). In the ve-
hicle group, a few unactivated and branched Iba-1-positive 
cells were detected; Fractalkine-positive (Figure 3B-A, red), 
Iba-1-positive cells (Figure 3B-B, green), and overlap (Figure 
3B-C) was not observed in the hippocampus. In the fractalkine 
group, fractalkine-positive (Figure 3B-D, red), Iba-1-positive 
cells (Figure 3B-E, green), and overlap (Figure 3B-F) was ob-
served, but many activated and rod-like Iba-1-positive cells 
were observed in the right hippocampus. Notably, fractalkine 
(Figure 3B-G, red) and GFAP-positive cells (Figure 3B-H, green) 
and overlap (Figure 3B-I) were not observed. Yellow fluores-
cence indicated overlap or double labeling. Most fractalkine was 
co-localized with the microglia-specific marker, Iba-1, rather 
than the astrocyte-specific marker, GFAP, indicating extrinsic 
fractalkine can activate microglia and regulate their function.

Fractalkine upregulated pro-inflammatory cytokines and 
p-p38MAPK protein in vivo

Quantitative RT-PCR analysis showed a significant increase in 
mRNA levels of IL-1b and TNF-a in the hippocampus after treat-
ment with fractalkine for 6, 12, or 24 h (Figure 4A, 4B). This 
increase peaked at 6 h and was maintained until 24 h. ELISA 
showed a persistent increase in levels of IL-1b and TNF-a in the 
hippocampus after treatment with fractalkine (Figure 4C, 4D). 
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Pretreatment with anti-CX3CR1, 2-APB, or SB203580 downreg-
ulated fractalkine-induced IL-1b and TNF-a secretions at 6, 12, 
and 24 h (Figure 4E, 4F). Furthermore, the intensity of the p-
p38MAPK band was significantly increased after treatment with 
fractalkine in the hippocampus. This increase peaked at 30 min 
and was maintained until 120 min (Figure 5A). Pretreatment 
with anti-CX3CR1, 2-APB, or SB203580 attenuated fractalkine-
induced p-p38MAPK expression at 30 min (Figure 5B). These 
results indicate that fractalkine induces pro-inflammatory cy-
tokine release and increases p-p38MAPK protein expression, 
which could be affected by IP3.

Discussion

Fractalkine is widely distributed throughout the spinal cord 
and brain tissue [10]. A pivotal role of activation by fractal-
kine in inflammation during central nervous system diseases 
has been well described by previous studies [11,12]. In recent 
years, fractalkine has been investigated as a new player in-
volved in pain control [13,14]. Previous studies have shown 
that fractalkine administration can lead to allodynia in the spi-
nal cord [4]. However, little is known about fractalkine-induced 
thermal hyperalgesia in the brain. We showed that i.c.v. injec-
tion of fractalkine can cause thermal hyperalgesia in mice, but 
pretreatment (i.c.v.) with anti-CX3CR1 decreased this effect. 
Immunofluorescence showed that extrinsic fractalkine can 

activate microglia and regulate their function, suggesting that 
hyperalgesia coincides with microglia activation.

As a chemokine, fractalkine has the characteristics of inducing 
leukocyte migration and facilitating pro-inflammatory cyto-
kine secretion [15–17]. In previous studies, these cytokines 
were shown to play crucial roles in glia activation evoked by 
cytokine release, which exacerbate hyperalgesia. Our findings 
showed a significant increase in mRNA and protein levels of 
IL-1b and TNF-a in the hippocampus after treatment with frac-
talkine. These increases have been previously reported in spinal 
cord inflammation and macrophages. Pretreatment with anti-
CX3CR1 downregulated IL-1b and TNF-a secretion. p38MAPK 
is known to be essential for transcription of pro-inflammatory 
cytokines. Many studies have confirmed activation of p38MAPK 
signal transduction proteins in spinal microglial cells during the 
development of neuropathic and inflammatory pain, and intra-
thecal injection of p38MAPK inhibitors can ameliorate this pain 
state [18–20]. However, whether phosphorylation of p38 (p-p38) 
also mediates thermal hyperalgesia induced by fractalkine in 
the brain is unknown. The present study showed that the in-
tensity of the p-p38MAPK band was significantly increased in 
the hippocampus after treatment with fractalkine, while pre-
treatment with anti-CX3CR1, 2-APB, or SB203580 markedly at-
tenuated fractalkine-induced hyperalgesia and downregulated 
p-p38MAPK, IL-1b, and TNF-a expression. These results indi-
cate that fractalkine can induce activation of microglial-derived 
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Figure 4.  Fractalkine upregulated pro-inflammatory cytokines in vivo. (A, B) The increase of IL-1b and TNF-a by treatment with 
fractalkine in RT-PCR analysis. (C, D) The increase of IL-1b and TNF-a by treatment with fractalkine in ELISA analysis. 
(E, F) The decrease of IL-1b and TNF-a by treatment with anti-CX3CR1, 2-APB, and SB203580. * P<0.05, compared with sham 
group; # P<0.05, compared with vehicle group; & P<0.05, compared with fractalkine group, n=3.
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p38MAPK in the hippocampus, causing the release of cytokines 
and modulation of thermal hyperalgesia. In the pre-experiment 
of the study, the threshold of mechanical pain in mice was sim-
ilar among all groups and no obvious change was observed. 
Thus, only thermal pain threshold was tested in the experiments.

Fractalkine has been shown to lead to increased cytosolic cal-
cium in microglia [21]. Moreover, calcium antagonists are ef-
fective pain treatments [22]. In the present study, our results 
showed that [Ca2+]i significantly increased after incubation 
with fractalkine in calcium-containing and calcium-free media, 
and this effect was dose-dependent. This suggests an asso-
ciation between pain and cytosolic calcium signaling. Indeed, 
our findings show a correlation between fractalkine-induced 
calcium signaling and thermal hyperalgesia, as pretreatment 
with 2-APB attenuated fractalkine-induced thermal hyperalgesia 
and downregulated p-p38MAPK, IL-1b, and TNF-a expression. 
This supports the involvement of IP3-mediated calcium signaling 
in fractalkine-induced hyperalgesia. 2-APB, a functional and 
membrane-permeable D-myo-IP3 receptor antagonist [23,24], 
stimulates calcium release at low concentrations (<10 μM) and 
inhibits it at higher concentrations (up to 42 μM). 2-APB inhib-
ited IP3-induced Ca2+ release from rat cerebellar microsomal 
preparations without affecting IP3 binding to its receptor [25]. 
Our findings showed that treatment with 2-APB prior to frac-
talkine addition suppressed fractalkine-induced calcium sig-
naling, but [Ca2+]i was still higher than in the control group, 
suggesting that increased [Ca2+]i resulted from both extracel-
lular influx and intracellular release, and IP3–mediated calcium 
signaling was involved in the fractalkine-induced elevation of 
[Ca2+]i. To investigate whether IP3-mediated calcium signaling 

correlates with the inflammation induced by fractalkine, our 
studies showed that pretreatment with 2-APB attenuated frac-
talkine-induced IL-1b and TNF-a expression. This indicates that 
IP3-mediated calcium signaling may be involved in fractalkine-
induced inflammation, based on the observation that 2-APB, 
an IP3 antagonist, ameliorated fractalkine-induced changes of 
the above indices.

Conclusions

Our results suggest IP3-mediated calcium signaling is associated 
with fractalkine-induced thermal hyperalgesia. Underlying 
mechanisms could involve increased calcium signaling to 
promote p-p38MAPK protein activation and upregulated pro-
inflammatory cytokine secretion by microglia. Collectively, these 
data show that fractalkine may be a pivotal factor in the devel-
opment, expansion, and maintenance of hyperalgesia via IP3-
mediated calcium signaling. Given the important role of frac-
talkine in pain hypersensitivity and neuronal-glial interactions, 
targeting fractalkine signaling is emerging as an attractive new 
strategy for treating hyperalgesia.
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Figure 5.  Fractalkine upregulated p-p38MAPK protein in vivo. (A) The p-p38MAPK protein was increased after treatment with 
fractalkine. (B) The p-p38MAPK protein was attenuated by pretreatment with anti-CX3CR1, 2-APB, and SB203580. * P<0.05, 
compared with sham group; # P<0.05, compared with vehicle group; & P<0.05, compared with fractalkine group, n=3.

p-p38 MAPK

p38 MAPK

p-p38 MAPK

p38 MAPK

0 30 60 120 240

5

4

3

2

1

0

p-
p3

8 M
AP

K 
pr

ot
ein

 (%
 of

 co
nt

ro
l)

*

* *

*#

&
& &

Sham Vehicle Fractal-
kine+
2-APB

Fractal-
kine+

SB203580

Fractal-
kine+

CX3CR1

5

4

3

2

1

0

p3
8 M

AP
K p

ro
te

in
 (%

 of
 co

nt
ro

l)

Fractal-
kine

A B

8810
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS]

Wang A. et al.: 
IP3-mediated calcium signaling is involved…

© Med Sci Monit, 2018; 24: 8804-8811
ANIMAL STUDY

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



References:

 1. Voronova A, Yuzwa SA, Wang BS et al: Migrating interneurons secrete frac-
talkine to promote oligodendrocyte formation in the developing mamma-
lian brain. Neuron, 2017; 94(3): 500–16.e9

 2. Roche SL, Wyse-Jackson AC, Ruiz-Lopez AM et al: Fractalkine-CX3CR1 sig-
naling is critical for progesterone-mediated neuroprotection in the retina. 
Sci Rep, 2017; 7: 43067

 3. Riopel M, Seo JB, Bandyopadhyay GK et al: Chronic fractalkine administra-
tion improves glucose tolerance and pancreatic endocrine function. J Clin 
Invest, 2018; 128(4): 1458–70

 4. Freria CM, Hall JC, Wei P et al: Deletion of the fractalkine receptor, CX3CR1, 
improves endogenous repair, axon sprouting, and synaptogenesis after spi-
nal cord injury in mice. J Neurosci, 2017; 37(13): 3568–87

 5. Boag SE, Das R, Shmeleva EV et al: T lymphocytes and fractalkine contrib-
ute to myocardial ischemia/reperfusion injury in patients. J Clin Invest, 
2015; 125(8): 3063–76

 6. Enam SF, Krieger JR, Saxena T et al: Enrichment of endogenous fractal-
kine and anti-inflammatory cells via aptamer-functionalized hydrogels. 
Biomaterials, 2017; 142: 52–61

 7. Guo L, Lu X, Wang Y et al: Elevated levels of soluble fractalkine and in-
creased expression of CX3CR1 in neuropsychiatric systemic lupus erythe-
matosus. Exp Ther Med, 2017; 14(4): 3153–58

 8. Lee K, A Piazza G: The interaction between the Wnt/beta-catenin signaling 
cascade and PKG activation in cancer. J Biomed Res, 2017; 31(3): 189–96

 9. Kania E, Roest G, Vervliet T et al: IP3 receptor-mediated calcium signaling 
and its role in autophagy in cancer. Front Oncol, 2017; 7: 140

 10. Conroy MJ, Maher SG, Melo AM et al: Identifying a novel role for fractal-
kine (CX3CL1) in memory CD8(+) T cell accumulation in the omentum of 
obesity-associated cancer patients. Front Immunol, 2018; 9: 1867

 11. Kaur T, Ohlemiller KK, Warchol ME: Genetic disruption of fractalkine sig-
naling leads to enhanced loss of cochlear afferents following ototoxic or 
acoustic injury. J Comp Neurol, 2018; 526(5): 824–35

 12. Liu P, Liang Y, Jiang L et al: CX3CL1/fractalkine enhances prostate cancer 
spinal metastasis by activating the Src/FAK pathway. Int J Oncol, 2018; 
53(4): 1544–56

 13. Wang H, Cai J, Du S et al: Fractalkine/CX3CR1 induces apoptosis resistance 
and proliferation through the activation of the AKT/NF-kappaB cascade in 
pancreatic cancer cells. Cell Biochem Funct, 2017; 35(6): 315–26

 14. Liu JF, Tsao YT, Hou CH: Fractalkine/CX3CL1 induced intercellular adhesion 
molecule-1-dependent tumor metastasis through the CX3CR1/PI3K/Akt/
NF-kappaB pathway in human osteosarcoma. Oncotarget, 2017; 8(33): 
54136–48

 15. Shalini V, Pushpan CK, G S et al: Tricin, flavonoid from Njavara reduces in-
flammatory responses in hPBMCs by modulating the p38MAPK and PI3K/
Akt pathways and prevents inflammation associated endothelial dysfunc-
tion in HUVECs. Immunobiology, 2016; 221(2): 137–44

 16. Deng R, Li F, Wu H et al: Anti-inflammatory mechanism of geniposide: 
Inhibiting the hyperpermeability of fibroblast-like synoviocytes via the 
RhoA/p38MAPK/NF-kappaB/F-actin signal pathway. Front Pharmacol, 2018; 
9: 105

 17. Xu W, Zhao Q, Wu M et al: MKL1 mediates TNF-alpha induced pro-inflam-
matory transcription by bridging the crosstalk between BRG1 and WDR5. 
J Biomed Res, 2017; 33(4): 119–26

 18. Ray AL, Berggren KL, Restrepo Cruz S et al: Inhibition of MK2 suppress-
es IL-1beta, IL-6, and TNF-alpha-dependent colorectal cancer growth. Int J 
Cancer, 2018; 142(8): 1702–11

 19. Cai Z, Falkensammer F, Andrukhov O et al: Effects of shock waves on ex-
pression of IL-6, IL-8, MCP-1, and TNF-alpha expression by human peri-
odontal ligament fibroblasts: An in vitro study. Med Sci Monit, 2016; 22: 
914–21

 20. Zhang J, Chi H, Xiao H et al: Interleukin 6 (IL-6) and tumor necrosis factor 
alpha (TNF-alpha) single nucleotide polymorphisms (SNPs), inflammation 
and metabolism in gestational diabetes mellitus in Inner Mongolia. Med 
Sci Monit, 2017; 23: 4149–57

 21. Cabrera-Pastor A, Hernandez-Rabaza V, Taoro-Gonzalez L et al: In vivo ad-
ministration of extracellular cGMP normalizes TNF-alpha and membrane 
expression of AMPA receptors in hippocampus and spatial reference mem-
ory but not IL-1beta, NMDA receptors in membrane and working memory 
in hyperammonemic rats. Brain Behav Immun, 2016; 57: 360–70

 22. Tolstykh GP, Olsovsky CA, Ibey BL et al: Ryanodine and IP3 receptor-me-
diated calcium signaling play a pivotal role in neurological infrared laser 
modulation. Neurophotonics, 2017; 4(2): 025001

 23. Khomula EV, Ferrari LF, Araldi D et al: Sexual dimorphism in a reciprocal 
interaction of ryanodine and IP3 receptors in the induction of hyperalgesic 
priming. J Neurosci, 2017; 37(8): 2032–44

 24. Jing SH, Gao X, Yu B et al: Raf kinase inhibitor protein (RKIP) inhibits tumor 
necrosis factor-alpha (TNF-alpha) induced adhesion molecules expression 
in vascular smooth muscle bells by suppressing (nuclear transcription fac-
tor-kappaB (NF-kappaB) pathway. Med Sci Monit, 2017; 23: 4789–97

 25. Lin BH, Tsai MH, Lii CK et al: IP3 and calcium signaling involved in the reor-
ganization of the actin cytoskeleton and cell rounding induced by cigarette 
smoke extract in human endothelial cells. Environ Toxicol, 2016; 31(11): 
1293–306

8811
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS]

Wang A. et al.: 
IP3-mediated calcium signaling is involved…
© Med Sci Monit, 2018; 24: 8804-8811

ANIMAL STUDY

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)


