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Abstract

Objectives—Numerous studies suggest important roles of the chemokine, fractalkine (CX3CL1) 

in acute/chronic pancreatitis, however the possible mechanisms of the effects are unclear. 

Pancreatic stellate cells (PSCs) can play important roles in pancreatitis, secreting inflammatory 

cytokines/chemokines, as well as proliferation. Therefore, we investigated CX3CL1 receptor 

(CX3CR1) occurrence in normal pancreas and pancreatitis (acute/chronic) tissues, and the effects 

of CX3CL1 on activated-PSCs.

Methods—CX3CR1 expression/localization in normal pancreas and pancreatitis (acute/chronic) 

tissues were evaluated with immunohistochemical analysis. CX3CR1 expression and effects of 

CX3CL1 on activated-PSCs were examined with realtime-PCR, BrdU assays and Western 

Blotting.

Results—In normal pancreas, acinar cells expressed CX3CR1 within granule-like-formations in 

the cytoplasm, whereas in acute/chronic pancreatitis, acinar, ductal and activated-PSCs expressed 

CX3CR1 on cell membranes. With activation of normal PSCs, CX3CR1 is increased. CX3CL1 

activated multiple signaling cascades in PSCs. CX3CL1, did not induce inflammatory-genes 

expression in activated-PSCs, but induced proliferation.

Conclusions—CX3CR1s are expressed in normal pancreas. Expression is increased in acute/

chronic pancreatitis and the CX3CR1s are activated. CX3CL1 induces proliferation of activated-
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PSCs without increasing release of inflammatory-mediators. These results suggest that CX3CR1 

activation of PSCs could be important in their effects in pancreatitis, especially to PSCs 

proliferation in pancreatitis where CX3CL1 levels are elevated.
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transduction pathways

Introduction

Chemokines play an essential role in normal physiology by recruiting inflammatory cells in 

damaged tissues and maintaining homeostasis in various organs via chemokine receptors1,2. 

Chemokines also play a critical role in the pathogenesis of many inflammatory diseases 3–8. 

Fractalkine (CX3CL1), one of the most important chemokines, was discovered as a different 

subclass of CX3C from the known chemokines in late 1990s and designated as CX3CL1 9. 

CX3CL1 plays a key role in the pathogenesis of many inflammatory diseases via its 

receptor, CX3CR110 (including hepatitis 11,12, atherosclerosis 13,14, neuropathic pain 15, and 

rheumatoid arthritis 16).

In the case of pancreatitis, various chemokines have been reported to play critical roles in 

the progression of pancreatitis 17–26. Among these various chemokines, CX3CL1 may be 

especially important in pancreatitis, because serum levels of CX3CL1 are increased in rats 

with severe acute pancreatitis 27 and in patients with chronic pancreatitis 28. Alcohol 

consumption in patients with chronic pancreatitis increases the serum level of CX3CL1 28 

and ethanol addition to PSCs synergistically stimulates the release of CX3CL1 to the cell-

culture supernatant29. Furthermore, CX3CL1 expression in human chronic pancreatitis 

correlates with the clinical pain score, which led to the suggestion that the increased serum 

level of CX3CL1 might play a pathogenic role in chronic pancreatitis30,31. However, the 

expression of CX3CL1 receptor, CX3CR1, has not been fully examined in both acute and 

chronic pancreatitis and it is unclear the exact mechanisms by which CX3CL1 might effect 

pancreatic function or cause pancreatic diseases.

Recent studies have established the important roles played by various resident cells of the 

pancreas (particularly acinar cells and PSCs) in various aspects of pancreatitis (acute and 

chronic) and pancreatic cancer, especially in inflammatory leukocyte attraction via secretion 

of chemokines and cytokines and expression of adhesion molecules 32–42. PSCs, not only 

can secrete various inflammatory cytokines and chemokines 29,43,44, which can participate 

in the inflammatory processes, they can also proliferate and secrete collagen, thereby 

playing an essential role in tissue regeneration and fibrosis45,46. Whereas a number of 

stimulants can affect PSCs, including activation of some G-protein coupled receptors 

(PGE2, angiotensin, CCK-A, CCK-B) 47–52, it is unknown if the fractalkine receptor 

(CX3CR1) occurs on PSCs either in normal pancreas or whether CX3CR1 on PSCs are 

activated in acute or chronic pancreatitis, or if this does occur, whether the CX3CR1 

agonists affect the PSCs signaling cascade, growth or ability to release inflammatory 

mediators. To address these questions, in the present study we have examined the 
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occurrence of the CX3CR1 in PSCs in acute and chronic pancreatitis models, as well as the 

ability of the CX3CR1 agonist, CX3CL1, to alter function of PSCs and effect PSCs 

behavior.

Materials and Methods

Materials

Forskolin and lipopolysaccharide (LPS) were obtained from Sigma–Aldrich (St Louis, MO, 

USA). Recombinant rat CX3CL1, MCP-1 and PDGF-BB were obtained from R&D Systems 

(Minneapolis, Minn). Various antibodies (rabbit anti-rat phosphorylated extracellular signal-

regulated kinase (ERK), rabbit anti-rat phosphorylated JNK, rabbit anti-rat phosphorylated 

p38, rabbit anti-rat phosphorylated Akt, rabbit anti-rat phosphorylated CREB, rabbit anti-rat 

β-tubulin, anti-rabbit IgG HRP conjugated and anti-mouse IgG HRP conjugated) were from 

Cell Signaling Technology (Beverly, MA, USA). Rabbit anti-CX3CR1, mouse anti-glial 

fibrillary acidic protein (GFAP) and mouse anti-alpha smooth muscle actin (α-SMA) 

antibodies were from Abcam PLC (Cambridge, UK). Anti-rabbit IgG Alexa 488 conjugated 

antibody, anti-mouse IgG Alexa 555 conjugated antibody and Hoechst 33342 were from 

Invitrogen (Carlsbad, CA, USA).

Animals

For acute pancreatitis studies, 15-week-old adult male Wistar rats and, for chronic 

pancreatitis studies, Wistar/Bonn Kobori (KOB) rats (KBT Oriental, Saga, Japan) were 

used. All animal procedures were performed in accordance with the guidelines of the 

Committee on Animal Care of Kyushu University. Acute pancreatitis was induced in male 

Wistar rats by administrating a single intraperitoneal injection of 4.0 g/kg body weight L-

arginine monohydrochloride in 0.9% sodium chloride (pH 7.0) as described previously 53. 

Rats were fed ad libitum after the treatment and killed 72 h after the injection of arginine. To 

study results in chronic pancreatitis, a Male Wistar/Bonn Kobori (KOB) rats were used 

because they develop chronic pancreatitis by the age of 3 months and diabetes mellitus 

occurs at 9 months 54. KOB rats have been widely accepted as a rodent model of chronic 

pancreatitis 55.

Isolation of quiescent PSCs and cell culture

PSCs were isolated from the pancreas of normal male Wistar rats (weighing 180–200 g) by a 

density-gradient centrifugation method as previously described 56. Briefly, purity of PSCs 

was more than 90% as evaluated by the typical star-like configuration and by detecting 

vitamin A autofluorescence. Cells were maintained in complete DMEM/F-12: this is a 

mixture of DMEM (Dulbecco’s modified Eagle medium) and Ham’s F-12 nutrient mixture 

(from Wako Pure Chemicals, Osaka, Japan) supplemented with 10% fetal bovine serum, 50 

units/mL of penicillin, and 50 mg/mL of streptomycin (from Invitrogen, Carlsbad, CA, 

USA). All experiments using PSCs were performed with cells between passages 1 and 5. 

Unless otherwise specified, PSCs were incubated in serum-free medium for 24 h before the 

addition of experimental reagents.
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Immunofluorescent staining

Immunofluorescent staining was performed as previously described 56. Briefly, double 

immunofluorescent staining for CX3CR1 and GFAP (quiescent PSCs) or α-SMA (staining 

activated PSCs) was performed as previously described 29. Tissue sections were 

deparaffinized and rehydrated in PBS. Following antigen retrieval, the slides were blocked 

with 2 % BSA and incubated with rabbit anti-CX3CR1 antibody (at 1:100 dilution) and 

mouse anti-α-SMA antibody (at 1:400 dilution) overnight at 4 °C. After washing, the slides 

were incubated for 1 h with Alexa 488-labeled anti-rabbit IgG antibody (at 1:1000 dilution) 

and Alexa 555-labeled anti-mouse IgG antibody (at 1:1000 dilution). After washing, the 

slides were analyzed for fluorescence using a fluorescent microscopy. Nuclear 

counterstaining was performed using Hoechst 33342. For in vitro staining, PSCs were 

incubated without serum for 24 hours at 37°C and fixed in 4% paraformaldehyde. After 

blocking with 1% normal bovine serum albumin, cells were incubated with rabbit anti-rat 

CX3CR1 antibody (at 1:100 dilution) and mouse anti-α-SMA antibody (at 1:400 dilution) 

overnight at 4°C. After washing, cells were incubated with anti-rabbit Alexa488-conjugated 

IgG and Alexa 555-labeled anti-mouse IgG antibody for 1 h, washed again with PBS and 

then samples were analyzed for fluorescence under a confocal laser scanning microscope 

(Nikon A1/C1, Tokyo, Japan). For a negative control, the primary antibody was replaced 

with 2% BSA or polyclonal rabbit IgG (Abcam). The degree of cellular localization of 

CX3CR1 was calculated using ImageJ (NIH).

Expressional changes of CX3CR1 and cytokines/chemokines mRNAs in pancreatic tissues 
and PSCs: real-time reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was extracted from the pancreatic tail and from PSCs using an RNeasy Mini Kit 

(Qiagen, Valencia, CA) as previously described 29,57. Briefly, for RT-PCR, 100 ng of total 

RNA was reverse transcribed into first-strand complementary DNA (cDNA) using a 

PrimeScript RT Reagent Kit (Takara Bio, Inc, Otsu, Shiga, Japan) according to the 

manufacturer’s instructions. RT-PCR was performed using a LightCycler Real-Time PCR 

system (Roche, Switzerland) according to the manufacturer’s instructions. The reaction 

mixture (20 µL) contained SYBR Premix Ex Taq II (TLi RNAseH Plus; Takara Bio, Inc, 

Otsu, Shiga, Japan), 4 mM MgCl2, 0.5 mM of the upstream and downstream PCR primers 

(Table 1) and 2 µL of first-strand cDNA template. To control for variations in the reactions, 

all PCR data were normalized against GAPDH expression.

Western Blotting

Western blot analysis was performed as previously described 56. Briefly, cells were lysed in 

RIPA buffer (Nacalai Tesque, Kyoto, Japan) and cellular proteins (approximately 50 µg) 

were fractionated by electrophoresis on a 10% sodium dodecyl sulfate polyacrylamide gel 

(Bio-Rad, Hercules, Calif). The proteins were then transferred onto a nitrocellulose 

membrane (Bio-Rad, Hercules, Calif), and the membrane was incubated for 2 to 6 h with 

primary antibodies (at 1:1000 to 1:4000 dilutions). After incubating with HRP-conjugated 

anti-rabbit or anti-mouse IgG antibody (at 1:10000 dilution), the proteins were visualized by 

using an ECL kit from Perkin Elmer (Waltham, MA, USA) and ImageQuant™ LAS 4000 

mini (GE Healthcare Japan Corporation, Tokyo, Japan). Levels of phosphorylated ERK, 
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JNK, p38, Akt, CREB and β-tubulin were determined by General-Purpose Analysis 

Software Multi Gauge (Fujifilm, Tokyo, Japan).

Quantification of soluble MCP-1: MCP-1 ELISA

After 24 h of incubation, the levels of MCP-1 in the culture supernatants were measured by 

ELISA (Rat MCP-1 ELISA from Thermo Scientific, Rockford, IL, USA) performed as 

described previously 29.

Cell proliferation assay (5-Bromo-2-deoxyuridine ELISA): BrdU incorporation assay

DNA synthesis was measured by the incorporation of 5-bromo-2-deoxyuridine (BrdU) using 

a BrdU cell proliferation assay kit (Calbiochem; Darmstadt, Germany) performed as 

described previously 56. Briefly, BrdU was added to wells of the plate during the final 2 h of 

culture and was incorporated into the DNA of any dividing cells. Cells were fixed and 

permeabilized, and anti-BrdU monoclonal antibody was pipetted into the wells and allowed 

to incubate for 1 h while it binds to any incorporated BrdU. Unbound antibody was washed 

away, and HRP-conjugated goat anti-mouse was added. The HRP catalyzes the conversion 

of the chromogenic substrate from a colorless solution into a solution with an intensity that 

is proportional to the amount of incorporated BrdU in the cells. The colored reaction product 

was quantified by using a spectrophotometer.

Cell viability assay: MTS assay

Cell viability was assessed by the MTS assay (CellTiter 96® Aqueous One Solution Cell 

Proliferation Assay, Madison, WI, USA). After treatment with CX3CL1 for 24 h, MTS 

solution was added to the cells and the incubation continued at 37 °C for 1 h. After the 

incubation period, cell viability was quantified by the differences in absorbance at 

wavelengths of 570 and 690 nm.

Statistical analysis

Results are expressed as the means ± SEM of 3–4 separate cell preparations per 

experimental protocol. The two-tailed unpaired Student’s t-test was used for the statistical 

analyses. P values of <0.05 were considered statistically significant.

Results

Comparison of expression of the CX3CR1 in pancreas of rats with acute pancreatitis and 
normal controls (Fig. 1)

Initially, we performed immunofluorescent staining to evaluate the expression of the 

CX3CR1 in normal pancreas from male Wistar rats. High expression of the CX3CR1 was 

observed in pancreatic acinar cells and intra-lobular duct cells (Fig. 1A). On high 

magnification (Fig. 1A, right panel, ×800), CX3CR1 was expressed in the cytoplasm of 

these cells, but not on the cell surface membrane, presenting with diffusely scattered 

intracellular granule-like formations. GFAP positive PSCs (quiescent PSCs: q) (Fig. 1B, 

right) showed CX3CR1, however the precise localization of the receptor was difficult to see 

because of the cell size. No expression of CX3CR1 was seen in pancreatic islets (I) or in α-
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SMA positive vessel cells (V). In the normal pancreatic specimen, no α-SMA positive PSCs 

(activated myofibroblast-like cells) were seen. In contrast, an increasing numbers of 

activated PSCs (PSC) were observed in pancreas from L-arginine induced acute pancreatitis 

(Fig. 1C). Furthermore, the cellular localization of CX3CR1 was altered and distributed on 

the cell surface membrane in activated PSCs, acinar cells and duct cells (D) (Fig. 1C, right). 

We found none of the normal cells expressed CX3CR1 on their cell surface. However, we 

also found in acute pancreatitis (Fig. 1C) that 94 % of the cells (including activated PSCs, 

acinar, ductal and inflammatory cells) expressed CX3CR1 on cell surface (6% of the other 

cells did not express it on cell surface). No intracellular granule-like formations were seen in 

these cells.

Expression of CX3CR1 in chronic pancreatitis (Fig. 2)

We next investigated whether CX3CR1 expression was present or altered in the pancreas of 

rats with chronic pancreatitis (Fig. 2). To accomplish this, double staining for α-SMA (to 

localize activated PSCs) and the CX3CR1 was performed in pancreatic tissue sections from 

male Wistar/Bonn Kobori rats, which are a well-established model of chronic pancreatitis 

(Fig. 2B). In the pancreas from rats with chronic pancreatitis, a marked increase in CX3CR1 

expression was seen, and throughout the pancreas was seen prominent fibrosis, and a 

marked increase in the number of α-SMA positive cells (activated PSCs), especially in the 

interstitial area (Fig. 2B, left). Double-positive staining cells (yellow for CX3CR1 and α-

SMA) were observed supporting the conclusion that CX3CR1 was present on α-SMA 

positive cells (activated PSCs) (Fig. 2B, right). Acinar (a) and tubular complexes also 

expressed the CX3CR1 (Fig. 2B, right) on the cell surface membrane. Similar to acute 

pancreatitis (Fig. 1C), in Fig. 2B, we found 92 % of the cells have CX3CR1 on cell surface. 

These data demonstrated that by far the majority of activated PSCs and other cells in an 

acute (Fig. 1C) and chronic (Fig. 2B) inflammatory models of pancreatitis have CX3CR1 on 

their cell surface. To quantitate the mRNA expression of CX3CR1, we performed realtime 

PCR. The result showed a 5-fold increase in expression of CX3CR1 in pancreas from rats 

with chronic pancreatitis (Fig. 2C).

Expression of CX3CR1 in quiescent and activated PSCs in vitro (Fig. 3)

To further investigate the expression of CX3CR1 in normal pancreas and the result of its 

activation, we studied PSCs isolated from normal pancreas in both a quiescent phase (1st 

passage: 2 days after isolated) (Fig. 3A, top/left) and an activated phase (3rd passage) in 

vitro (Fig. 3A, top/right). Quiescent and activated PSCs expressed CX3CR1 (Fig. 3A). 

Activation of the PSCs during the 3rd passage was confirmed by demonstrating the presence 

of immunofluorescent staining for α-SMA (Fig. 3A, top/right). We also confirmed the 

specificity of CX3CR1 antibody using isotype anti-rat IgG as a negative control (Fig. 3A, 

bottom). To elucidate further the level of expression of CX3CR1 mRNA in quiescent and 

activated PSCs, whether PSCs expressed CX3CR1 mRNA and whether the amount varies 

with PSCs activation, we performed RT-PCR in cultured PSCs after the 1st passage 

(quiescent) and the 3rd passage (activated) (Fig. 3B). CX3CR1 was expressed in PSCs in 

both quiescent and activated phase (Fig. 3B). Quantitative realtime PCR revealed expression 

of CX3CR1 mRNA in activated PSCs from the 3rd passage (activated) compared to 

quiescent PSCs from the 1st passage (quiescent) increased almost 6-fold (Fig. 3B).
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Effect of activation of the CX3CR1 by the specific agonist, CX3CL1, on various cell 
signaling cascades in PSCs

To evaluate which cell signaling cascades was activated by CX3CL1 in PSCs, we next 

employed Western blotting analysis after incubation of PSCs with CX3CL1 or with the 

chemokine, MCP-1 (Fig. 4). CX3CL1 rapidly stimulated (by 5 min) phosphorylation of 

MAPKs (ERK, JNK and p38), Akt and CREB with a maximal response between 5–15 min 

at 10 ng/ml (Fig. 4A). Furthermore, increased and prolonged (phosphorylated ERK and 

CREB seen at 30 min) activation was observed with increased concentration of CX3CL1 

(100 ng/ml) (Fig. 4B). On the other hand, MCP-1 stimulated these cascades weakly (Fig. 

4C). PDGF-BB (PDGF) and forskolin (For) were used as positive controls and each 

activated all of the cell signaling pathways.

Effect of activation of CX3CR1 by CX3CL1 on stimulation of the expression of various 
inflammatory cytokines/chemokines in PSCs

We next examined whether the CX3CR1 agonist, CX3CL1, stimulated inflammatory 

responses in PSCs using realtime PCR (Fig. 5A–E). CX3CL1 (1–100 ng/ml) did not alter 

the mRNA expression of the inflammatory cytokines (IL-1β, IL-6, TNF-α) or the 

chemokines (CINC-1) (Fig. 5A–D). CX3CL1 also did not stimulate MCP-1 release from 

PSCs (Fig. 5E). However, α-SMA expression, which is cell activation marker, was also not 

increased by CX3CL1 treatment (Fig. 5F).

Effects of CX3CL1 or MCP-1 on growth of PSCs

In vascular smooth muscle cells, activation of the CX3CR1 causes cell proliferation 58, in 

contrast, the chemokine, MCP-1, in some cells stimulates proliferation, however, it is 

reported to inhibit proliferation in rat PSCs 59. To investigate their effect on cell growth of 

normal PSCs, we compared the effects of different concentrations of both CX3CL1 and 

MCP-1 on proliferation in PSCs. CX3CL1 stimulated PSCs proliferation in a dose-

dependent manner (Fig. 6A). However, MCP-1 had no effect on proliferation, either 

stimulatory or inhibitory (Fig. 6A). We additionally performed the MTS assay to evaluate 

cell viability (Fig. 6B). In this assay, CX3CL1 induced cell proliferation dose-dependently 

with results similar to that seen with the BrdU assay (Fig. 6A).

Discussion

Chemokines play a key role in the pathogenesis of many inflammatory diseases 1–5,10 

(including hepatitis 6,11,12, atherosclerosis 13,14, neuropathic pain 7,15, and rheumatoid 

arthritis 8,16). In the case of pancreatitis, various chemokines have been reported to play 

critical roles in the progression of pancreatitis 17–20,22–26,60. Specifically, MCP-1 is reported 

to play an essential role in both acute and chronic pancreatitis by recruiting a number of 

inflammatory cells, especially monocytes 17,21,61–63. Cytokine induced neutrophil 

chemoattractant-1 (CINC-1) is also reported to be important in acute pancreatitis, especially 

in pancreatitis-induced acute lung injury by recruiting excessive neutrophils 17,64–67. Among 

these various chemokines, CX3CL1, may be especially important in pancreatitis, because 

serum levels of CX3CL1 are increased in rats with severe acute pancreatitis 27 and in 

patients with chronic pancreatitis 28. Alcohol consumption in patients with chronic 
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pancreatitis increases the serum level of CX3CL1 28 and ethanol addition to PSCs stimulates 

the release of CX3CL1 to the cell-culture supernatant29, which might contribute to 

increasing the local CX3CL1 concentration around pancreatitis tissues. CX3CL1 is a novel 

chemokine, whose release correlates with the alcohol or ethanol exposure both in vivo an in 

vitro28,29. CX3CL1 expression in human chronic pancreatitis correlates with the clinical 

pain score, which led to the suggestion that the increased serum level of CX3CL1 might 

play a pathogenic role in chronic pancreatitis 30,31. However, the expression of CX3CL1 

receptor, CX3CR1, has not been fully examined in both acute and chronic pancreatitis and it 

is unclear the exact mechanisms by which CX3CL1 might effect pancreatic function or 

cause pancreatic diseases.

Recent studies have established the important roles played by various resident cells of the 

pancreas (particularly acinar cells and PSCs) in various aspects of pancreatitis (acute and 

chronic), especially in inflammatory leukocyte attraction via secretion of chemokines and 

cytokines and expression of adhesion molecules 32–40. PSCs, not only can secrete various 

inflammatory cytokines and chemokines 29,43,44, which can participate in the inflammatory 

processes, they can also proliferate and secrete collagen, thereby playing an essential role in 

tissue regeneration and fibrosis45,46. Whereas a number of stimulants can affect PSCs, 

including activation of some G-protein coupled receptors (PGE2, angiotensin, CCK-A, 

CCK-B) 47–52, it is unknown if the CX3CR1 occurs on PSCs either in normal pancreas or 

whether CX3CR1 on PSCs are activated in acute or chronic pancreatitis, or if this does 

occur, whether the CX3CR1 agonists affect the PSCs signaling cascade, growth or ability to 

release inflammatory mediators. To address these questions, in the present study we have 

examined the occurrence of the CX3CR1 in PSCs in acute and chronic pancreatitis models, 

as well as the ability of the CX3CR1 agonist, CX3CL1, to alter function of PSCs and effect 

PSCs behavior.

We first examined the expression of the CX3CR1 in normal pancreas, followed by its 

expression in the pancreas of various pancreatitis models (acute and chronic). Our results 

show that the CX3CR1 is present predominantly in acinar cells in normal pancreas. We did 

not find it present in endocrine cells in islets or vascular cells, which is consistent with 

results of a previous study30. We also found CX3CR1 expressed not on the cell membrane 

in the steady state, but present within scattered granule-like formations in the cytoplasm, 

which differs from previous reports with CX3CR1, which used human normal pancreatic 

specimens30. However, our result showing CX3CR1 only in the cytoplasmic location in the 

steady state, is not a novel finding, because similar distribution of other chemokine receptors 

(CXCR3, CXCR4) have been reported in the steady state 68,69. In acute and chronic 

pancreatitis, we found two important changes, in CX3CR1 distribution. We found in both 

acute and chronic pancreatitis CX3CR1 was redistributed to cell membranes of both acinar 

cells and duct cells. There have been a number of studies reporting phenotypic changes of 

the duct cells in inflammatory conditions70–74. The phenotype of the duct cells changed in 

pancreatitis tissue as to CX3CR1 occurrence. Furthermore, it was expressed in increased 

amount on the cell membrane of PSCs, which were also markedly increased in number. A 

number of our results, in both the acute and chronic pancreatitis models, are consistent with 

the conclusion that CX3CR1 is expressed in activated PSCs in these models and that the 
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CX3CR1 is increased on the cell surface membrane, a finding which is not seen in normal 

pancreas. First, we observed an increased numbers of activated PSCs in L-arginine induced 

acute pancreatitis, which is consistent with findings from a previous report 75,76, which 

demonstrated increased α-SMA expression (a marker for activated PSCs) coincided with 

TGF-β1 activation in this model. Second, in the chronic pancreatitis model (WBN/KOB rat), 

we also demonstrated increased number of PSCs, which is consistent with findings in other 

studies77,78. Third, we found in the acute and chronic pancreatitis models a marked 

overexpression of CX3CR1 and that this overexpression generally co-localized with the 

location of the activated PSCs or with areas of marked increased in PSCs activity in the 

acute and chronic pancreatitis model with enhanced fibrosis. We do not know the exact 

functional significance of the CX3CR1 redistribution to the membrane in pancreatitis, 

however, it is reported with some chemokine receptors that they are prominently detected in 

an intracellular location in steady state conditions and that they underwent redistribution to 

the cell membrane after activation 79. This would suggest that the CX3CR1 is being 

activated on redistributing to the cell membrane during acute and chronic pancreatitis. 

Because of the known role of activated PSCs in both acute and chronic pancreatitis, our 

findings that they are increased in both pancreatitis models, and that CX3CR1 is also 

increased and co-expressed with the activated PSCs, suggests that CX3CL1 could be having 

an effect on the PSCs in both models of pancreatitis and play an important role in 

pathogenesis of the pancreatitis.

Our results show for the first time that in both quiescent and activated PSCs, CX3CR1 is 

expressed. This result is similar to findings reported with pancreatic acinar cell line, AR42J, 

in which CX3CR1 was also found to be expressed 27. In culture-activated PSCs, our results 

demonstrate with their activation after continued culture, there is a marked increase in the 

expression of CX3CR1. This finding differs from another study which reported decreased 

CX3CR1 expression with activation and increased expression with deactivation in 

microglial cells80. However, this result is similar to the finding with some G-protein coupled 

receptor (GPCR: AT1R 49, ETR 81, PAR2 82) on PSCs, which also demonstrated an 

increased expression when PSCs are activated. These results support the proposal that 

CX3CR1, like these other GPCRs, could be playing an important role in conditions where 

PSCs are activated such as acute and chronic pancreatitis, and may contribute to the various 

changes seen with these diseases 49,81,82.

We found that several cellular signaling cascades are activated by CX3CL1 in PSCs 

including ERK, JNK, p38, PI3K–Akt and CREB. These results are similar to the effect in 

vascular smooth muscle cells and renal mesangial cells where CX3CR1 activation 

stimulated growth through an ERK dependent mechanism, as well as in renal mesangial 

cells where it stimulated p38 MAPK activation which mediated cell growth 83,84. JNK 

MAPK activation by CX3CL1 was also reported in endothelial cells which induced cell 

migration 85. In contrast to our results, in neurons, CX3CR1 activation stimulated only ERK 

with no activation of either JNK or p38 86. Our finding that the PI3K–Akt pathway is 

activated by CX3CL1 is similar to the effect of activation of CX3CL1 in smooth muscle 

cells and ovarian cancer cells, where PI3K activation mediated CX3CL1’s anti-apoptotic 

and proliferative effects 83. Also similar to our findings, CREB activation by CX3CL1 has 

been reported in neurons which induces an anti-apoptotic effect 86.
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With CX3CL1 treatment, we did not find an increased expression of inflammatory mRNA’s 

of cytokines (IL-1β, IL-6, TNF-α) or chemokines (MCP-1, CINC-1) in activated PSCs. 

CX3CL1 has been reported to induce release of the chemokine, MCP-1, in peripheral blood 

monocytes 87 and induced TNF-α production in AR42J cells (pancreatic acinar cell line) 27, 

which differs from our results showing no increased expressions of these inflammatory 

mediators in PSCs. PSCs specific function, such as α-SMA and type I collagen expression 

were not induced by CX3CL1 in PSCs, which is consistent with findings in a previous study 

with human PSCs, but differs from those with microglial cells where CX3CR1 activation 

stimulated reorganization of the actin skeleton88.

A number of studies demonstrate that CX3CL1 has cell proliferative and anti-apoptotic 

effects in various cells (microglial cells 89, neurons86, synovicites90, vascular smooth muscle 

cells83, mesangial cells84 and cancer cells91). Our results in PSCs are consistent with these 

findings in other cells, because we found the CX3CR1 agonist, CX3CL1 stimulated cell 

proliferation of PSCs. These results show that effect of activation in PSCs by CX3CR1 

differ from that cause activation by the chemokine, MCP-1, with the former having a 

proliferative effect, but not the latter 59. However they are similar to the effects of activation 

of two other GPCRs on PSCs, the AT1 receptor and PAR2 receptor, which also result in 

PSCs cell proliferation 48,49,82,92. In contrast, activation of ET-1 receptors on PSCs does not 

have proliferative effects 81,93. The role of the proliferative effect on PSCs of CX3CL1 and 

the other GPCRs in acute or chronic pancreatitis at present is unknown. However, in our 

CX3CL1 results raise the possibility that the prolonged increases in serum levels of 

CX3CL1 reported in patients with acute and chronic pancreatitis 27,28, could lead to 

increased fibrosis due to enhanced PSCs growth.

Very recently, the role of CX3CL1/CX3CR1 axis in the maintenance of normal β cell 

function has been reported 94. Some studies report cellular cross-talk between PSCs and 

pancreatic β cells with activation of PSCs leading to apoptosis and a decrease in β cell 

function 95. In clinical CP, β cell function is disturbed, supporting the concept of Kikuta et 

al. 95 that CX3CL1 have a proliferative or anti-apoptotic effect in pancreatic β cells, and also 

proliferative effect on pancreatic stellate cells. If serum CX3CL1 concentration is elevated 

pathologically by environmental factors, such as alcohol consumption, increased number of 

activated PSCs by themselves affect the β cells survival resulting in loss of islet functions (β 

cell dysfunction in type 2 diabetes). Both CX3CL1 concentration and the number of PSCs 

might affect β cell survival.

In conclusion, we demonstrated the CX3CR1 expression in normal pancreas occurs 

primarily in pancreatic acinar cells within granule-like formations. However, in acute and 

chronic pancreatitis there is marked increase in CX3CR1 primarily in pancreatic acinar cells, 

ductal cells and activated PSCs, as well as redistribution to the cell membrane, capable with 

its activation. Furthermore, with activation of normal PSCs, there is marked increase in 

CX3CR1 level. However, in activated PSCs, CX3CL1, a CX3CR1 agonist, did not stimulate 

release of inflammatory cytokines or chemokines, however, it did stimulate PSCs 

proliferation. CX3CR1 on PSCs might play a role in tissue remodeling with proliferation, 

but prolonged increased CX3CL1 levels, occurs with increased ethanol intake, can possibly 

induce the increased number of activated PSCs resulting in tissue fibrosis and β cells 
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dysfunction. However, at present, it remains unclear whether these changes in PSCs 

contribute to the development of pancreatitis seen in patients with continued elevation of 

serum CX3CL1 level, or whether they could lead to complications of the increased PSCs 

proliferation due to the prolonged increase in serum CX3CL1 levels reported in patients 

with pancreatitis 28.
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Glossary

PSCs pancreatic stellate cells

MCP-1 monocyte chemoattractant protein-1

CINC-1 Cytokine induced neutrophil chemoattractant-1

CX3CL1 fractalkine

CX3CR1 fractalkine receptor
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Figure 1. Differences of intracellular fractalkine receptor (CX3CR1) distribution in normal 
pancreas (Panel A, B) and in L-arginine induced acute pancreatitis (Panel C)
Expression of CX3CR1 (in green); glial fibrillary acidic protein (GFAP; in red) [quiescent 

pancreatic stellate cells (PSCs)], and alpha-smooth muscle actin (α-SMA; in red) [activated 

PSCs] in the pancreas of 15-week-old Wistar rats and the pancreas from L-arginine induced 

acute pancreatitis are examined by immunofluorescence staining. In the top two panels (A: 

in normal pancreas), figures are x100 and x800 each. α-SMA (in red) and CX3CR1 

expression (in green) are shown. This figure demonstrates that CX3CR1 is expressed 

diffusely in acinar (a) and was also seen in intra-lobular duct cells but CX3CR1 is minimally 
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expressed in the cytoplasm and the cell surface membrane of these cells in normal pancreas. 

Islets (I) and blood vessel cells (V) do not express CX3CR1. Blood vessel cells (V) express 

α-SMA, but no activated pancreatic stellate cells are seen. In the middle panels (B: in 

normal pancreas), figures are x1200 (left and right), and show a magnification of an area 

containing quiescent PSCs (q). GFAP (in red) and CX3CR1 expression (in green) are 

shown. Co-localization of CX3CR1 and GFAP is shown in yellow [CX3CR1 positive 

quiescent PSCs] In the bottom panels (C: in acute pancreatitis tissues), figures are x800 

(left) and on the right x1600 (right). The area seen is shown a magnification of an area 

containing an increased numbers of activated PSCs (PSC) with acute pancreatitis. In the 

square on the left is shown at 1600× magnification on the right (Fig. 1C). Intracellular 

localization of CX3CR1differs from normal in that it is expressed on the cell surface 

membrane of acinar, duct (D) and activated PSCs (PSC). Co-localization of CX3CR1 and α-

SMA shows yellow staining[CX3CR1 positive activated PSCs]. These pictures are 

representative immunofluorescent confocal microscopy images of four experiments.
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Figure 2. Increased and altered distribution of fractalkine receptor (CX3CR1) expression in 
chronic pancreatitis (Panel B) compared to normal pancreas (Panel A)
Expression of CX3CR1 and alpha-smooth muscle actin (α-SMA) [activated pancreatic 

stellate cells (PSCs)] in the pancreas of 15-week-old Wistar rats (normal) and Wistar/Bonn 

kobori rats (chronic pancreatitis) are examined by immunofluorescence staining. In the top 

two panels (A: in normal pancreas), figures are x400 and x1600 each. α-SMA (in red) and 

CX3CR1 expression (in green) are shown. This figure demonstrates that CX3CR1 is 

expressed diffusely in acinar (a) and intra-lobular duct cells, but not express on the cell 

surface membrane of these cells in normal pancreas. Vascular cells (V) do not express 
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CX3CR1 but express α-SMA and no activated PSCs are seen. The middle panels (B) show 

the staining of the pancreas from rats with chronic pancreatitis, magnification of which are 

x400 (left) and x1600 (right). The right panel is an increased magnification of the area in the 

square in the left panel and shows an increased numbers of activated PSCs (PSC). 

Intracellular localization of CX3CR1 is changed with chronic pancreatitis in that it is 

expressed on the cell surface membrane of acinar, duct (D) and activated PSCs in chronic 

pancreatitis. Co-localization of CX3CR1 and α-SMA shows yellow staining [CX3CR1 

positive activated PSCs]. These pictures are representative immunofluorescent confocal 

microscopy images of four experiments. In the bottom panel (C), the quantitative PCR result 

of CX3CR1 expression in normal and chronic pancreatitis in the pancreas is shown. The 

result demonstrates that CX3CR1 expression is increased in chronic pancreatitis at the 

mRNA level (★★=P<0.01, comparing normal pancreas and chronic pancreatitis). These 

results were representative of four experiments.
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Figure 3. Both quiescent and activated normal pancreatic stellate cells (PSCs) express CX3CR1 
in vitro and the expression increases with activation
Panel A show the expression of CX3CR1 protein in quiescent (2 days after isolation; 

Magnification is x1000; left panels) and culture-activated PSCs (3rd passage. Magnification 

is x400; right panels). In Panel A, CX3CR1 is stained in green, α-SMA (activated PSCs) in 

red, nuclei in blue and co-localization of α-SMA and CX3CR1 in yellow. Panel B is the 

negative control for Panel A (incubated with Polyclonal IgG antibody and stained with 

Alexa 488green, IgG with Alexa 555 in red and nuclei in blue). Panel C shows the 

quantitation of CX3CR1 expression by RT-PCR in quiescent and activated normal PSCs. 
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The result is from 4 experiments for passages 1 and 3. ★★=P<0.01, comparing passage 1 

and 3. These results were representative of four experiments.
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Figure 4. Time course of the effect of fractalkine (CX3CL1: 10–100 ng/ml) on various cell 
signaling cascades (Panel A and B) and comparison with effect of MCP-1 (200 ng/ml) (Panel C)
Results for phospho-ERK, phospho-JNK, phospho-p38, phospho-Akt and phospho-CREB 

are determined using specific phospho-antibodies. The results are determined at the 

indicated times with CX3CL1 and MCP-1, and after a 5 min incubation with the positive 

controls, PDGF-BB (PDGF, top panel) or forskolin (For, bottom panel). This experiment is 

representative of 4 experiments.
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Figure 5. Effect of the fractalkine receptor (CX3CR1) agonist, fractalkine (CX3CL1), on 
inflammatory mediators and cell activation of PSCs
Panel A-D show the RT-PCR results from 4 experiments for activated PSCs (passages 3–5) 

treated with various concentrations of CX3CL1 or TNF-α (10 ng/ml) or LPS (1 µg/ml) or 

IL-1β (10 ng/ml) compared with untreated (UT) activated PSCs for 6 hours. Panel E shows 

the quantification of soluble MCP-1 release in PSCs treated similar to demonstrated in Panel 

A-D but for 24 hours. Panel F shows the Western Blotting results in activated PSCs from 4 

experiments for passage 1 (2 days after isolation), comparing untreated (UT) with treatment 
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with CX3CL1 (1–100 ng/ml) for 24 hours. ★★=P<0.01, comparing untreated and treated 

with CX3CL1 or LPS. These results were representative of four experiments.
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Figure 6. Effect of the fractalkine receptor (CX3CR1) agonist, fractalkine (CX3CL1), on cell 
proliferation of PSCs
Activated PSCs (passages 3 – 5) (2000 cells/well) were pre-incubated for 24 hours in serum 

free medium and then incubated for 24 hours with the indicated concentrations of CX3CL1 

(1–100 ng/ml), MCP-1 (25–100 ng/ml), PDGF-BB (25 ng/ml), or untreated (UT). Growth 

was determined using a BrdU incorporation assay (A) and the MTS cell viability assay (B) 

using a coloriometric microplate reader. This figure shows a concentration-dependent effect 

Uchida et al. Page 26

Pancreas. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



of CX3CL1 on cell proliferation after 24 hours. ★★=P<0.01, comparing untreated and 

treated with CX3CL1 or PDGF. These results were the means of four experiments.
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Table 1

Sequences of primers used in this study

Gene strand Sequence (5’ to 3’)

rat CX3CR1 sense CTCCACAACGCCATGTGC

anti-sense CCGGTTGTTCATGGAGTTGG

rat IL-6 sense CCACCAGGAACGAAAGTCAA

anti-sense CAGTCCCAAGAAGGCAACTG

rat IL-1β sense GCACAGTTCCCCAACTGGTA

anti-sense CCGACCATTGCTGTTTCCTA

rat CINC-1 sense CCACACTCAAGAATGGTCGCG

anti-sense AGACGCCATCGGTGCAATC

rat TNF-α sense CTGGTGGTACCAGCAGATGG

anti-sense GGAGGCTGACTTTCTCCTGG

rat GAPDH sense GCTCTCTGCTCCTCCCTGTT

anti-sense CACACCGACCTTCACCATCT
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