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Abstract
Background & Aims—Hepatopulmonary syndrome (HPS), classically attributed to
intrapulmonary vascular dilatation, occurs in 15-30% of cirrhotics and causes hypoxemia and
increased mortality. In experimental HPS after common bile duct ligation (CBDL), monocytes
adhere in the lung vasculature and produce vascular endothelial growth factor (VEGF)-A and
angiogenesis ensues and contributes to abnormal gas exchange. However, the mechanisms for
these events are unknown. The chemokine fractalkine (CX3CL1) can directly mediate monocyte
adhesion and activate VEGF-A and angiogenesis via its receptor CX3CR1 on monocytes and
endothelium during inflammatory angiogenesis. We explored whether pulmonary CX3CL1/
CX3CR1 alterations occur after CBDL and influence pulmonary angiogenesis and HPS.

Methods—Pulmonary CX3CL1/CX3CR1 expression and localization, CX3CL1 signaling
pathway activation, monocyte accumulation, and the development of angiogenesis and HPS were
assessed in 2 and 4wk CBDL animals. The effects of a neutralizing antibody to CX3CR1 (anti-
CX3CR1 Ab) on HPS after CBDL were evaluated.

Results—Circulating CX3CL1 levels and lung expression of CX3CL1 and CX3CR1 in
intravascular monocytes and microvascular endothelium increased in 2 and 4wk CBDL animals as
HPS developed. These events were accompanied by pulmonary angiogenesis, monocyte
accumulation, activation of CX3CL1 mediated signaling pathways (Akt, ERK) and increased
VEGF-A expression and signaling. Anti-CX3CR1 Ab treatment reduced monocyte accumulation,
decreased lung angiogenesis and improved HPS. These events were accompanied by inhibition of
CX3CL1 signaling pathways and a reduction in VEGF-A expression and signaling.

Conclusions—Circulating CX3CL1 levels and pulmonary CX3CL1/CX3CR1 expression and
signaling increase after CBDL and contribute to pulmonary intravascular monocyte accumulation,
angiogenesis and the development of experimental HPS.
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Introduction
The hepatopulmonary syndrome (HPS) occurs when pulmonary microvascular alterations
impair arterial oxygenation, in 15–30% of patients with cirrhosis. Its presence significantly
increases mortality [1-4] and no effective medical therapies are available. Chronic common
bile duct ligation (CBDL) in the rat is a model system for the study of HPS. In prior studies,
we and others have observed that pulmonary angiogenesis occurs in CBDL animals as
experimental HPS develops [5, 6]. This process is contributed by monocyte accumulation
and vascular endothelial growth factor-A (VEGF-A) production and signaling in the
pulmonary microvasculature, as well as activation of Akt and endothelial nitric oxide
synthase (eNOS) in the pulmonary endothelium [5]. However, the mechanisms involved in
monocyte accumulation and activation of angiogenic signaling after CBDL are undefined.

The observation that circulating monocytes are recruited to specific vascular regions and
play a central role in angiogenesis has been made in a number of pathologic situations,
including cutaneous wound healing/inflammatory angiogenesis [7, 8] and tumor
angiogenesis [9, 10]. The homing of monocytes to areas of wound/inflammation or to
tumors requires elaboration of specific chemokines, or leukocyte chemoattractant proteins
categorized in to four groups based on conserved cysteine residues; C, CC, CXC and CX3C
and each has a specific cognate receptor through which signaling occurs [7, 10, 11]. The
major chemokine/chemokine receptor pairs implicated in monocyte recruitment to the
vasculature include monocyte chemotactic protein-1 (MCP-1)/CCL2-CCR2, macrophage
inflammatory protein-1 alpha (MIP-1α)/CCL3-CCR1, stromal derived factor-1 alpha
(SDF-1α)/CXCL12-CXCR4, RANTES/CCL5-CCR5 and fractalkine/CX3CL1-CX3CR1
[11-13]. Circulating soluble CX3CL1 levels and biliary expression of CX3CL1 are increased
in cholestatic liver disease [14, 15] and binding of membrane bound CX3CL1 to the
CX3CR1 receptor on monocytes results in rapid and firm arrest under physiologic conditions
[16]. In addition, CX3CL1 signaling has been implicated in both monocyte VEGF-A
production and direct activation of Raf/MEK/ERK and PI3K/Akt/eNOS angiogenic
signaling in endothelium [12, 17]. These findings raise the possibility that altered CX3CL1/
CX3CR1 expression and signaling could play a role in monocyte accumulation and
angiogenesis in experimental HPS.

Therefore, our aim was to define if pulmonary CX3CL1 and CX3CR1 expression and
signaling are altered after CBDL and influence monocyte accumulation, angiogenic
signaling pathways and the development of HPS. To address this aim, we assessed lung
CX3CL1 and CX3CR1 expression, localization and signaling and evaluated the effects of
anti-CX3CR1 Ab administration after CBDL in relation to the development of lung
angiogenesis and HPS.

Materials and Methods
Animals

Male Sprague-Dawley rats (200-250 g; Charles River, Wilmington, MA) were used in all
experiments. CBDL was performed as described [18]. Control animals underwent
mobilization of the common bile duct without ligation. In the 2 week CBDL protocol, rats
were intraperitoneally injected with rabbit anti-CX3CR1-neutralizing polyclonal antibody or
normal rabbit IgG (anti-CX3CR1 Ab or control IgG, 80 μg/kg body weight each day for 6
days, Torrey Pines Biolabs, East Orange, NJ) beginning 1 week after CBDL and analysis
performed at 2 weeks [7]. In the 4 week CBDL protocol, anti-CX3CR1 Ab or control IgG
were given to animals for two weeks beginning 2 weeks after CBDL and analysis performed
at 4 weeks. 5 to 8 animals from each group were used. Lung tissues and plasma were
obtained from each animal. All animals had measurements of plasma bilirubin levels, portal
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venous pressure and spleen weight [18-20]. The study was approved by The University of
Texas at Houston Health Science Center Animal Welfare Committee and conformed to
National Institutes of Health guidelines on the use of laboratory animals.

Measurement of Plasma CX3CL1 Levels
Plasma soluble CX3CL1 concentrations were measured with a specific enzyme-linked
immuneabsorbent assay using capture and detection CX3CL1 antibodies from R&D
Systems, Inc. (Minneapolis, MN). The intensity of the color was measured in a microplate
reader (Molecular Devices, Sunnyvale, CA).

RNA Extraction and quantitative real-time RT-PCR
Total RNA from lung was extracted with Trizol (Invitrogen, Carlsbad, CA) reagent
according to the manufacturer's instructions and treated with RNase-free DNase I
(Invitrogen) following the manufacturer's protocol. 2 μg of total RNA from lung was reverse
transcribed into cDNA using the StrataScript first-strand synthesis system (Stratagene, La
Jolla, CA). CX3CL1 (sense: 5'-CTGCTGGCTGGTTAGAGG-3', anti-sense:
GCTGCTGCTTGTAAGATGG-3') and CX3CR1 (sense: 5'-
GGTTGTTGTCTTCTTCCTCTTCTG-3', anti-sense: 5'-CGCCACTGTCTCCGTCAC-3')
were amplified using SYBR Green PCR master mix (Applied Biosystems, Foster City, CA)
and iCycler real-time PCR detection system (Bio-Rad) for 40 cycles. Relative levels were
calculated using the iCycler software and a standard equation (Applied Biosystems) and
normalized to GAPDH (sense: 5'-CCTGGTATGACAATGAATATG-3', anti-sense: 5'-
TCTCTTGCTCTCAGTATCC-3').

Immunofluorescent and Immunohistochemical Localization
Five μm sections of 4% paraformaldehyde paraffin fixed lung tissues were blocked and
incubated with primary antibodies. For immunofluorescent staining for CX3CL1
(eBioscience, San Diego, CA), Texas red secondary antibody (Vector Laboratories,
Burlingame, CA) and mounting medium with DAPI (Vector) were used. For
immunofluorescent double-labeling for CX3CR1 (eBioscience) with ED1 (Serotec, Raleigh,
NC), factor VIII (FVIII, Cell Marque, Austin, TX) with ED1 or VEGF-A (Santa Cruz,
Biotechnology, Santa Cruz, CA) with ED1, after using Texas red secondary antibody, the
initial incubation were followed by second primary antibody application, washing,
secondary antibody incubation using fluorescent secondary antibodies (Vector). Sections are
photographed with an Axiophot microscope (Nikon, Melville, NY). Controls are incubated
with secondary antibody alone.

Arterial Blood Gas Analysis
Arterial blood was drawn from the femoral artery as previously described [18, 19] and blood
gas analysis was performed on an ABL 520 radiometer (Radiometer America, Westlake,
OH). The alveolar–arterial oxygen gradient was calculated as 150 - (PaCO2/0.8) - PaO2.

Microvascular Density and Quantitation
The degree of pulmonary angiogenesis was quantified by microvessel density in lung
sections obtained from one entire lobe for each animal and immunostained with endothelial
marker Factor VIII. All stained objects were counted in a blinded fashion. Vessels with thick
muscular walls or larger than 100 μm in diameter were excluded. All the scanned fields of
three to five sections from each animal were investigated. The average microvessel count
per square millimeter after CBDL was expressed relative to the count of control as fold
control values [5].
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Western Blot Analysis
Lung tissues were homogenized in radioimmunoprecipitation buffer in the presence of
protease inhibitors, as previously described [20]. Equal concentrations of protein from lung
were fractionated on Tris-HCl–ready gels (Bio-Rad Laboratories, Hercules, CA) and
transferred to nitrocellulose membranes (Bio-Rad). Incubation with primary antibodies for
von Willebrand factor (vWf), PCNA, VEGF-A, vascular endothelial growth factor
receptor-2 (VEGFR-2, Santa Cruz), Akt, phospho-Akt (p-Akt, Ser473), phospho-vascular
endothelial growth factor receptor-2 (p-VEGFR-2, Tyr1175), ERK, phospho-ERK (p-ERK,
Thr202/Tyr204, Cell Signaling, Danvers, MA) or ED1 was followed by the addition of
horseradish peroxidase-conjugated secondary antibodies and detection with enhanced
chemiluminescence. The density of autoradiographic signals was assessed with a ScanMaker
i900 scanner (Microtek Lab, Carson, CA) and quantitated with ImageJ software provided by
National Institutes of Health.

Statistics
Data were analyzed with the Student t test or analysis of variance with Bonferroni correction
for multiple comparisons between groups. Measurements are expressed as means ± SE.
Statistical significance was designated as P < 0.05.

Results
Circulating CX3CL1 Levels and Lung CX3CL1/CX3CR1 Expression and Localization after
CBDL

To determine whether pulmonary chemokine/chemokine receptor alterations occur after
CBDL, we measured the expression of fractalkine/CX3CL1 (Fig.1) and its receptor CX3CR1
(Fig.2) in the lung using real-time quantitative RT-PCR and immunohistochemical staining.
We found an increase in lung expression of both CX3CL1 (4.1 and 4.3 fold-control, Fig.1B)
and CX3CR1 (5.0 and 4.2 fold-control, Fig.2B) in 2wk and 4wk CBDL animals,
respectively. These alterations were accompanied by a significant increase in circulating
CX3CL1 levels after CBDL (Fig.1C). To localize the increases in pulmonary CX3CL1 and
CX3CR1 expression in response to CBDL, we performed immunoflourescence double-
labeling for CX3CL1 or CX3CR1 with ED1, a specific monocyte marker. In normal lung,
there was minimal monocyte (in line with prior studies) and CX3CL1 staining. In 2wk
CBDL animals, there was a substantial increase in CX3CL1-positive staining found both in
intravascular monocytes and pulmonary microvascular endothelial cells (Fig.1A).
Pulmonary CX3CR1 staining was present in the pulmonary microvasculature in normal
animals. After 2wk CBDL, a marked increase in CX3CR1 staining was observed, one
component of which localized to intravascular monocytes and another to the
microvasculature in a pattern consistent with endothelial cell staining (Fig.2A).

Effects of Neutralizing Anti-CX3CR1 Antibody on the Development of Pulmonary
Angiogenesis after CBDL

To explore whether altered pulmonary CX3CL1 and CX3CR1 expression modulates
pulmonary angiogenesis, we assessed lung angiogenesis in the presence or absence of
neutralizing anti-CX3CR1 antibody during the initiation of HPS in 2 week CBDL animals.
Angiogenesis was assessed by quantifying FVIII stained microvessels and by measuring
vWf and PCNA levels as reported previously (Fig.3) [5]. Compared with control animals
where basal FVIII staining in the pulmonary microvasculature was observed (Fig.3A),
angiogenesis was seen at 2 weeks after CBDL reflected by a marked increase in FVIII
microvessel staining and counts and by increased vWf and PCNA levels as reported
previously (Fig.3B and 3C) [5]. Anti-CX3CR1 Ab administration in 2wk CBDL animals
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resulted in a significant reduction in pulmonary FVIII staining and microvessel counts and
lung vWf and PCNA levels, indicating a significant inhibition of angiogenesis (Fig.3A –
3C).

Effects of Neutralizing Anti-CX3CR1 Antibody on Pulmonary VEGF-A/VEGFR-2 activation
and monocyte accumulation after CBDL

To define the mechanisms through which CX3CL1/CX3CR1 influence angiogenesis, we
assessed VEGF signaling and intravascular monocyte accumulation after CBDL in the
presence or absence of neutralizing anti-CX3CR1 antibody (Fig.4). In control animals,
where angiogenesis was absent, lung VEGF-A and ED1 staining was minimal as were the
levels of VEGF-A, p-VEGFR-2 and ED1. In 2wk CBDL animals, there was a marked
increase in VEGF-A staining, predominately co-localized with ED1 in intravascular
monocytes, but also in a microvasculature pattern consistent with endothelial staining (Fig.
4A). These increases were accompanied by a significant rise in pulmonary VEGF-A and p-
VEGFR-2 levels (Fig.4B and 4C) reflecting activation of VEGF signaling and by a
significant increase in ED1 levels due to the influx of intravascular monocytes (Fig.4D) [5].
Anti-CX3CR1 Ab treatment resulted in a specific decrease in intravascular monocyte
accumulation based on ED1 staining and levels (Fig.4A and 4D) and a reduction in VEGF-A
staining and levels and VEGFR-2 phosphorylation compared with untreated CBDL animals
(Fig.4A – 4C).

Effects of Neutralizing Anti-CX3CR1 Antibody on Pulmonary Akt and ERK Activation after
CBDL

To assess whether CX3CL1 mediated pro-angiogenic endothelial signaling pathways are
activated after CBDL, we measured pulmonary p-Akt and p-ERK levels by Western blot
analysis in 2 week CBDL animals with or without anti-CX3CR1 Ab administration (Fig.4E
and 4F). Pulmonary levels of both p-Akt and p-ERK increased significantly in 2wk CBDL
animals [5, 21] and were substantially reduced by anti-CX3CR1 Ab treatment.

Effects of Neutralizing Anti-CX3CR1 Antibody on HPS and Portal Hypertension after CBDL
To directly define whether CX3CL1/CX3CR1 mediated events influence the development of
experimental HPS, we measured pulmonary and hepatic alterations in 2 week CBDL
animals in the presence or absence of neutralizing anti-CX3CR1 antibody (Table 1). In 2wk
CBDL animals with control antibody treatment, HPS developed, as reflected by a significant
increase in the alveolar arterial oxygen gradient relative to controls and was accompanied by
an increase in plasma bilirubin levels, portal venous pressure and spleen weight. Anti-
CX3CR1 Ab administration resulted in a significant improvement in alveolar–arterial
oxygen gradient without influencing plasma bilirubin levels, portal venous pressure or
spleen weight.

Effects of Neutralizing Anti-CX3CR1 Antibody on Pulmonary Alterations in established
HPS and cirrhosis after CBDL

To define whether inhibition of CX3CR1 also modulates established gas exchange
abnormalities and pulmonary events of HPS in animals with cirrhosis, we administered anti-
CX3CR1 Ab or control IgG to CBDL animals beginning at 2 weeks after surgery for 2
weeks and evaluated these animals at 4 weeks after CBDL (Fig.5). Control IgG treated
CBDL animals had elevated portal venous pressures (17.0 ± 2.0 mmHg), moderately higher
than 2 week animals, and similar to prior results [22]. Anti-CX3CR1 Ab treatment did not
influence portal pressures in 4 week CBDL animals (18.3 ± 1.9 mmHg). Moreover, control
IgG treated CBDL animal developed impaired alveolar–arterial oxygen gradients (Fig.5A),
and pulmonary alterations of HPS characterized by increases in lung vessel density (Fig.5B)
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and monocyte accumulation (ED1 levels) and activation of Akt and ERK signaling (Fig.5C).
Each of these events were attenuated by anti-CX3CR1 Ab treatment in CBDL animals
indicating that inhibition of the CX3CL1/CX3CR1 pathway influences established HPS in
the setting of cirrhosis (Fig.5A-5C).

Discussion
In prior studies, we found and others have confirmed that accumulation of intravascular
monocytes and production of VEGF-A in the lung vasculature triggers angiogenesis and
contributes to abnormal gas exchange in experimental HPS [5]. A number of angiogenic
conditions are associated with monocyte accumulation and the angiogenic process is
controlled by a variety of positive and negative regulators, including growth factors,
cytokines, adhesion molecules and chemokines [23]. In this study, we focused on the novel
concept that chemokine alterations resulting from liver disease may contribute to the
development of extrahepatic complications. Specifically, we focused on the chemokine/
chemokine receptor pair fractalkine/CX3CL1-CX3CR1 based on the recognition that
expression may be altered in liver disease and the ability of the receptor-ligand interaction to
induce firm monocyte adhesion and directly activate angiogenesis [12, 13, 24]. We found
that lung CX3CL1 and CX3CR1 expression increased in intravascular monocytes and
microvascular endothelial regions and was associated with increased circulating CX3CL1
levels in CBDL animals. These changes were accompanied by pulmonary angiogenesis,
activation of CX3CL1/CX3CR1 mediated angiogenic signaling pathways and the
development of HPS. Further, blockade of CX3CR1 activation both during the development
of HPS and in established HPS and cirrhosis decreases monocyte accumulation and
improves angiogenesis and HPS. Together, these findings provide direct evidence that
altered chemokine expression and function contribute to experimental HPS and identify
CX3CL1/CX3CR1 as one relevant contributor.

Common bile duct ligation is the only established experimental model of human HPS. The
development of HPS in experimental models and in humans does not require advanced and
long-standing liver disease [1, 25-28]. In animals, biliary type liver injury begins shortly
after CBDL [22, 29] and within two weeks, bridging fibrosis, portal hypertension, a
hyperdynamic circulation and HPS develop [18, 20, 22]. The hyperdynamic and liver
changes generally progress over the course of CBDL, although changes in mean arterial
pressure and portal venous pressure do not reach statistical significance between 2-week
CBDL animals and those at 4 weeks when cirrhosis is fully established [22]. We have also
found that all animals with complete biliary obstruction develop HPS [18]. Therefore,
animals where complete obstruction does not develop due to recanalization [30-32] are
excluded from analysis based on biochemical, histologic and hemodynamic parameters. In
the current study, we specifically chose to evaluate animals early in the sequence of events
that lead to HPS (between 1 and 2 weeks after CBDL) so that we could define the effects of
inhibition of CX3CR1 signaling on the development of HPS. In addition, to determine
whether CX3CL1/CX3CR1 pathway remains an important contributor to the pulmonary
alterations when HPS and cirrhosis are well established, we also evaluated the effects of
CX3CR1 blockade (beginning at two weeks after CBDL) on pulmonary abnormalities of
HPS in animals after 4wk CBDL.

CX3CL1 is expressed as a transmembrane protein on the plasma membrane and may be
subsequently cleaved by proteases resulting in a soluble agonist. The membrane form
mediates cell-cell adhesion by binding CX3CR1 on adjacent cells whereas both the soluble
and membrane forms of CX3CL1 may mediate chemotactic and angiogenic responses by
activating CX3CR1 in relevant cell types [12, 33, 34]. Alterations in CX3CL1/CX3CR1 have
been found in a number of conditions affecting liver and lung[14, 15, 35, 36], and in several
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of these conditions CX3CL1/CX3CR1 signaling contributes to monocyte accumulation and
angiogenesis [7]. A variety of factors relevant to liver disease may influence CX3CL1
expression (interferon-gamma, TNF-α, IL-1β, shear stress and endothelin-1) [37] and
CX3CR1 expression [38]. In addition, biliary epithelium has been identified as a source of
circulating CX3CL1 in experimental and human cholestatic injury [14, 15]. In the current
work, we find an increase in circulating CX3CL1 and in CX3CL1 and CX3CR1 expression
in lung regions relevant for the development of HPS. These findings confirm that circulating
CX3CL1 levels are increased in cholestatic liver disease and suggest that lung CX3CL1/
CX3CR1 expression may be altered by inflammatory mediators elaborated during liver
injury. However, which inflammatory mediators are involved, whether the changes in
CX3CL1/CX3CR1 are unique to the lung and whether differences in inflammatory
mediators produced explain the unique development of HPS in CBDL animals relative to
other cirrhosis models are areas for further study.

The increase in circulating CX3CL1 and in CX3CL1/CX3CR1 expression in the lung
microvascular endothelium and in intravascular monocytes after CBDL is accompanied by
accumulation of monocytes, pulmonary angiogenesis and the onset of HPS. Moreover, the
inhibition of CX3CR1 signaling decreases intravascular monocyte accumulation, reduces
pulmonary angiogenesis and improves HPS. These results are in line with prior studies in
skin where activation of CX3CL1/CX3CR1 triggers monocyte accumulation and
angiogenesis during wound healing [7] and in hind limb ischemia where CX3CL1/CX3CR1
activation in vascular endothelium leads to an angiogenic response [17]. Taken together,
these results implicate CX3CL1/CX3CR1 activation in monocyte accumulation and
angiogenesis in experimental HPS. Interestingly, in the current work CX3CR1 inhibition did
not influence the degree of portal hypertension or hepatic injury after CBDL. This finding
supports that the development of liver injury and portal hypertension likely involve multiple
pathways and/or that the duration and timing of CX3CR1 inhibition in the current study may
have been insufficient to modulate CX3CL1/CX3CR1 effects in the liver.

We also explored the mechanisms through which CX3CL1/CX3CR1 contribute to
angiogenesis in experimental HPS. In prior studies, CX3CR1 mediated angiogenesis has
been established to occur through increased VEGF-A expression, activation of VEGFA/
VEGFR-2 signaling and the induction of two major signaling cascades that regulate
endothelial cell proliferation, migration and survival, the phosphatidylinositol 3-kinase /Akt
and Raf/MEK/ERK pathways [39-45]. In our previous CBDL studies, we found that
pulmonary intravascular monocytes produce a number of factors that may influence
angiogenesis including nitric oxide, carbon monoxide and VEGF-A and that lung Akt
activation occurs as HPS develops [22, 46]. In the current study, CX3CR1 inhibition blocked
monocyte accumulation and reduced VEGF-A production and activation of VEGF-A
dependent signaling pathways. These results support that one important mechanism for
CX3CL1 effects on angiogenesis and HPS is modulation of monocyte adhesion and VEGF-
A levels in the pulmonary microvasculature. We also found that lung Akt and ERK
pathways are activated after CBDL as angiogenesis develops and are down regulated by
CX3CR1 inhibition as HPS improves. This finding suggests that CX3CL1 directly activates
key angiogenic pathways in the pulmonary endothelium that contribute to experimental
HPS.

In summary, our work shows that increased circulating CX3CL1 levels and an increase in
CX3CL1/CX3CR1 production in intravascular monocytes and the pulmonary
microvasculature are found during the development of pulmonary angiogenesis and
contribute to HPS in CBDL animals. This process involves the adherence of monocytes in
the pulmonary microvasculature with subsequent production of VEGF-A and activation of
Akt and ERK in the lung. Together these findings provide direct support for the concept that

Zhang et al. Page 7

J Hepatol. Author manuscript; available in PMC 2013 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



chemokine alterations in liver disease may play an important role in the development of
extrahepatic complications of cirrhosis. Although additional factors likely contribute to the
development of experimental HPS after CBDL, our findings provide a novel conceptual
framework for understanding the mechanisms and designing treatments for HPS and
possibly other complications of cirrhosis.
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Abbreviations used in this paper

HPS hepatopulmonary Syndrome

CBDL common bile duct ligation

VEGF vascular endothelial growth factor

eNOS endothelial nitric oxide synthase

MCP-1 monocyte chemotactic protein-1

MIP-1α macrophage inflammatory protein-1 alpha

SDF-1α stromal derived factor-1 alpha

RANTES regulated upon activation, normal T cell expressed and secreted

anti-CX3CR1 Ab anti-CX3CR1-neutralizing antibody

ERK extracellular signal-regulated kinase

FVIII factor VIII

vWf von Willebrand factor

MEK mitogen-activated protein kinase kinase

p-Akt phospho-Akt

PCNA proliferating cell nuclear antigen

p-VEGFR-2 phospho-vascular endothelial growth factor receptor-2
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Fig. 1. Pulmonary fractalkine/CX3CL1 expression and immunofluorescent localization, and
plasma levels after CBDL
(A), representative double-labeling images of CX3CL1 (green) and ED1 (red, a specific
monocyte marker) and superimposition with DAPI (blue) in control and 2wk CBDL animals
(shown by arrows, original magnification, 40×). The graphical summaries are shown of (B)
CX3CL1 mRNA levels in lungs and (C) circulating levels in plasma after 2wk (n=5) and
4wk CBDL (n=6) relative to control (n=6). Values are expressed as means ± SE. *P < 0.05
compared with control.
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Fig. 2. Pulmonary CX3CR1 expression and immunofluorescent localization after CBDL
(A), Representative double-labeling images of CX3CR1 (green) and ED1 (red, a specific
monocyte marker) and superimposition with DAPI (blue) in control and 2wk CBDL animals
(show by arrows, original magnification 40×). (B), the graphical summary of CX3CR1
mRNA levels in lungs after 2wk (n=5) and 4wk CBDL (n=6) relative to control (n=6).
Values are expressed as means ± SE. *P < 0.05 compared with control.
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Fig. 3. Effect of CX3CR1 neutralization on pulmonary FVIII immunostaining, microvessel
counts and von Willebrand factor (vWf) and PCNA levels in 2wk CBDL animals
(A), immunostaining of FVIII (red) with blue DAPI nuclear stain (blue) in control,
CBDLand anti-CX3CR1-neutralizing antibody (anti-CX3CR1 Ab) administered CBDL
animals (original magnification, 40×) and the graphical summary of lung microvessel counts
in all animal groups. The representative immunoblots and graphical summaries of (B) vWf
and (C) PCNA levels in control (n=6), CBDL (n=5) and anti-CX3CR1 Ab treated CBDL
(n=8) animals are shown. Values are expressed as means ± SE. *P < 0.05 compared with
control. ‡P < 0.05 compared with CBDL.
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Fig. 4. Effect of CX3CR1 neutralization on immunofluorescent localization and protein levels of
lung VEGF-A, VEGFR-2 phosphorylation, monocyte accumulation and phosphorylation of Akt
and ERK in 2wk CBDL animals
(A), representative double-labeling images of VEGF-A (green) and ED1 (red) with blue
DAPI nuclear stain (blue) in control, CBDL and anti-CX3CR1 Ab administered CBDL
animals (shown by arrows, original magnification 40×). The representative immunoblots
and graphical summaries of protein levels for (B) VEGF-A, (C) p-VEGFR-2, (D) ED1, (E)
p-Akt/Akt and (F) p-ERK/ERK in control (n=6), CBDL (n=5) and anti-CX3CR1 Ab treated
CBDL (n=8) animals are shown. Values are expressed as means ± SE. *P < 0.05 compared
with control. ‡P < 0.05 compared with CBDL.
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Fig. 5. Effect of CX3CR1 neutralization on alveolar–arterial oxygen gradients, lung microvessel
counts, monocytes accumulation and phosphorylation of Akt and ERK in 4wk CBDL animals
(A), the summaries of AaPO2 in control, CBDL and anti-CX3CR1 Ab administered CBDL
animals. (B), immunostaining of FVIII (green) with DAPI nuclear stain (blue) in CBDL and
anti-CX3CR1 Ab administered CBDL animals (original magnification, 20×) and the
graphical summary of lung microvessel counts in all animal groups. (C), the representative
immunoblots and graphical summaries of protein levels for ED1, p-Akt/Akt and p-ERK/
ERK in control (n=5), CBDL (n=6) and anti-CX3CR1 Ab treated CBDL (n=6) animals.
Values are expressed as means ± SE. *P < 0.05 compared with control. ‡P < 0.05 compared
with CBDL.
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Table 1

Effect of CX3CR1 neutralization on pulmonary and hepatic alterations in 2wk CBDL animals.

Control (n=6) CBDL (n=5) CBDL + anti-CX3CR1 Ab (n=8)

AaPO2 (mmHg) 5.6 ± 1.5
14.5 ± 0.6

*
9.9 ± 1.9

‡

PO2 (mmHg) 94.5 ± 1.0
85.9 ± 0.8

*
94.3 ± 1.5

‡

PCO2 (mmHg) 38.5 ± 0.6
36.3 ± 1.1

*
36.4 ± 0.8

*

Bilirubin (mg/dl) 0.4 ± 0.1
8.7 ± 1.0

*
9.9 ± 0.9

*

PVP (mmHg) 7.2 ± 0.3
14.0 ± 0.6

*
12.8 ± 0.9

*

Spleen weight (g) 0.7 ± 0.1
1.3 ± 0.1

*
1.2 ± 0.1

*

Values are means ± SE. AaPO2, alveolar-arterial oxygen gradient; CBDL, common bile duct ligation; PVP, portal venous pressure.

*
P < 0.05 compared with control.

‡
P < 0.05 compared with CBDL.
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