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BACKGROUND AND PURPOSE
Leucocyte infiltration is a rate-limiting step in the pathophysiology of acute pancreatitis (AP) although the adhesive
mechanisms supporting leucocyte-endothelium interactions in the pancreas remain elusive. The aim of this study was to
define the role of lymphocyte function antigen-1 (LFA-1) in regulating neutrophil-endothelium interactions and tissue
damage in severe AP.

EXPERIMENTAL APPROACH
Pancreatitis was induced by retrograde infusion of sodium taurocholate into the pancreatic duct in mice. LFA-1 gene-targeted
mice and an antibody directed against LFA-1 were used to define the role of LFA-1.

KEY RESULTS
Taurocholate challenge caused a clear-cut increase in serum amylase, neutrophil infiltration, CXCL2 (macrophage
inflammatory protein-2) formation, trypsinogen activation and tissue damage in the pancreas. Inhibition of LFA-1 function
markedly reduced taurocholate-induced amylase levels, accumulation of neutrophils, production of CXC chemokines and
tissue damage in the pancreas. Notably, intravital microscopy revealed that inhibition of LFA-1 abolished taurocholate-induced
leucocyte adhesion in postcapillary venules of the pancreas. In addition, pulmonary infiltration of neutrophils was attenuated
by inhibition of LFA-1 in mice challenged with taurocholate. However, interference with LFA-1 had no effect on
taurocholate-induced activation of trypsinogen in the pancreas.

CONCLUSIONS AND IMPLICATIONS
Our novel data suggest that LFA-1 plays a key role in regulating neutrophil recruitment, CXCL2 formation and tissue injury in
the pancreas. Moreover, these results suggest that LFA-1-mediated inflammation is a downstream component of trypsinogen
activation in the pathophysiology of AP. Thus, we conclude that targeting LFA-1 may be a useful approach to protect against
pathological inflammation in the pancreas.

Abbreviations
AP, acute pancreatitis; MNL, monomorphonuclear leucocytes; MPO, myeloperoxidase; PMNL, polymorphonuclear
leucocytes; RIA, radioimmunoassay; ROS, reactive oxygen species; TAP, trypsinogen activation peptide

Introduction
The clinical presentation of acute pancreatitis (AP) ranges
from a mild and local condition to a severe and systemic

disease (Van Laethem et al., 1998). Despite significant inves-
tigative efforts specific therapy is not yet available and treat-
ment of patients with AP is largely limited to supportive care,
which is related to an incomplete understating of the basic
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pathophysiology. It is widely held that protease activation,
inflammation and impaired microvascular perfusion
are involved in the pathophysiology of pancreatitis (Wang
et al., 2009; Zhang et al., 2009) although their interrelation-
ships are not well understood. For example, it is not known
whether activation of trypsinogen into trypsin in the pan-
creas is dependent on neutrophil infiltration in the pancreas
or not.

Infiltration of neutrophils represents a hallmark in AP
(Gukovskaya et al., 2002). Secreted chemokines coordinate
leucocyte migration to sites of tissue damage. For example,
CXCL2 (macrophage inflammatory protein-2) is a potent
neutrophil attractant and one previous study reported that
CXCL2 plays an important role in AP (Pastor et al., 2003).
Moreover, CXCR2 is the main receptor of CXCL2 and it has
been shown that inhibition of CXCR2 protects against AP
(Bhatia and Hegde, 2007). In general, leucocyte extravasa-
tion is a multistep process including initial rolling along
activated endothelial cells followed by firm adhesion and
transmigration (Månsson et al., 2000; Riaz et al., 2002). The
interactions between leucocytes and endothelium are medi-
ated by specific adhesion molecules of the selectin and inte-
grin families (Butcher, 1991). Numerous studies have shown
that leucocyte rolling is supported by P-, E- and L-selectins
(Thorlacius et al., 1994; Ridger et al., 2005). Stationary adhe-
sion of leucocytes to the microvascular endothelium is
mainly mediated by a group of heterodimeric molecules
referred to as b2-integrins, such as lymphocyte function
antigen-1 (LFA-1; CD11a/CD18), membrane-activated
complex-1 (Mac-1; CD11b/CD18) and p150,95 (CD11c/
CD18). The literature is rather complex and partly contra-
dictory with respect to the function of individual
b2-integrins in leucocyte adhesion, and the relative impor-
tance of specific b2-integrins appears to vary depending on
the type of inflammatory stimulus and experimental model
(Argenbright et al., 1991; Issekutz and Issekutz, 1992; Rutter
et al., 1994; Issekutz, 1995). Notably, by use of LFA-1 gene-
targeted mice, we and others have demonstrated that LFA-1
plays an important role in supporting firm leucocyte adhe-
sion in striated muscles (Thorlacius et al., 2000; Dunne et al.,
2002), peritoneum (Schmits et al., 1996; Lu et al., 1997), skin
(Schramm et al., 2002), colon (Riaz et al., 2002) and liver (Li
et al., 2004; Dold et al., 2008). Nonetheless, the importance
of b2-integrins for leucocyte recruitment and tissue damage
in the pancreas is not known.

Based on these considerations, the aim of this study was
to examine the role of LFA-1 in regulating recruitment of
neutrophils and tissue damage in the pancreas. In addition,
we wanted to determine the impact of inhibiting pancreatic
infiltration of neutrophils on protease activation in AP. For
this purpose, we used a mouse model of AP based on retro-
grade infusion of taurocholate into the pancreatic duct.

Methods

Animals
All experiments were done in accordance with the legisla-
tion on the protection of animals and were approved by
the Regional Ethical Committee for animal experimentation

at Lund University, Sweden. Fifty C57BL/6 wild-type and 10
LFA-1 gene-targeted male mice weighing 20–26 g (6–8
weeks) were maintained in a climate-controlled room at
22°C and exposed to a 12:12-h light-dark cycle. Animals
were fed standard laboratory diet and given water ad
libitum. Mice were anaesthetized by i.p. administration of
7.5 mg of ketamine hydrochloride (Hoffman-La Roche,
Basel, Switzerland) and 2.5 mg of xylazine (Janssen Pharma-
ceutica, Beerse, Belgium) per 100 g body weight in 200 mL
saline.

Taurocholate-induced AP
Through a small (1–2 cm) upper midline incision, the second
part of duodenum and papilla of Vater were identified. Trac-
tion sutures (7–0 prolene) were placed one cm from the
papilla. Parallel to the papilla of Vater a small puncture was
made through the duodenal wall with a 23 G needle. A non-
radiopaque polyethylene catheter (ID 0.28 mm) connected to
a micro infusion pump (CMA/100, Carnegie Medicin, Stock-
holm, Sweden) was inserted through the punctured hole in
the duodenum and one mm into the common bile duct. The
common hepatic duct was identified at the liver hilum and
clamped with a neurobulldog clamp. Infusion of 10 mL of
either 5% sodium taurocholate (Sigma-aldrich, USA) or 0.9%
sodium chloride (n = 5) for 5 min was performed and after
completion, the catheter was withdrawn and the common
hepatic duct clamp was removed. The duodenal puncture was
closed with a purse-string suture (7–0 monofilament). The
traction sutures were removed and the abdomen was closed
in two layers. Animals were allowed to wake up and were
given free access to food and water. Sham operated animals
underwent the same procedure without any infusion into the
pancreas (n = 5). Control (5 mg·g-1, rat IgG2a, eBioscience, San
Diego, CA, USA) antibody (n = 5) or purified anti-mouse
LFA-1 antibody (5 mg·g-1, clone M17/4, rat IgG2a, n = 5, eBio-
science, San Diego, CA, USA) was administered i.p. prior to
bile duct cannulation. This dose and scheme of administra-
tion of the anti-mouse LFA-1 antibody was based on a previ-
ous investigation (Asaduzzaman et al., 2008). In addition,
LFA-1 gene-deficient (n = 5) and wild-type (n = 5) mice were
also challenged with 10 mL of 5% sodium taurocholate.
All animals were killed 24 h after pancreatitis induction
and assessed for all parameters included in this study. Blood
was collected from the tail vein for systemic leucocyte differ-
ential counts. Blood samples were also collected from the
inferior vena cava for determination of serum amylase levels
and measurements of serum CXCL2. Pancreatic tissue was
removed and kept in two pieces; one piece was snap frozen in
liquid nitrogen for biochemical analysis of myeloperoxidase
(MPO), CXCL2 and trypsinogen activation peptide (TAP)
and the other piece was fixed in formalin for later histological
analysis. Lung tissue was also harvested for MPO
measurements.

Systemic leucocyte counts
Tail vein blood was mixed with Turks solution (0.2 mg
gentian violet in 1 mL glacial acetic acid, 6.25% v/v) in a 1:20
dilution. Leucocytes were identified as monomorphonuclear
and polymorphonuclear cells in a Burker chamber.
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Serum amylase
Amylase was quantified in serum with a commercially
available assay (Reflotron®, Roche Diagnostics GmbH,
Mannheim, Germany).

MPO assay
Frozen pancreatic and lung tissue were pre-weighed and
homogenized in 1-mL mixture (4:1) of PBS and aprotinin
10 000 KIE·mL-1 (Trasylol®, Bayer HealthCare AG,
Leverkusen, Germany) for 1 min. The homogenate was cen-
trifuged (153 39¥ g, 10 min) and the supernatant was stored
at -20°C and the pellet was used for MPO assay as previously
described (Laschke et al., 2007). In brief, the pellet was mixed
with 1 mL of 0.5% hexadecyltrimethylammonium bromide.
Next, the sample was frozen for 24 h and then thawed, soni-
cated for 90 s, put in a water bath 60°C for 2 h, after which
the MPO activity of the supernatant was measured. The
enzyme activity was determined spectrophotometrically as
the MPO-catalysed change in absorbance in the redox reac-
tion of H2O2 (450 nm, with a reference filter 540 nm, 25°C).
Values are expressed as MPO units·g-1 tissue.

Flow cytometry
Blood was collected (1:10 acid citrate dextrose) from wild-
type and LFA-1 gene-targeted mice. To block Fcg III/II recep-
tors and reduce non-specific labelling samples were incubated
with an anti-CD16/CD32 for 5 min. Then samples were
stained with a PE-conjugated anti-Gr-1 (clone RB6-8C5,
eBioscience, San Diego, CA, USA) antibody and with a FITC-
conjugated anti-LFA-1 (clone 2D7, BD Biosciences Pharmin-
gen, San Jose, CA) antibody at 4°C for 30 min. Erythrocytes
were lysed and Cells were fixed. Cells were recovered follow-
ing centrifugation before being analysed with a FACSCalibur
flow cytometer (Becton Dickinson, Mountain View, CA,
USA). A viable gate was used to exclude dead and fragmented
cells. After gating the neutrophil population based on
forward and side scatter characteristics, LFA-1 expression was
determined on cells positive for Gr-1, which is a neutrophil
marker.

CXCL2 levels
Tissue levels of CXCL2 were determined in serum and pan-
creatic tissue by using double-antibody Quantikine enzyme
linked immunosorbent assay kits (R & D Systems Europe,
Abingdon, UK) using recombinant murine CXCL2 as stan-
dard. The minimal detectable protein concentration is less
than 0.5 pg·mL-1.

Histology
Pancreas samples were fixed in 4% formaldehyde phosphate
buffer overnight and then dehydrated and paraffin embed-
ded. Six micrometre sections were stained (haematoxylin
and eosin) and examined by light microscopy. The severity
of pancreatitis was evaluated in a blinded manner by use of
a pre-existing scoring system including oedema, acinar cell
necrosis, haemorrhage and neutrophil infiltrate on a 0
(absent) to four (extensive) scale as previously described in
detail (Schmidt et al., 1992).

TAP levels
Trypsinogen is activated to trypsin in a reaction where TAP is
cleaved off and thus can be used as marker of trypsinogen
activation (Chen et al., 2003). The RIA was performed as
described previously (Lindkvist et al., 2008). A 0.1 M Tris HCL
buffer (pH 7.5) containing 0.15 M NaCl, 0.005 M EDTA and
2 g·L-1 bovine serum albumin (Sigma, St Louis, USA) was used
as assay buffer. Samples of 100 mL diluted in assay buffer were
incubated (16 h, 4°C) with 200 mL of I 125Tyr-TAP (=20 000
counts·min-1) in assay buffer and 200 mL of antiserum diluted
1/750 in assay buffer. Parallel incubations with the synthetic
activation peptides TAP1 diluted in assay buffer in a series of
concentrations from 0.078 to 20 nM, were used as standards
in the assays. Free and bound radioactivities were separated
by means of a second step antibody precipitation; 100 mL of a
cellulose coupled anti-mouse IgG suspension (Sc-Cel® IDA,
Boldon, England) was added to the samples. After 30 min of
incubation 1 mL of water was added and tubes were centri-
fuged (704¥ g, 5 min, room temperature). The supernatant
was decanted and radioactivity of the precipitate was counted
in a g-spectrophotometer (1 min).

Reverse-transcription polymerase
chain reaction
Total RNA was extracted from the blood samples of the
knockout mice and wild-type mice using RNeasy Mini-kit
(Qiagen Gmbh, Hilden, Germany) and treated with RNease-
free DNease (Amersham Pharmacia Biotech AB, Sollentuna,
Sweden) to remove potential genomic DNA contaminants
according to manufacturer’s handbook. RNA concentrations
were determined by measuring the absorbance at 260 nm
spectrophotometrically. Reverse-transcription polymerase
chain reaction (RT-PCR) was performed with Superscript One-
Step RT-PCR system (Gibco BRL Life Technologies, Grand
Islands, NY). The RT-PCR profile was one cycle of cDNA
synthesis at 50°C for 30 min, followed by 35 cycles of dena-
turation at 94°C for 30 s, annealing at 55°C for 30 s and
extension at 72°C for 10 min. After RT-PCR, aliquots of the
RT-PCR products were separated on 2% agarose gel contain-
ing ethidium bromide and photographed. The primers
sequences were as follows: CD11a (f) 5′-AGA TCG AGT CCG
GAC CCA CAG-3′, CD11a (r) 5′-GGC AGT GAT AGA GGC
CTC CCG-3′, b-actin (f) 5′-ATG TTT GAG ACC TTC AAC
ACC-3′, b-actin (r) 5′-TCT CCA GGG AGG AAG AGG AT-3′.
b-Actin served as a house keeping gene to control for the
loading amount of cDNA.

Intravital microscopy
A 5-min equilibration time was allowed before analysis of
leucocyte rolling and adhesion was performed in postcapil-
lary venules (19–51 mm) in the pancreas. Contrast enhance-
ment by i.v. injection of fluorescein isothiocyanate-labelled
dextran 150 000 (0.05 mL, 5 mg·mL-1, Sigma Chemical Co.)
and in vivo labelling of leucocytes with rhodamine 6 G
(0.1 mL, 0.5 mg·mL-1, Sigma Chemical Co.) enabled analysis
of leucocyte–endothelium interactions in the microvascular
bed. For observations of the microcirculation, we used a
modified Olympus microscope (BX50WI, Olympus Optical
Co. GmbH, Hamburg, Germany) and recorded videos on a
computer for later off-line analysis of leucocyte-endothelium
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interactions. Twenty-five C57BL/6 wild-type and five LFA-1
gene-targeted male mice were used, two to six postcapillary
venules were evaluated in each animal and leucocyte rolling
was measured by counting the number of cells rolling along
the endothelial lining for 20 s and is expressed as cells·min-1.
Leucocyte adhesion was measured by counting the number of
cells that adhered and remained stationary for more than 30 s
during the observation time and is expressed as cells·mm-2.
Certain animals received an anti-P-selectin antibody (40 mg,
i.v., clone RB40.34, BD Biosciences Pharmingen) immediately
before capturing microphotographs of the postcapillary
venules in the pancreas in order to abolish leucocyte rolling
and thereby enable visualization of the remaining leucocytes
that were firmly adherent to the endothelium.

Statistics
Data are presented as mean values � SEM. Statistical
evaluations were performed by using non-parametrical tests
(Mann–Whitney). P < 0.05 was considered significant and n
represents the number of animals.

Results

Role of LFA-1 in taurocholate-induced tissue
damage in the pancreas
First, we examined LFA-1 expression at the mRNA and
protein level in the LFA-1 gene-targeted mice used herein and
found that these animals completely lacked LFA-1 (Figure S1).
Retrograde infusion of sodium taurocholate into the pancre-
atic duct enhanced serum amylase levels by nearly 16-fold
(Figure 1). Taurocholate-induced serum levels of amylase

were reduced by more than 70% in LFA-1-deficient animals
and in mice treated with an antibody against LFA-1
(Figure 1). Tissue damage was evaluated by quantification of
acinar cell necrosis, oedema formation and haemorrhage in
the pancreas. Taurocholate-induced acinar cell necrosis,
oedema formation and interstitial haemorrhage were mark-
edly attenuated in LFA-1 gene-targeted animals and in mice
treated with the anti-LFA-1 antibody (Figure 2). Moreover,
morphological examination of the pancreas revealed normal
microstructure in control animals, whereas taurocholate
challenge caused severe destruction of the pancreatic tissue
structure characterized by extensive cell necrosis, oedema
and massive infiltration of neutrophils (Figure 3). However,
the structure of the pancreas was protected in LFA-1-deficent
and in anti-LFA-1 antibody-treated mice challenged with tau-
rocholate (Figure 3).

Role of LFA-1 in taurocholate-induced
neutrophil recruitment in the pancreas
Levels of MPO, a neutrophil indicator, in the pancreas peaked
24 h after taurocholate challenge (21-fold increase). Pancre-
atic MPO activity was reduced by more than 80% in LFA-1
gene-targeted mice and in animals receiving the anti-LFA-1
antibody (Figure 4A). Similarly, histological quantification
of taurocholate-provoked neutrophil infiltration revealed
markedly reduced numbers of pancreatic neutrophils in
LFA-1-deficient and in anti-LFA-1 antibody-treated mice
(Figure 2C). Systemic inflammation such as pulmonary infil-
tration of neutrophils is a central feature of severe AP. Chal-
lenge with taurocholate provoked a clear-cut increase in MPO
activity in the lung (Figure 4B). Taurocholate-induced pulmo-
nary levels of MPO were markedly reduced in LFA-1-deficient
animals and in mice treated with an antibody against LFA-1
(Figure 4B). We used intravital microscopy of the pancreatic
microcirculation in order to study the role of LFA-1 in
leucocyte-endothelium interactions in AP. Taurocholate chal-
lenge triggered a clear-cut increase in leucocyte-endothelium
interactions in the pancreas (Figure 5 and Video S1A,B). It
was found that taurocholate challenge increased leucocyte
rolling and adhesion by threefold and sevenfold respectively,
in postcapillary venules of the pancreas (Figure 5C,D).
Notably administration of taurocholate did not enhance leu-
cocyte interactions or trapping in the pancreatic capillaries
(Video S2). Inhibition of LFA-1 function did not reduce
taurocholate-induced leucocyte rolling (Figure 5C and Video
S1B). In contrast, it was observed that taurocholate-induced
leucocyte adhesion was decreased by 61% in animals treated
with the anti-LFA-1 antibody (Figure 5D). Moreover, the
number of firmly adherent leucocytes in taurocholate-treated
mice deficient in LFA-1 was reduced by 75% (Figure 5D and
Video S1B). We found also that the number of circulating
mononuclear leucocytes and neutrophils increased in severe
AP, indicating systemic activation in this model (Table 1).

Role of LFA-1 in taurocholate-induced
chemokine formation in the pancreas
and serum
At baseline levels of CXCL2 in the pancreas were 0.2 ng·pg-1.
Administration of taurocholate caused a 13-fold and
eightfold increase in the levels of CXCL2 in the pancreas

800

1000 WT

LFA-1−/−¤

600

S
e
ru

m
 a

m
y
la

s
e
 (

µ
K

a
t·
L

−1
)

400

#
*

0

200

____ Control 
   Ab

Anti-LFA-1
       Ab

TaurocholateSaline

Figure 1
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antigen-1 (LFA-1)-deficient mice. Pancreatitis was induced by infu-
sion of sodium taurocholate into the pancreatic duct. Control mice
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or an Ab against LFA-1 prior to pancreatitis induction. Blood samples
were obtained 24 h after induction of pancreatitis. Data represent
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versus WT and *P < 0.05 versus control Ab.
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(Figure 6A) and serum (Figure 6B) respectively. It was
observed that immunoneutralization of LFA-1 decreased
taurocholate-induced production of CXCL2 in the pancreas
by 64% (Figure 6A). Also, we found that taurocholate-
provoked formation in the serum was reduced by 63% in
LFA-1-deficient animals (Figure 6B).

Role of LFA-1 in taurocholate-induced
protease activation in the pancreas
Trypsinogen activation into trypsin was determined by mea-
suring pancreatic levels of TAP. Taurocholate administration
significantly enhanced trypsinogen activation reflected by a
more than twofold increase in TAP levels in the pancreas
(Figure 7). However, it was observed that taurocholate-
induced activation of trypsinogen was not changed in LFA-1
gene-targeted animals (P > 0.05 vs. wild-type, Figure 7) or in

mice treated with the anti-LFA-1 antibody (P > 0.05 vs.
control antibody, Figure 7).

Discussion and conclusions

This study documents an important role of LFA-1 in AP. Our
findings show that LFA-1 is a key regulator of neutrophil
infiltration into the pancreas by regulating firm adhesion in
postcapillary venules. Interference with LFA-1 not only
decreased adhesion and recruitment of neutrophils but also
protected against tissue damage in AP. However, these data
show that trypsinogen activation into trypsin is not appar-
ently dependent on LFA-1 in AP, suggesting that LFA-1-
mediated inflammation is a downstream component of
protease activation in the pathophysiology of AP. Taken
together; these novel results indicate that targeting LFA-1
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Figure 2
Taurocholate-induced tissue damage in the pancreas. (A) Acinar cell necrosis (B) oedema formation (C) infiltration of neutrophils in the pancreas
and (D) haemorrhage. Control mice received saline alone. Certain mice received a control antibody (Ab) or an Ab against LFA-1 prior to
pancreatitis induction. Blood samples were obtained 24 h after induction of pancreatitis. Data represent means � SEM and n = 5. ¤P < 0.05 versus
saline control, #P < 0.05 versus WT and *P < 0.05 versus control Ab.
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may be an effective approach to ameliorate pathological
inflammation in AP.

It is well recognized that leucocyte recruitment is a fun-
damental feature in inflammatory diseases. Numerous
mechanisms of neutrophil-mediated tissue injury have been
forwarded. For example, neutrophils are potent producers of
reactive oxygen species (ROS), such as hydroxyl radicals and
superoxide, which can exert harmful effects on tissue and
endothelial cells in the pancreas (Mossman, 2003). Indeed,
several studies have demonstrated that depletion of neutro-
phils protects against tissue injury in AP (Frossard et al., 1999;
Gukovskaya et al., 2002). LFA-1 has been shown to mediate
neutrophil adhesion and tissue recruitment (Ding et al., 1999;
Thorlacius et al., 2000) but the role of LFA-1 in AP is not
known. Our data show that LFA-1-deficient mice exhibited
significantly reduced acinar cell necrosis, tissue oedema and
haemorrhage as well as serum amylase, indicating that LFA-1

plays an important role in mediating organ damage in AP.
This notion was confirmed by our findings that immunon-
eutralization of LFA-1 markedly decreased taurocholate-
induced pancreatic tissue destruction and serum amylase
levels. Thus, these data suggest for the first time that LFA-1 is
a key regulator of pancreatic injury in AP. This adds AP to the
list of conditions in which LFA-1 has turned out to be a
significant target; these include septic and cholestatic liver
injury (Li et al., 2004; Dold et al., 2008), alcoholic liver disease
(Ohki et al., 1998), viral hepatitis (Matsumoto et al., 2002),
endotoxaemia (Li et al., 2004), graft-versus-host disease
(Kimura et al., 1996; Sato et al., 2006) and colonic ischaemia-
reperfusion (Wan et al., 2003). In this context, it should be
mentioned that a previous study reported that depletion of
neutrophils increases pancreatic haemorrhage in response
to taurocholate challenge (Ryschich et al., 2009), suggesting
that leucocytes protect against haemorrhage in AP. This is in
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Figure 3
Representative haematoxylin & eosin sections of the pancreas from wild-type (WT) of (A) sham (B) saline infused to the pancreas (C) pancreatitis
(D) lymphocyte function antigen-1 (LFA-1)-deficient mice with pancreatitis (E) control antibody (Ab) with pancreatitis and (F) anti-LFA-1 Ab with
pancreatitis. Pancreatitis was induced by infusion sodium taurocholate into the pancreatic duct. Control mice received saline alone. Certain mice
received a control Ab or an Ab against LFA-1 prior to pancreatitis induction. Samples were obtained 24 h after induction of pancreatitis. Bars
represent 100 mm.
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contrast to previous studies showing that neutrophil deple-
tion reduces tissue damage in AP (Weiss, 1989; Gukovskaya
et al., 2002) and we have also recently depleted mice of neu-
trophils and found no signs of increased haemorrhage but
instead a clear-cut decrease in taurocholate-induced haemor-
rhage in the pancreas, suggesting that neutrophils do not

protect against tissue haemorrhage in AP (data not shown). In
fact, this notion is also supported by our present findings
showing that inhibition of neutrophil accumulation in
the pancreas by targeting LFA-1 function also reduced
taurocholate-induced haemorrhage in the pancreas.

The extravasation of leucocytes is a multistep process
supported by a sequential engagement of adhesive receptors,
such as selectins and integrins (Butcher, 1991). Although the
function of these receptors has been extensively studied in
certain organs, the role of specific adhesion molecules in
pancreatic infiltration of leucocytes is virtually unknown. Two
previous studies have reported that LFA-1 expression is
increased on the surface of circulating neutrophils in pancre-
atitis (Sun et al., 2006; 2007). We have extended these obser-
vations and demonstrated herein that genetic deficiency or
functional inhibition of LFA-1 greatly reduces pancreatic infil-
tration of neutrophils, suggesting that LFA-1 mediate tissue
accumulation of neutrophils in AP. This finding is also sup-
ported by a previous study showing that chemoattractant-
induced leucocyte recruitment in the pancreas is mediated by
LFA-1 (Ryschich et al., 2009). By use of intravital microscopy,
we could document a direct and dominating role of LFA-1 in
supporting firm adhesion of leucocytes in the postcapillary
venules of the microcirculation in AP. Systemic depletion of
neutrophils abolished leucocyte-endothelium interactions in
the pancreas, suggesting that neutrophils constitute the main
leucocyte subtype interacting with the microvascular endot-
helium in AP (not shown). Although our findings show that
LFA-1 is the predominant adhesion molecule supporting
pancreatic adhesion and infiltration of neutrophils, these
data do not exclude the possibility that other b2-integrins may
also be important in AP. For example, Hentzen et al. (2000)
have shown that Mac-1 and LFA-1 cooperate for optimal
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Table 1
Systemic leucocyte differential counts

PMNL MNL Total

WT: sham 0.8 � 0.1 4.5 � 0.1 5.3 � 0.2

WT: saline 0.8 � 0.1 4.6 � 0.1 5.4 � 0.2

WT: taurocholate 1.8 � 0.2¤ 6.7 � 0.6¤ 8.5 � 0.8¤

LFA-1-deficient:
taurocholate

3.9 � 0.4 11.8 � 0.3 15.7 � 0.7

WT + control Ab:
taurocholate

1.9 � 0.1 5.9 � 0.1 7.8 � 0.2

WT + anti-LFA-1 Ab:
taurocholate

1.3 � 0.3 6.4 � 0.1 7.7 � 0.4

Blood samples were collected from wild-type (WT) and lympho-
cyte function antigen-1 (LFA-1) gene-targeted mice. Pancreatitis
was induced by infusion of sodium taurocholate into the pan-
creatic duct. Control mice received saline alone. Certain mice
received a control antibody (Ab) or an Ab against LFA-1 prior to
pancreatitis induction. Samples were obtained 24 h after induc-
tion of pancreatitis. Cells were identified as monomorpho-
nuclear leucocytes (MNL) and polymorphonuclear leucocytes
(PMNL). Data represent means � SEM, 106 cells·mL-1 and n = 5.
¤P < 0.05 versus saline control.
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recruitment of inflammatory cells, that is, LFA-1 initiates first
stable contact and Mac-1 establishes a more sustainable adhe-
sion onto the endothelium of inflamed organs. In this context,
it is interesting to note that one previous study has reported
that inhibition of LFA-1 decreases neutrophil formation of
ROS in AP (Inoue et al., 1996). Thus, considered collectively,
these data suggest that LFA-1 may be of importance at several
steps in the pathophysiology of AP, including both tissue
leucocyte recruitment and ROS-mediated organ damage. Acti-
vation and extravascular navigation of neutrophils are orches-
trated by secreted CXC chemokines, such as CXCL2 (Bacon
and Oppenheim, 1998). In the present study, we found that
both pancreatic and systemic levels of CXCL2 were markedly
enhanced after taurocholate challenge. Interestingly,
taurocholate-induced formation of CXCL2 was significantly
decreased in LFA-1-deficient animals. Similarly, inhibition of
LFA-1 function also attenuated tissue formation of CXCL2 in

AP. These observations are somewhat surprising considering
that CXC chemokines are largely secreted by cells resident in
the tissue of the pancreas (Bradley et al., 1999). Nonetheless,
our findings indicate that LFA-1 exerts an early feature in the
pathophysiology of pancreatitis upstream of CXC chemokine
formation. Thus, our data suggest that LFA-1-mediated func-
tions regulate subsequent formation of CXCL2 in AP. The link
between LFA-1 function and CXCL2 production is speculative
but may be related to pro-inflammatory compounds secreted
from activated leucocytes, which in turn may activate tissue-
resident cells in the pancreas. For example, LFA-1-depedent
formation of ROS may be involved as ROS have been shown to
have the capacity to stimulate chemokine formation (Riaz
et al., 2003; Kina et al., 2009).

Inflammation and trypsinogen activation are recognized
as central components in the pathophysiology of AP.
However, the relationship between neutrophil recruitment on
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Figure 5
Leucocyte-endothelium interactions in the pancreas. Intravital photos of postcapillary venules in the pancreas after pancreatitis in (A) wild-type
(WT) and (B) lymphocyte function antigen-1 (LFA-1)-deficient animals after i.v. administration of an anti-P-selectin antibody (40 mg). The
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induced by infusion of sodium taurocholate into the pancreatic duct. Control mice received saline alone. Certain mice received a control antibody
(Ab) or an Ab against LFA-1 prior to pancreatitis induction. Samples were obtained 24 h after induction of pancreatitis. Data represent means �

SEM and n = 5. ¤P < 0.05 versus saline control, #P < 0.05 versus WT and *P < 0.05 versus control Ab.
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one hand and protease activation on the other hand in the
pancreas is not known. Since we found that LFA-1 was an
important regulator of pancreatic infiltration of neutrophils,
we next asked whether LFA-1 controls activation of trypsino-
gen into trypsin, which is associated with the formation of

TAP. Notably, a previous investigation has shown that levels of
TAP correlate with disease severity in the early phases of AP
(Frossard, 2001). Indeed, we observed that taurocholate chal-
lenge markedly increased the levels of TAP in the pancreas.
However, taurocholate-induced levels of TAP were not altered
in LFA-1 gene-targeted animals or in mice treated with a
blocking antibody directed against LFA-1. These findings indi-
cate that trypsinogen activation is independent of LFA-1-
mediated neutrophil accumulation in the pancreas. Thus,
pancreatic infiltration of neutrophils seems not to be a pre-
condition for protease activation in AP. Whether neutrophils
may exert intravascular functions, such as secretion of pro-
inflammatory compounds, which may trigger intrapancreatic
activation of trypsinogen cannot be excluded by our present
findings. It should be noted that trypsin is a potent activator
of proteinase-activated receptor-2 (PAR2), which is a
7-transmembrane G-protein-coupled receptor expressed by
pancreatic acinar and ductal cells (Nguyen et al., 1999). A
recent study reported that taurocholate-triggered calcium
transients, kinase activation and acinar cell injury is markedly
reduced in isolated pancreatic acini from PAR2 gene-deficient
mice, suggesting that PAR2 activation may support acinar cell
damage in AP (Laukkarinen et al., 2008). Whether trypsin-
mediated activation of PAR2 may explain LFA-1-independent
effects, such as trypsinogen activation, in the present study is
a matter of future studies. Nonetheless, considering that acti-
vation of trypsinogen seems to be an early process, neutrophil
recruitment and inflammation in the pancreas persists longer
and targeting LFA-1 might be a more favourable strategy for
specific therapeutic interventions (Regnér et al., 2008).

In conclusion, our novel data demonstrate not only that
neutrophil adhesion and infiltration in AP are mediated
by LFA-1 but also that LFA-1-dependant recruitment of
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Figure 7
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neutrophils regulates tissue damage in the pancreas. In addi-
tion, these findings also indicate that trypsinogen activation is
independent of LFA-1-mediated neutrophil accumulation in
the pancreas. Taken together, we conclude that LFA-1 may be
a useful target to antagonize pathological inflammation in AP.
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lymphocyte function antigen-1-deficient (LFA-1-/-) mice.
b-Actin serves as a housekeeping gene. The results presented
are from one experiment, which is representative of four
others.
Video S1 Intravital fluorescence clip of a postcapillary
venule in a) wild-type and b) lymphocyte function antigen-
l-deficient mouse. Pancreatitis was induced by infusion of
sodium taurocholate into the pancreatic duct. The video was
recorded 24 h after induction of pancreatitis.
Video S2 Intravital fluorescence clip of capillaries in a wild-
type mouse. Pancreatitis was induced by infusion of sodium
taurocholate into the pancreatic duct. The video was
recorded 24 h after induction of pancreatitis.
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