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Abstract

Objective: E-cadherin is a major cell-to-cell adhesionmolecule, of which the ectodomain is cleaved from epithelial cells to yield a soluble form
after the pathological alteration of the alveolar epithelium. We investigated the excretion level of soluble E-cadherin in a rat lung isotransplant
model, and demonstrated the involvement of this molecule in the pathogenesis of reperfusion injury after lung transplantation.Methods: Inbred
male Lewis rats were used as both donor and recipient animals, and they were subjected to left lung isotransplantation. After 6 h of ischaemia,
the left lung was transplanted into a recipient rat and reperfused for 4 h. The animals were injected intravenously with 125I-labelled albumin at
3 h after the onset of reperfusion as a marker of pulmonary albumin leakage. We assessed pulmonary alveolar septal damage quantitatively based
on the 125I-albumin concentration ratio of bronchoalveolar lavage fluid (BALF) to plasma. Soluble E-cadherin fragments were detected in BALF on
Western blot analysis using affinity-purified antibodies specific to rat E-cadherin synthetic peptides. Results: The BALF supernatant-to-plasma
ratio of the graft lung was significantly increased compared to that of the control group. Western blot analysis showed amarked release of soluble
E-cadherin into BALF, and its increase in BALF was associated with alveolar septal damage. Conclusions: These results suggest that one potential
mechanism of lung reperfusion injury involves the cleavage of E-cadherin.
# 2009 European Association for Cardio-Thoracic Surgery. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Although much progress has been made in transplantation
immunology in recent years, re-implantation injury is still a
serious problem. Indeed, 15—30% of patients with lung grafts
develop severe or fatal acute lung injury after surgery [1].

The purpose of this study was to evaluate the involvement
of alveolar epithelial disorder in acute lung injury after lung
transplantation and to examine alveolar epithelial adhesion
molecules as a parameter of alveolar epithelial disorder.
Recently, Takeichi identified E-cadherin as a major adhesion
molecule of the intercellular junction in epithelial cells [2].

E-cadherin is a 120-kDa transmembrane glycoprotein,
predominantly localised to the lateral cell border and
associated with the contractile cytoskeleton [3]. E-cadherin
molecules exhibit homophilic-binding interactions and play an
essential role in cellular organization and morphogenic
regulation in animals [4]. We hypothesised that the release
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of E-cadherin in its soluble form results in a loss of adhesive
function, which leads to changes in epithelial morphology [5].

In this study, we first examined the changes in the
permeability of the alveolar septum in re-implantation injury
using a rat lung transplantation model. Then, we prepared
polyclonal antibodies reactive to rat soluble E-cadherin
fragments. Luminal proteins recovered by bronchoalveolar
lavage (BAL) from these rats were collected, and the
presence of soluble E-cadherin was assessed using these
antibodies, given that increases in this molecule would be
consistent with epithelial damage and perturbed paracellular
transit.

2. Materials and methods

2.1. Animals

Specific pathogen-free inbred male Lewis rats weighing
300—350 g (Charles River Breeding Laboratories, Tokyo,
Japan) were used as both donor and recipient animals. All
procedures described in this report were approved by the
institutional review board for animal studies.
urgery. Published by Elsevier B.V. All rights reserved.
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2.2. Operative techniques

To perform orthotopic left lung transplantation in the rat,
we have modified the surgical techniques described by other
investigators [6,7]. Donor rats were anaesthetised by an
intraperitoneal injection of 40 mg kg�1 of pentobarbital.
Animals were intubated with an endotracheal tube made
from a 14-G intravenous catheter and then connected to a
rodent ventilator (model SN-480-7; Shinano, Tokyo, Japan),
which was adjusted to maintain normal ventilation (respira-
tory rate, 60 per min; tidal volume, 10 ml kg�1; positive end-
expiratory pressure, 3 cmH2O; FiO2, 0.4). The operation was
performed using a sterile technique by a single surgeon.

Donor animals were injected with heparin (1000 IU kg�1)
intravenously. Through a median sternotomy, the thorax
was exposed. A 14-G catheter was inserted into the main
pulmonary artery through the right ventricle. Immediately
after the inferior vena cava was divided, and the left and
right atrial appendages were amputated, the pulmonary
artery was flushed with 100 ml kg�1 of 4 8C Euro-Collins
solution (Na+, 10 meq. l�1; K+, 115 meq. l�1; Cl�,
15 meq. l�1; HCO3

�, 10 meq. l�1; HPO4
2�, 85 meq. l�1;

H2PO4
�, 15 meq. l�1; glucose, 194 meq. l�1; Kobayashi,

Tokyo, Japan) at a pressure of 18 cmH2O. After the trachea
was ligated and cut at an end-inspiratory phase during the
ventilation, the donor heart and lungs were removed en bloc.
Among the five donor lung areas (i.e., right upper, middle,
and lower lobe, caudal lobe and left lung), immediately after
excision the right lower and caudal lobes were designated as
the pre-ischaemic lung. Before preservation, the left
pulmonary artery, pulmonary vein and main bronchus were
dissected, and the left lung was taken by dividing the hilar
vessels and the left main bronchus. A cuff made from a
segment of 16-G polyethylene tubing was attached to the left
pulmonary artery and vein, respectively, as a tool for
anastomosis. The left lung was wrapped in a bed of gauze
soaked with 50 ml of 4 8C preservation solution and stored in
a refrigerator.

The recipient animal was then anaesthetised, intubated
and ventilated using the same procedure and ventilator
conditions as the donor. The recipient was placed in the left-
side-up position, and a left thoracotomy was performed at
the fourth intercostal space. The hilar structures were
dissected, and the lung was clamped with a curved
vasculature clamp and gently retracted to expose the hilum.
The recipient hilum was cross-clamped proximally and
orthotopic left lung transplantation was performed using a
cuff technique for vessel and bronchial anastomoses. The
hilar cross-clamp was then released, re-establishing blood
flow and ventilation to the transplanted lung. After chest
closure and awakening from anaesthesia, the recipient
animals were housed freely in room air until sacrifice.

2.3. Evaluation of lung injury

Eighteen Lewis rats were divided into two experimental
groups: (1) transplantation group (n = 12): lung transplanta-
tion was performed employing the previously mentioned
techniques; (2) sham group (n = 6): after undergoing the
same anaesthesia, intubation and artificial ventilation
procedures as described for the transplantation group,
interventions were limited to thoracotomy, hilar dissection
and chest closure.

At 3 h after reperfusion, recipient animals received an
intravenous injection of 37 kBq 125I-labelled bovine serum
albumin (PerkinElmer Life Science, Boston, MAS, USA) into
the tail vein as a permeability tracer. Subsequently, 10 min
before sacrifice, 10 kBq 51Cr-labelled red blood cells were
intravenously injected into the tail vein as a pulmonary
blood tracer. Erythrocytes of the recipient labelled with
51Cr (Amersham Pharmacia Biotech UK Limited, Little
Chalfont, United Kingdom) were prepared using the
previously reported method [8]. The animals were
sacrificed by an intraperitoneal injection of 50 mg of
pentobarbital after 4 h of reperfusion. Since reperfusion
did not take place in the sham group, the time of
completion of left hilar dissection was regarded as the
time of onset of reperfusion in the transplantation group.
All subsequent procedures were carried out similarly in the
two experimental groups.

The three lung specimens described below were obtained
within the time course in one transplantation experiment,
and each specimen was subjected to BAL and the evaluation
of lung injury:

1. pre-ischaemic lung (donor’s right lung immediately after
excision),

2. contralateral lung (recipient’s right lung obtained at
sacrifice) and

3. graft lung (recipient’s transplanted left lung obtained at
sacrifice).

In specimen 2, contralateral lung, indirect lung injury
through systemic mediators could be evaluated.

2.4. Bronchoalveolar lavage

BAL was performed for the three specimens, 1 through 3,
described above. Since differences in the dilution rate are
often problematic in BAL, in order to obtain uniform sizes of
lobes among the specimens, BAL was performed in (1) pre-
ischaemic lung: right lower lobe, (2) contralateral lung: right
lower lobe and (3) graft lung: left lung, cephalic segment. In
BAL of ‘(4) left lung, cephalic segment’, the lung was
clamped with a gutter clamp so that the size of the specimen
was nearly the same as that of the other lobes, and BAL was
performed in the cephalic half of the left lung. Each lung was
lavaged with 2.5 ml of saline. Fluid recovery was always
above 90%, and there was no significant difference in the rate
of fluid recovery among groups. Bronchoalveolar lavage fluid
(BALF) was centrifuged at 400 � g and 4 8C for 10 min, and
the supernatant was stored at �80 8C until use.

2.5. Lung water and 125I-labelled albumin index

Pulmonary oedema was assessed using the wet-to-dry
weight ratio (W/D ratio). After the wet weight of lung tissue
samples was measured, the samples were dried in a vacuum
drying oven (DP22; Yamato Scientific, Tokyo, Japan) at 92 8C
and �270 cmH2O for 48 h to remove any gravimetrically
detectable water. The dry tissue weight was determined, and
the lung W/D ratio was calculated.
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Fig. 1. Lung water. In the transplantation group, the W/D ratio was signifi-
cantly higher in the bilateral lungs (left lung in particular) after the surgery
than in the sham group (transplantation group (black bar), sham group (white
bar)). *p < 0.01 compared with sham. #p < 0.05 by Tukey—Kramer post-hoc
test.
The isotope-specific radioactivity of blood and BALF
samples was measured (ARC-300, ALOKA, Tokyo, Japan).
The transvascular flux of 125I-albumin was assessed using the
concentration ratio of BALF supernatant to plasma (B/P ratio)
per unit weight, which was employed as parameters of
pulmonary alveolar septal damage. Blood contamination in
BALF was corrected using 51Cr counts, and the effect of the
contamination was subtracted.

2.6. Histopathological examination

A portion of the transplantation group graft lung and sham
group left lung was fixed with 4% paraformaldehyde for
histopathological examinations. After fixation, sagittal sec-
tions were embedded in paraffin. Sections 5 mm thick were
cut from the paraffin blocks and stained with haematoxylin—
eosin.

2.7. Western blot analysis of soluble E-cadherin

To detect the soluble fragments of E-cadherin in SDS
extracts of rat organs and BALF samples, Western blot
analysis was performed using rabbit polyclonal antiserum
against the synthetic peptides for rat E-cadherin. First, the
rabbits were immunized several times with the synthetic
peptides for 16 amino acid sequences of rat E-cadherin (NH2-
CPENQKGEFPQRLVQI-COOH), conjugated with maleimide-
activated keyhole limpet haemocyanin carrier protein
(Pierce Chemical Co., Rockford, IL, USA). The 167—182
amino acid sequence corresponding to this synthetic peptide
was obtained from the public database (Swissprot: Q9ROT4).
Serumwas collected from them and the antibodies specific to
rat E-cadherin (designated as JB-12) were affinity-purified
using immunogen peptides immobilised on CNBr-activated
sepharose gel (Amersham Bioscience AB, Uppsala, Sweden).

Epithelial tissues of inbred Lewis rats (i.e., trachea,
bronchus, lung, oesophagus, stomach, rectum, colon,
bladder, thymus and larynx) were collected, and mixed with
an SDS-electrophoresis sample solution (Daiichi Chemical
Co., Tokyo, Japan) containing di-thiothreitol reducing
reagents. The SDS extracts were subjected to 5—20% gradient
SDS-polyacrylamide gel electrophoresis, and transferred
onto the polyvinylidine difluoride membrane (Millipore,
Bedford, MAS, USA). After blocking the sheet with 0.5% skim
milk (Difco Laboratories, Detroit, MI, USA), the membrane
was incubated in a solution containing the anti-E-cadherin
affinity-purified rabbit IgG described above. Immunoreactive
proteins on the membranes were visualised using peroxidase-
labelled anti-rabbit antiserum (DAKO, Glostrup, Denmark)
and 4-chloro-1-naphtol substrate (Sigma Chemical Co., St.
Louis, MO, USA).

Western blotting of BALF samples in our lung transplanta-
tion model was performed by employing the same procedures
as described above. The background reaction on Western
blotting of the BALF samples was examined with a secondary
antibody alone without using a primary antibody.

2.8. Statistical analysis

All data in the figures are expressed as the mean
� standard error of the mean. For a comparison of the W/
D ratio within the transplantation group, one-way analysis of
variance and a Tukey—Kramer multiple comparisons test
were used to detect significant differences between the
groups. For a comparison of the B/P ratio between the left
and right lungs in the transplantation group, Student’s paired
t-test was employed. For a comparison between the
transplantation and sham groups, Student’s unpaired t-test
was used. A p-value of less than 0.05 was regarded as
significant.

3. Results

3.1. Lung water

In the transplantation group, the W/D ratio significantly
increased in the graft and contralateral lungs compared to
that in the pre-ischaemic control lung (Fig. 1). Furthermore,
the W/D ratio of the graft lung was significantly higher than
that of the contralateral lung. In addition, the W/D ratios of
the graft and contralateral lungs were significantly higher in
the transplantation than in the sham group.

3.2. 125I-labelled albumin index

The B/P ratio was significantly higher in the transplanta-
tion group graft lung than in the sham group left lung (Fig. 2).
In contrast, in the contralateral lung, there were no
significant differences in the B/P ratio between the
transplantation and sham groups. In the transplantation
group, the B/P ratio of the graft lung was significantly higher
than that of the contralateral lung.

3.3. Histopathological findings

In the graft lung of the transplantation group, alveolar
haemorrhage and oedema were marked (Fig. 3A), whereas in
the left lung of the sham group, no pathosis was micro-
scopically observed (Fig. 3B).
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Fig. 2. 125I-labeled albumin index. The B/P ratio was significantly higher in the
transplantation group graft lung than in the sham group left lung (transplanta-
tion group (black bar), sham group (white bar)). *p < 0.01.

Fig. 3. Histological appearance of graft lung tissue (A: transplantation group,
B: sham group). In the transplantation group graft lung, alveolar haemorrhage
and infiltration were marked. Scale bar = 50 mm.

Fig. 4. Soluble E-cadherin fragments in the SDS extracts of rat organs. We
attempted to detect soluble E-cadherin in the SDS extracts from rat epithelial
tissues. The SDS extracts from the trachea (Lane 1), bronchus (Lane 2), right
lung (Lane 3), left lung (Lane 4), oesophagus (Lane 5), stomach (Lane 6),
rectum (Lane 7), colon (Lane 8), bladder (Lane 9), thymus (Lane 10) and larynx
(Lane 11) were subjected to Western blotting described in Section 2. Molecular
markers were applied on the extreme right lane (blue, 206 kDa; magenta,
124 kDa; green, 83 kDa; violet, 42 kDa; orange, 32 kDa). A band consistent with
the molecular weight of E-cadherin in its soluble form, approximately 85 kDa,
was detected in all samples.

Fig. 5. E-cadherin soluble form in BALF. (A) Each specimen from the trans-
plantation group (Lane A, supernatant of preservation solution; Lane B, pre-
ischaemic lung BALF; Lane C, contralateral lung BALF; Lane D, graft lung
BALF). In each lung sample, the W/D ratio was 3.98 (B), 5.05 (C) and 7.92 (D),
and the B/P ratio was 0.0333 (C) and 0.0902 (D). The band intensity of soluble
E-cadherin was correlated with the W/D or B/P ratio. (B) Comparison between
transplantation group graft lung and sham group left lung. Lanes A—D, SDS
extracts (A, trachea; B, lung; C, larynx; D, thymus); Lanes E—H, transplanta-
tion group graft lungs; Lanes I—J, sham group left lungs. In each lung sample,
the B/P ratio was 0.0728 (E), 0.1035 (F), 0.0633 (G), 0.1102 (H), 0.0228 (I) and
0.0190 (J). These ratios were apparently concordant with the immunoreactiv-
ities based on the Western blot analysis. (C) Background reaction. In the
background reaction of the BALF samples (Lanes E—J), a non-specific reaction
was observed at a molecular mass of approximately 60 kDa. Molecular markers
were applied on the extreme right lane (blue, 206 kDa; magenta, 124 kDa;
green, 83 kDa; violet, 42 kDa; orange, 32 kDa; red, 19 kDa; and blue, 7 kDa).
3.4. Soluble E-cadherin

In all SDS extracts from rat epithelial tissues, a band was
detected at approximately 85 kDa, corresponding to soluble
E-cadherin (Fig. 4), which may be the band of soluble E-
cadherin released by degradation with intrinsic protease
during the heated SDS processing.

In the lung transplantation model, significant amounts
of soluble E-cadherin fragments were not detected in
the supernatant of preservation solution, but were
detected in the BALF supernatants of the pre-ischaemic,
contralateral and graft lungs (Fig. 5A). The band intensity
increased in the order of the pre-ischaemic, contralateral
and graft lungs, and the intensity was correlated with the
W/D ratio. On comparison of soluble E-cadherin in BALF
between the graft lung in the transplantation group and
left lung in the sham group, the variations in the band
intensity were macroscopically different between them,
and were consistent with the changes in the B/P or W/D
ratio (Fig. 5B). In the background reaction using the
secondary antibody alone, some molecules were detected
at a molecular weight of approximately 60 kDa, probably
due to the high level of albumin usually excreted into BALF
(Fig. 5C). Therefore, the visualised molecules at a
molecular weight of 60 kDa in the other Western blot
sheets were negligible as a non-specific immunoreaction
(Fig. 5A and B).
4. Discussion

We examined re-implantation injury in a rat lung
transplantation model, and observed acute lung disorder
with enhanced alveolar septum permeability in graft lungs at
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4 h after transplantation. Furthermore, Western blot analysis
showed that the extracellular domain of E-cadherin was
cleaved and released into BALF, which might be associated
with the intensity of pulmonary albumin leakage.

We employed alveolar septal permeability calculated
from the amount of isotope-labelled albumin leakage for the
evaluation of lung injury. In previous lung transplantation
experiments, acute lung injury was evaluated based on the
oxygenation capability (arterial O2 tension), haemodynamics
of the lung (PVR, PA flow), lung compliance, W/D ratio and
histological investigation [9,10]. To our knowledge, there had
been no report evaluating lung injury using a radio-isotope in
laboratory animals after lung transplantation until we
recently reported the effect of a TNF-a-converting enzyme
inhibitor on acute lung injury following lung transplantation
in rats [11]. We selected this method for the accurate and
quantitative evaluation of lung injury.

The dynamic adhesion and interaction of epithelial cells is
mediated through the junctions formed by a variety of cell
adhesion molecules, such as occludin, claudin, cadherin and
connexin. The treatment of cell layers that express cadherins
with antibodies to these cadherins induces the dispersion of
cells [12]. Cadherins are therefore presumed to be the cell-
to-cell adhesion molecules that play a central role in the
formation of physical cell—cell associations. Although
cadherin activity is regulated by various factors such as
Cdc42 and Rac1 together with IQGAP1, the molecular
mechanism controlling the activity has yet to be elucidated
[13].

E-cadherin is a Ca2+-dependent homophilic cell—cell
adhesion molecule expressed exclusively in epithelial tissues
and is also present in the adult lung [5,14]. E-cadherin is a
transmembrane protein with amolecular mass of 120 kDa and
a single membrane-spanning region, and forms a homodimer
on the cell membrane [2]. The extracellular domain is
composed of homologous C1—C5 domains with intervening
Ca-binding sites, while the intracellular domain binds to actin
filaments via alpha-, beta- and gamma-catenin, mediating
interactions with the cytoskeleton [15,16].

Hepatocyte growth factor (HGF) is known to induce the
dispersion of epithelial cells, as a scatter factor, andTakeichi
and co-workers reported that HGF could disrupt desmosomal
cell—cell contact [17]. HGF enhances the tyrosine phos-
phorylation of beta-catenin or plakoglobin in human
carcinoma lines, inducing the scattering of these cells
[18]. HGF may modulate the function of the cadherin—
catenin system through the phosphorylation of cadherin-
associated proteins.

Several recent studies suggested that the loss of E-
cadherin may be associated with tumour progression in
epidermal carcinogenesis, and E-cadherin particularly acts as
a suppressor of the invasive ability or metastatic phenotype
[19,20]. However, soluble E-cadherin has not drawn much
attention in other clinical fields. We focused on soluble E-
cadherin in BALF as a direct index of alveolar epithelial
injury. Functional cadherin acquires the activity of binding
with identical molecules through binding to calcium [21,22].
Calcium-bound cadherin with adhesive activity is less likely
to be degraded by proteolytic enzymes, while inactive
cadherin does not show calcium-binding activity and is easily
degraded by protease [23]. Previous studies have suggested
that the degradation occurs in the C4 domain, and the
molecular mass of the soluble E-cadherin is approximately
85 kDa [11]. Most epithelial cells express E-cadherin, and the
shedding of soluble E-cadherin from the epithelial cell
surface may be used as a marker of weakened intercellular
adhesion among epithelial cells [5]. In fact, Western blot
analysis in this study showed soluble E-cadherin was released
into BALF, which might be associated with an isotopically
derived index of alveolar septal damage. Thus, the early loss
of adherence junction component proteins in the present
study may lead to increased paracellular transit, which,
combined with increased vascular extravasation, may
determine the increased total luminal protein observed
after lung transplantation.

Soluble E-cadherin was detected at a trace level in the
pre-ischaemic lung BALF (Fig. 5A), suggesting mechanical
ventilation-associated mild impairment of the alveolar
epithelium.

Relatively low levels of whole E-cadherin molecules were
also seen in graft lung BALF. This suggests that the alveolar
epithelial cells were damaged by reperfusion injury, and
some whole molecules were also released into BALF.

This study suggested that soluble E-cadherin in BALF is a
useful marker by which acute lung injury, including reperfu-
sion lung injury, can be clinically monitored. In facilities
performing lung transplantation, it may be possible to collect
epithelial lining fluid of the grafted lung by minimally
invasive microsampling after the operation and measure E-
cadherin in this fluid [24]. The serial monitoring of
reperfusion injury by such a method may prevent complica-
tions after lung transplantation and allow early treatment. In
addition, we presume that the quantification of E-cadherin in
its soluble form in the plasma, as well as BALF,may contribute
to the prediction of acute lung injury, because soluble E-
cadherin fragments can be immunologically detected in
normal human circulation [5].

On the other hand, several investigators reported that
HGF expression was enhanced in the ischaemic reperfused
lung [25]. We speculate that the binding between E-cadherin
molecules weakens due to this increase in HGF in the grafted
lung after transplantation, resulting in an increase in
epithelial permeability. The c-met receptor has a high
affinity for HGF. If c-met inhibitors that specifically act on the
alveolar epithelium of the grafted lung are clinically used, E-
cadherin degradation may be inhibited, facilitating the
control of reperfusion injury after lung transplantation.
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