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Introduction

Summary

Advances in the field of clinical lung transplantation must rely on observations
made in animal models. In this study, we introduced a new procedure in the
rat, orthotopic left lung transplantation without using the cuff technique, in
which the donor pulmonary artery, pulmonary vein, and membranous parts of
the bronchus were anastomosed continuously in the lumen using a mattress
suture under a surgical microscope; meanwhile, a second, low-pressure perfu-
sion through the pulmonary artery and turnover of the vascular stump were
made, which also made the vessel anastomosis easy. Transplantations were
completed in 68 rats (89.5%), the mean time used for suturing the left lung
hilar structure was 23.5 + 4.6 min. All lung grafts had good life-sustaining
function because of there being no cuff-induced granulation tissue in bronchial
anastomotic stoma, and three out of 12 allografts were observed with active
bronchiolitis obliterans lesions at 8 weeks after transplantation. This model is a
simple, valuable experimental model for studying lung transplantation and new
therapies for preventing acute or chronic rejection.

vascularized aerated lung transplantation. In the hetero-
topic tracheal transplant model, the mouse trachea has

Lung transplantation is an important therapeutic option
in end-stage lung disease; the overall survival rate after
lung transplantation has improved because of improve-
ments in organ preservation and immunosuppressive
treatment [1], however, bronchiolitis obliterans syndrome
(BOS) remains the major complication affecting more
than half of the recipients [2,3]. The mechanisms that
contribute to BOS are still poorly understood.

Advances in clinical lung transplantation must rely on
observations made in animal models. Many different
experimental models have been used to study different
aspects of lung transplantation; but the lung transplanta-
tion model in rats is more universal. It may be classified
into heterotopic tracheal transplantation and orthotopic

been transplanted into subcutaneous locations [4], the
peritoneal cavity [5], or inserted directly into the pulmo-
nary parenchyma [6]. Despite its advantages, such as
technical simplicity and reproducibility, the tracheal allo-
graft is not aerated and vascularized; therefore, it may be
difficult to interpret changes that are observed in the
small airways of whole lung allografts. This system is also
limited by the availability of reagents and transgenic tech-
nology. The orthotopic tracheal allograft model has the
advantage of exposure to air; however, in some reports it
failed to develop fibrotic obliteration because of the
re-epithelialization of the allograft with recipient epithe-
lium [7]. It seemed that a rat model of orthotopic aerated
vascularized lung transplantation, which was first reported
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in 1971 [8] and then in 1982 [9], would be the optimal
choice; but it was difficult to directly suture the hilum of
the left lung under a surgical microscope. In 1989, the
refinement of the cuff technique made the model more
reproducible and more attractive [10,11]. Because of its
simplicity, many investigators have frequently used this
model to study ischemia-reperfusion injury and active
rejection of lung transplants. However, in some reports,
the bronchial cuff failed to develop BOS, causing concern
that the bronchial cuff had been related to cuff-induced
granulation tissue, which could occlude the bronchial
lumen resulting in short- or long-term graft failure
[12,13].

In this article, we describe a new procedure in the rat
model for orthotopic vascularized aerated lung transplan-
tation without using cuff techniques. The pulmonary
artery, pulmonary vein, and the membranous parts of the
bronchus were anastomosed in the lumen using a contin-
uous mattress suture under a surgical microscope. Some
allografts exhibited bronchiolitis obliterans (BO) at
8 weeks after surgery.

Materials and methods

Animals

Male Sprague-Dawley and Lewis rats weighing 250-300 g
(Vital River, Inc, Peking, China) were used. Donor ani-
mals were Sprague-Dawley for allografts (n = 40) or
Lewis rats for isografts (n = 36); Lewis rats were used as
recipients.

All animals received care in compliance with the ‘Prin-
ciples of Laboratory Animals Care’ formulated by the Sci-
ence and Technology Committee of the People’s Republic
of China and the ‘Guide for the Care and Use of Labora-
tory Animals’ (Publication No 028, Revised 1997, China
Government printing office, Hunan Province). The Ani-
mal Care Committee of the Second Xiangya Hospital
Research Institute approved the experimental protocol.

Extraction of the donor lungs

We extracted the donor lungs as previously described
[14]. Five hundred units of heparin were administered via
the inferior vena cava. The lungs were flushed with 10 ml
of cold (4 °C) low-potassium dextran glucose through the
main pulmonary artery. Subsequently, the left lung was
harvested at end-tidal volume. The inflated left lung was
placed into cold (4 °C) low-potassium dextran glucose
and a 20-GA intra-arterial catheter (Vasocan Brauniile, B.
Braun Inc, Bethlehem, PA, USA) was cannulated in the
pulmonary artery and snared with #1 silk suture (Ethicon
Inc, Somerville, NJ, USA). The lung was stored in low-
potassium dextran glucose at 4 °C until transplantation.
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Recipient procedure

Recipient animals were anesthetized, intubated, and ster-
ilely prepped in a fashion similar to that used for the
donor animals as described above. The animals were ven-
tilated with a 1.5% halothane and 100% oxygen mixture
for adequate sedation at a rate of 70 breaths/min, with a
tidal volume (V1) of 6 ml/kg and a positive end-expira-
tory pressure of 2 cmH,0. A left thoracotomy was per-
formed in the fourth intercostal space to approach the
hilar structure. The hilum of the left lung was dissected,
the left pulmonary artery and main bronchus were
clamped together with a microvascular clamp, and the
pulmonary vein was occluded with a slip knot (#1 silk
suture; Ethicon Inc.). The native lung was removed to
allow the stump of the hilar structure to be at a corre-
sponding length for suturing.

The donor lung was implanted into the thorax of the
recipient and covered with wet gauze. The bronchial
stump was dissected to appropriate lengths and sutured
continuously with 9-0 Prolene (Ethicon Inc) under a sur-
gical microscope (SMI CO, LTD, Shanghai, China). The
first needle was sutured in the end of the ‘C-shaped’ car-
tilage of the bronchus and knotted out of the wall
(Fig. 1a). Subsequently, the membranous portion of the
bronchus was anastomosed continuously into the lumen
using mattress sutures, which keep the bronchial endo-
membrane very smooth (Fig. 1b). The distance between
two sutures was 0.2-0.3 mm, and 12-14 sutures were
needed. When the anastomosis of the membranous por-
tion of the bronchus was completed, the needle was
inserted through the two other ends of the ‘C-shaped’
cartilage and the suture line was drawn slightly to recover
the native shape of the bronchial annular cartilage; then,
a loop knot was tied to prevent the line from loosening
(Fig. 1c). Subsequently, the cartilage of the bronchial
stump was anastomosed continuously with the telescop-
ing technique described by Marck et al. (Fig. 1d) [9].

After the bronchial anastomosis was completed, the
pulmonary artery was flushed continuously with warm
(24 °C), low-potassium dextran glucose at a pressure of
3-5 cmH,0 through the catheter cannulated in the pul-
monary artery to make the donor pulmonary vein tur-
gid and easy to suture. Moreover, the vessel stumps
were opened while they were kept immersed in the
solution. The excess solution was sucked out by an
assistant to prevent overflow of the liquid wetting the
animals and operation table. The pulmonary vein was
anastomosed with 10-0 Prolene (Ethicon Inc) as
described previously for suturing the membranous por-
tion of the bronchus. The distance from the needle to
the vessel stump in the proximal end was more than
double that in the distal end (Fig. 2a). The engorged
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Figure 1 The procedure of bronchial anastomoses (a—d). The suture at the starting point (a); then bronchial membranous portion were anastomo-
sed continuously into the lumen by using mattress suture (b), drew the suture line slightly and recovered the bronchial annular cartilage to the
native shape, then tied a knot to avoid the line loosening (c). The running suture was used to suture the cartilages of the stumps by telescoping

technique (d).

pulmonary vein could obviate stenosis in the anasto-
motic stoma. When the anastomosis was completed, the
proximal end was everted over the distal end (Fig. 2b
and c) to prevent blood leakage in the anastomotic
stoma. The catheter was removed and the pulmonary
artery was trimmed to appropriate lengths for anasto-
mosis as described above. The pulmonary artery wall
was stretched horizontally to over 1.5 times its diameter
to prevent excessive narrowing in the anastomotic
stoma ahead of the knot.

The transplanted lung was re-inflated and re-perfused
by releasing the slip knot on the pulmonary vein and
unclamping the microvascular clamp on the recipient
bronchus and pulmonary artery. Temporary hyperinfla-
tion and a positive end-expiratory pressure are necessary
to remove partial atelectasis and check for air leakage in
the anastomotic stoma, which have been reported else-
where [15].

Once the lung was implanted, the left thoracotomy
incision was closed over a pleural drainage tube with #4
silk sutures (Ethicon Inc). The recipients were ventilated
with 100% oxygen until they were awake. When sponta-
neous respiration resumed, the endotracheal tube was
removed from the airway, and the pleural drainage tube

was removed under pressure. After surgery, the animals
were kept in an oxygenated cage for the first 24 h [16].
Allograft recipients received 2.0 mg/kg/day cyclosporine A
(Sandimmun; Novartis, Basel, Switzerland) by subcutane-
ous injection and 30 mg/kg/day mycophenolate mofetil
(CellCept; Novartis) by mouth. All animals that died after
surgery were examined postmortem.

Functional assessment of the graft

All recipients were maintained until 8 weeks after trans-
plantation, at which time the surviving animals were
killed for functional graft assessment and histologic obser-
vations. The animals were anesthetized with 50 mg keta-
mine (i.p.) and ventilated on a FiO, of 0.5. A median
sternotomy was performed. The right pulmonary hilum
was occluded for 10 min, and subsequent blood samples
from left ventricle were analyzed by a blood gas analyzer
(NOVA Biomedical, Waltham, MA, USA).

Histopathology

At the time of killing, the transplanted lungs were
harvested, fixed in 4% paraformaldehyde, embedded in
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Figure 2 The procedure of vessel anastomoses (a—-d). The mattress suture was used at the starting point, left the vessel stump in the proximal
end which was more than double that in the distal, and ligated at the proximal end (a), then anastomosed the vessel contiguously by using mat-
tress suture in lumen (b).While completing the anastomoses, turned over the proximal stump to overlay the distal stump of vessel (c and d).

paraffin, sectioned, and stained with van Gieson’s and
hematoxylin-eosin. A semiquantitative grading system for-
mulated by the Lung Rejection Study Group [17] and Lee
et al. [18] was used to assess rejection and the severity of
small airway injury in a blinded fashion.
Grade I: Bronchiolar epithelial denuding, mild to moder-
ate inflammation within the small airway wall and sur-
rounding interstitium.
Grade II: Bronchiolar epithelial denuding, destruction of
elastica and muscular wall hyperplasm with extensive
inflammation extending into the peribronchiolar tissue.
Grade III: Intraluminal cellular proliferation, nascent
granulation tissue and fibrosis with partial occlusion of
the airway (less than 50% of the lumen diameter).
Grade IV: Intraluminal projection or plugging with nas-
cent granulation tissue and fibrosis with obliteration (at
lest 50% of the lumen diameter).

The active BO includes Grades III and IV.

Statistical analysis

Data were expressed as mean + SEM. Differences between
groups were determined by analysis of variance (ANoOvaA).
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Results considered

P < 0.05.

were statistically ~ significant at

Results

We performed 100 rat lung transplants with a technical
failure rate of 50% in the first 24 transplantations. During
this period of model development, eight recipients died
from lacerations on the wall of the pulmonary vein, and
four recipients died in the immediate postoperative per-
iod. In the later transplantations, when the pulmonary
artery was perfused continuously with low-potassium dex-
tran glucose at low pressure, incidents of laceration of the
pulmonary vein were rare. During the subsequent 76
transplants, three deaths occurred because of intraopera-
tive bleeding, two deaths because of air leakage in the
lung parenchyma because of uncontrolled temporary
hyperinflation, and three recipients died in the immediate
postoperative period, resulting in a technical success rate
of 89.5% (68/76). However, seven recipients died within
6-48 h postoperatively from complications associated
with the surgery. Only one recipient with pulmonary
artery thrombosis was found at postmortem examination.
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Figure 3 The arterial PO, level of lung isografts (n = 6) did not differ
from the normal rats (n = 6), but higher slightly than that of lung allo-
grafts (n = 6) (P < 0.05). Blood was collected from left ventricle after
a 10-min occlusion of the right pulmonary hilum. *Compared with
normal rat, P < 0.05; *Compared with isografted recipients, P < 0.05.

The time required for suturing the left lung hilar struc-
ture was 23.5 + 4.6 min, and the total surgical time was
78.4 £ 52 min. All animals were sacrificed at 8 weeks
after surgery, and their lung grafts were examined func-
tionally or histologically.

To assess the functional status of the lung grafts, the
PO, and PCO, levels were measured 8 weeks after trans-
plantation. Blood was collected from the left ventricle
after a 10-min occlusion of the right pulmonary hilum.
The arterial PO, levels of the lung isografts did not differ
from those of normal rats but were slightly higher than
those of the lung allografts (P < 0.05). The PCO, level in
none of the samples was statistically significant (Fig. 3).

At 8 weeks after transplantation, the histological exam-
inations of the lung allografts showed moderate to severe
inflammatory infiltration including lymphocytes and
polymorphonuclear cells, which invaded the bronchial
wall and surrounding interstitium (Grades I-1I). Denud-
ing of the bronchial epithelium was found, but active BO
lesions (Grades III-IV) was observed in only three of the
12 lung allografts (Fig. 4).

Discussion

The orthotopic vascularized aerated lung transplantation
model in rats is analogous to clinical lung transplantation.
First attempted in 1971 [8], then in 1982, Marck et al.
used microsurgery with some modifications to directly
suture the hilar structures, but the technical complexity
of vascular and bronchial sutures remained an obstacle
[9]. Mizuta et al. [10] developed their experimental
model in rats using cuffs, and investigators have
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frequently used this model, with some modifications
[11,19,20], to study ischemia-reperfusion injury in lung
transplantation. However, in some reports the bronchial
cuff failed to develop BOS, causing concern that the
bronchial cuff was related to cuff-induced granulation tis-
sue, which could occlude the bronchial lumen resulting in
short- or long-term graft failure [12,13]. In this article,
we have established a new procedure in the rat model of
orthotopic vascularized aerated lung transplantation with-
out using cuff techniques, and observed histologically that
the allografts manifested some features of BO at 8 weeks
postoperatively (Fig. 4), which will enable the study of
the exact pathogenesis and of new therapies for BO.

In our experimental model, 89.5% of the recipients
survived the surgery. The time needed for suturing the
left lung hilum and the overall duration of surgery were
not longer than those required by the cuff technique for
experimental lung transplantation in rats as described by
other authors [12]. Bronchial anastomosis is critical for
maintaining adequate aeration of the grafts; we used a
continuous mattress suture in the lumen to anastomose
the membranous portion of the bronchus (Fig. 1), and
none of the recipients was found with bronchial leakage
during the transient hyperinflation or after surgery. The
bronchial epithelium and mucous membrane were
smooth at the stoma, which caused fewer deaths in the
animals from obstruction of the trachea by mucus or
granulation tissue. The bronchus was applanned and nar-
rowed when the membranous portion was anastomosed
by interrupted sutures resulting from the elasticity of
bronchial annular cartilage. However, the surgical proce-
dure described in our experimental model could restore
the native shape of the bronchial annular cartilage. More-
over, the elasticity of the bronchial annular cartilage kept
the suture line taut thus avoiding bronchial air leakage.

The wall of the pulmonary vein in the rat is very thin
and easily torn, especially if it adheres to itself when
blood infusion is unavailable. We continuously infused at
constant temperature, low-potassium dextran glucose
solution at low pressure through the donor pulmonary
artery during anastomosis of the pulmonary vein, which
not only made the vessel stumps open and easy to suture,
but the second rinse also helped to reduce organic cell
injury [21-23]. When anastomosis of the vessel was com-
pleted, we everted it over the longer proximal end to
overlay the anastomotic stoma and distal vessel (Fig. 2),
which prevented blood leakage even in cases where the
suturing technique was not perfect. During the anastomo-
sis of the blood vessel, injury to the vascular endothelium
at the stump was inevitable because of the iterative posi-
tioning of the ring clamp. Many studies have confirmed
that injury to the endothelium could accelerate thrombo-
sis and intimal proliferation [24-26]. Therefore, we left
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Figure 4 Histologic observations in animal groups. (a) and (b) Almost normal histology in the isograft; (c) the extensive inflammatory cellular infil-
trates into interstitium and peribronchiolar tissue, bronchiolar epithelial denuding (indicated by arrows); (d) active OB-like lesion in respiratory
bronchioles; (e) a semiquantitative grading to assess rejection and the severity of small airway injury in allografts at 4 week after lung transplanta-
tion (a and ¢, hematoxylin and eosin x 200; b and d, van Gieson x200).

the injured intima out of the vessels, kept the blood run- isografts as for normal animals at 8 weeks after transplan-
ning though the healthy and smooth endothelium, and  tation (Fig. 3).
few animals suffered thrombosis at the postoperative To elucidate the pathogenesis of BO, a reliable animal

examination. These techniques used in this experimental =~ model is required. According to the literature, the ortho-
model resulted in the same functional status for lung  topic lung transplantation from Fischer 344 to Wistar
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Kyoto rats is the only model that reliably results in BO
without a further stimulus [27-29]. However, Hirsch-
burger et al. presumed that this model was not suitable to
study BO because BO did not develop in grafts with life-
sustaining function [13]. In our study, the lung allografts
of the recipients still had good function at 8 weeks after
transplantation (Fig. 3). During pathologic evaluation of
allograft rejection, all allografts exhibited
inflammatory infiltration and evidence of epithelial loss,
which plays a pivotal role in the process of BO [30], how-

extensive

ever active BO was observed in only three of 12 allografts,
which was in conformity with the literature reported by
Lee [18].

In summary, we established a new procedure for
orthotopic lung transplantation in the rat that differs
from the cuff technique. The membranous portion of
the bronchus and the vessels were anastomosed with a
continuous mattress suture in the lumen; meanwhile, a
second pulmonary artery perfusion and vascular stump
turnover technique were used during vessel anastomosis.
The above techniques made the experimental model
very simple and reliable, and more analogous to clinical
lung transplantation. Histopathologic observation dem-
onstrated some features of BO at 8 weeks after trans-
plantation. Moreover, if the strains from Fischer 344 to
Wistar Kyoto rats could be introduced in this model,
this will be a more valuable animal model for studying
the mechanisms of and new therapies for acute and
chronic rejection.
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