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Background:  Lungs retrieved from cadavers after death and circulatory arrest may
alleviate the critical shortage of lungs for transplant. We report a rat lung trans-
plantation model that allows serial measurement of arterial blood gases after left
single lung transplantation from non–heart beating donors.

Methods:  Twelve Sprague-Dawley rats underwent left lung transplantation with a
vascular cuff technique. Donor rats were anesthetized with intraperitoneal injection
of pentobarbital, heparinized, intubated via tracheotomy, and then killed with pen-
tobarbital. Lungs were retrieved immediately or after 2 hours of oxygen ventilation
after death (tidal volume 1 mL/100 g, rate 40/min FIO2 = 1.0, positive end-expira-
tory pressure 5 cm H2O). Recipient rats were anesthetized, intubated, and ventilat-
ed. The carotid artery and jugular vein were cannulated for arterial blood gases and
infusion of Ringer’s lactate (4 mL/h). Anesthesia was maintained with halothane
0.2%, and recipient arterial blood gases were measured at 4 and 6 hours after lung
transplantation after snaring the right pulmonary artery for 5 minutes. Animals were
put to death 6 hours after lung transplantation, and portions of transplanted lungs
were frozen in liquid nitrogen and assayed for wet/dry ratio, myeloperoxidase as a
measure of neutrophil infiltration, and conjugated dienes as a measure of free radi-
cal–mediated lipid peroxidation.

Results:  Arterial PO2 and wet/dry ratio were not significantly different in recipients
of non–heart beating donor lungs retrieved immediately after death or after 2 hours
of oxygen ventilation. Significant neutrophil infiltration was observed in recipients
of non–heart beating donor lungs retrieved 2 hours after death from oxygen-
ventilated donors.

Conclusions:  Strategies to ameliorate reperfusion injury may allow for successful
lung transplantation from non–heart beating donors. 

A
lthough lung transplantation is an effective therapy for suitable
individuals with end-stage lung disease, access to this therapy is
severely limited by the scarcity of available organs. Currently,
more than 3500 patients in the United States are awaiting lung
transplantation, yet only 850 lung transplantations are performed
annually in the United States. The lack of available organs during

an era when there is such a large demand translates into longer waiting times and
increased risk of death while awaiting transplantation. In 1998, 485 patients died
while awaiting lung transplantation.1

Currently, aside from living donors, all organs used for transplantation are
retrieved from brain-dead heart beating donors. Extending the donor pool to include
patients who die abruptly would dramatically improve the opportunity for those
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awaiting transplantation. It is estimated that there are 35,000
deaths per year in the United States from firearms and
47,000 deaths related to motor vehicle accidents.2 Although
many of these individuals are not suitable for organ dona-
tion, if just a small fraction were candidates to be non–heart
beating organ donors, this would result in a dramatic
increase in the number of available organs. Lung retrieval
from non–heart beating donors (NHBDs) may be a realistic
solution to the lung donor shortage because aside from the
cornea, the lung is the only transplanted solid organ that
does not rely on perfusion to provide oxygen and cellular
respiration.

Previous studies in our laboratory have shown successful
lung transplantation in canine models from NHBDs, some
harvested several hours after death.3-6 A better understand-
ing of the ischemia-reperfusion injury (IRI) sustained by
lungs retrieved from NHBDs is necessary to allow for this
clinical practice. We describe a model of rat single lung
transplantation with organs retrieved from NHBDs 2 hours
after death. This model allows serial assessment of gas
exchange and shows evidence for inflammatory responses
due to IRI, as evidenced by myeloperoxidase (MPO) assay
and conjugated diene (CD) analysis.

Material and Methods
The Institutional Animal Care and Use Committee of the
University of North Carolina at Chapel Hill reviewed and approved
the protocol for this study. All of the animals received humane care
in accordance with the “Guide for the Care and Use of Laboratory
Animals” prepared by the Institute of Laboratory Animal
Resources, National Research Council, and published by the
National Academy Press, revised 1996.

We use a modification of a rat left lung transplant model first
described by Mizuta and coworkers.7 Donor rats were anesthetized
with an intraperitoneal injection of pentobarbital sodium (Abbott
Laboratories, Chicago, Ill), 3.5 mg/100 g. A small laparotomy inci-
sion was made, and 600 units of heparin (Elkins-Sinn, Cherry Hill,
NJ) was injected intrahepatically under direct vision. After intuba-
tion through tracheotomy with a 14-gauge catheter, the donor rat
was killed with an intrahepatic injection of pentobarbital sodium
(30 mg/kg). The laparotomy incision was closed with staples
(Appose; Davis and Geck, Danbury, Conn). Mechanical ventila-
tion was established by using a Harvard rodent ventilator (model
683; Harvard Apparatus Co, Millis, Mass) that delivered 100%
oxygen with a tidal volume of 1 mL/100 g at a rate of 40
breaths/min and a positive end-expiratory pressure of 5 cm H2O.

Either immediately after cardiac arrest (Immed, n = 6) or 2
hours after cardiac arrest, the anterior chest wall was excised and
the trachea was clamped with the lungs fully inflated (2-h O2 vent,
n = 6). The heart-lung block was then removed and the left lung
was separated from the block. Donor lungs were not flushed.

The vascular cuffs were constructed from 14- and 16-gauge
intravenous Teflon catheters (Becton Dickinson Vascular Access,
Sandy, Utah) for the pulmonary artery (PA) and the pulmonary

vein (PV), respectively. They consist of a cylindrical body with a
1-mm extension as a “handle.” The surface was roughened with
sandpaper to permit firm fixation of the tissue. Extensions were
directed toward the anterior wall of the structures and aligned
toward the lung. Each vessel (artery and vein) of the donor lung
was passed through its respective cuff, and the proximal end was
everted and fixed with a circumferential ligature of 8-0 Prolene
polypropylene (Ethicon, Inc, Somerville, NJ) (Figure 1). These
maneuvers and the subsequent operation were performed with the
assistance of a Zeiss operating microscope (Carl Zeiss, Inc,
Thornwood, NY) at 25× magnification.

Recipient rats were anesthetized, intubated, and ventilated as
described above, and anesthesia was maintained with 0.2%
halothane, adjusted depending on heart rate and blood pressure.
Through the neck incision the left carotid artery was cannulated
with a P60 catheter for measurement of arterial blood gas (ABG)
and monitoring of blood pressure via transducers (Hewlett-
Packard, Mountain View, Calif). The left jugular vein was cannu-
lated with a 16-gauge intravenous cannula, and Ringer’s lactate
solution (Travenol Laboratories, Inc, Deerfield, Ill) was infused
with a Medfusion syringe infusion pump (Medex, Inc, Duluth, Ga)
at a rate of 4 mL/h. A baseline ABG (Instrument Laboratories,
Piscataway, NJ) was measured from an 0.3-mL blood sample to
assess the adequacy of the mechanical ventilation.

A left thoracotomy was performed through the fifth intercostal
space. The inferior pulmonary ligament was divided, and the lung
was wrapped in cotton gauze and gently retracted to expose the
hilum. The hilar structures were dissected. The left hemiazygos
vein was ligated with 4-0 silk suture and divided. By retraction of
the left lung, the right PA was identified and encircled with a 2-0
silk tie. The left bronchus was ligated at the pulmonary reflection
with a 2-0 silk ligature and transected distally, resulting in collapse
of the recipient left lung. The left PA and PV were clamped with
microsurgical vascular clamps and encircled with 6-0 silk suture.
A 2-mm incision was made proximal to the lung on the anterior
wall of the PA and PV, and both vessels were irrigated with
heparinized saline solution.

Figure 1. Photograph of rat donor lung with cuffs applied to PA
(open arrow) and PV (solid arrow).
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The deflated donor lung was placed in the chest. The donor PA
cuff was inserted into the recipient PA through an anterior arteri-
otomy and fixed in place with a microsurgical vascular clamp at
the cuff extension. The 6-0 silk ligature was then tied, and the
recipient PA was transected. The PV anastomosis was performed
in the same manner, the recipient PV was divided, and the recipi-
ent left lung was removed. The bronchial anastomosis was per-
formed with an 8-0 Prolene running suture, and the left lung was
inflated to eliminate atelectasis. The pulmonary vessels were
unclamped and reperfusion was restored, ending ischemic time.
Recipient rats were anesthetized with halothane for 6 hours. ABGs
were obtained after snaring the right PA for 5 minutes, 4 hours, and
6 hours after the onset of reperfusion. The animals were then 0put
to death with intravenous thiopental sodium (Pentothal).

Measurement of MPO Activity
After death, portions of recipient and donor lungs were immedi-
ately frozen in liquid nitrogen and stored at –70°C until analyzed.
Quantitative MPO activity was determined according to a method
described by Mullane and associates.8 One hundred milligrams of
frozen lung tissue was pulverized with a liquid nitrogen–cooled
Bessman pulverizer, then homogenized in 1 mL of 0.5% hexade-
cyltrimethylammonium bromide (HTAB; Sigma, St Louis, Mo), 5
mmol/L ethylenediamine tetraacetic acid, and 50 mmol/L potassi-
um phosphate buffer (pH 6.2) with a tissue tearor (Biospec
Products, Inc, Bartlesville, Okla) at 30,000 rpm for 30 seconds.
The homogenate was centrifuged at 10,000g for 15 minutes. MPO
activity was measured spectrophotometrically; 20 µL of super-
natant was combined with 12 µL of 25 mmol/L H2O2, 30 µL of 40
mmol/L o-dianisidine hydrochloride, and 1.94 mL of 50 mmol/L
phosphate buffer (pH 6.0). The optical density was measured at
460 nm with a Beckman DU-6 ultraviolet-visible spectrophotome-
ter (Beckman Instruments, Fullerton, Calif) every 30 seconds for 2

minutes. The change from 30 seconds to 90 seconds was used for
comparison, and results were expressed as MPO per gram of tis-
sue, corrected for dry weight. One unit of MPO enzyme activity
was defined as the amount of 1.0 optical density to degrade 1
µmol/L peroxide per minute at 25°C.

Conjugated Dienes
Frozen lung tissue was homogenized in 5 mL/g tissue distilled water
for 1 minute. The sample was extracted in 5 mL 2:1 (v/v) chloro-
form/methanol, placed in a vortex, and centrifuged at 1000g for 10
minutes. The lower organic layer was washed two times with 0.003
mol/L HCl and centrifuged again. The final organic layer was dried
or lyophilized under rotary evaporation and resuspended in 1.5 mL
heptane. Samples were read on a Beckman DU-6 ultraviolet-visible
spectrophotometer against a heptane blank at 234 nm. Results are
expressed as absorbance units per gram dry weight.

At the completion of the experiment, a piece from the midportion
of the lung was excised and immediately weighed. It was then dried
in a 60°C oven for 48 hours and reweighed. The ratio of wet/dry
(W/D) weight was calculated. Results of MPO and CD assays were
expressed as amounts per gram dry weight of their respective lung to
correct for dilution from accumulated interstitial lung water.

Statistics
Comparisons between the 2 transplanted groups were by unpaired
t test. The explanted recipient left lung served as a control for nor-
mal W/D, MPO, and CD. Comparisons were made between the 2
transplanted groups and these respective controls by analysis of
variance.

Results
Twelve rats underwent single left lung transplantation. Six
control rats were transplanted with lungs retrieved immedi-

TABLE 1. Pretransplant and post-transplant PO2 (mm Hg) in rat lungs retrieved immediately or 2 hours after death
Group Preoperative PO2 4-h PO2 6-h PO2 W/D

Immediate lung transplantation (n = 6) 266 ± 23.7 155 ± 31.6 144 ± 45.6 6.52 ± 0.29
2-h O2 ventilation (n = 6) 279 ± 25.2 178 ± 71.4 155 ± 50.7 7.06 ± 0.51

Data expressed as mean ± SEM.

Figure 2. MPO (left axis, open bars) and CD (right axis, solid bars) in control, immediately transplanted (Immed
LTX), and 2-hour oxygen-ventilated (2 hr O2 vent) NHBD transplanted lungs (mean ± SEM). *P < .05 compared to
corresponding control.
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ately after death (Immed), and 6 rats were transplanted with
lungs retrieved from NHBD rats that had been ventilated
with oxygen for 2 hours after death (2-h O2 vent).
Additional ischemic time for the transplant averaged 1 hour
and was not different between the 2 groups.

Blood gas data are summarized in Table 1. Baseline oxy-
genation of recipients was not significantly different
between the 2 groups. After left lung transplantation, PaO2
measured solely from the transplanted left lung was lower
when measured 4 or 6 hours after completion of the trans-
plantation. However, there was no difference in PaO2
between lungs retrieved immediately after death or lungs
retrieved from an oxygen-ventilated NHBD. PaO2 was sim-
ilar whether measured 4 hours or 6 hours after the onset of
reperfusion (Table 1).

The W/D ratio was measured to evaluate fluid accumula-
tion in the transplanted lung specimen after reperfusion. The
12 recipient left lung specimens had a mean W/D ratio of
3.89. This represents a control value of a normal lung.
Although there was no difference in W/D ratios between the
immediately transplanted group and the group transplanted
after 2 hours of oxygen ventilation (6.52 and 7.06, respec-
tively), there was a statistically significant increase in the
W/D ratio in both groups compared with the control recipi-
ent left lung (Table 1), implying a significant increase in
fluid accumulation after lung transplantation.

MPO activity reflects the presence of polymorphonu-
clear neutrophils (PMNs) at the time of assay. MPO activi-
ty from the recipient left lung (0.14 units/g) was only slight-
ly lower than the MPO activity measured from the
transplanted lungs of rats undergoing immediate transplan-
tation (0.20 units/g). However, there was a significant
increase in MPO activity measured in the lungs from rats
undergoing transplantation after 2 hours of oxygen ventila-
tion (0.35, P < .05 vs recipient left lung) (Figure 2).

A baseline conjugated diene level from the recipient left
lungs was 1.15 units/g. The amount of CD was significant-
ly lower in the immediately transplanted rats (0.77 units/g).
CD was elevated in lungs transplanted from NHBD rats
(1.36 units/g), but this was not significant (Figure 2).

Discussion
The demand for suitable lungs for transplantation is far
greater than the availability of acceptable organs, resulting
in longer waiting times and annual increases in deaths on
the lung transplant waiting list. For most solid organs,
retrieval from NHBDs and subsequent transplantation may
be impractical because of effects of ischemia due to circula-
tory arrest, imposing significant logistic barriers to retrieval
in an adequate time frame. The lung may be uniquely suit-
ed to this approach because lung parenchyma does not rely
on blood circulation for oxygenation and cellular respira-
tion. Studies from our laboratory have shown adequate gas
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exchange in lungs obtained from canine NHBDs and trans-
planted.3,4 With the use of a canine double lung transplant
model, we found that lungs harvested from cadavers venti-
lated for 2 or 4 hours after death could provide excellent gas
exchange in recipients.6 However, there was evidence of
significant transient injury, manifested by a substantial
increase in extravascular lung water (EVLW) associated
with a large alveolar-arterial gradient.

We have studied the time course of lung cell death after
circulatory arrest in rats. Oxygen ventilation of cadaver rats
delayed parenchymal death for several hours9 and maintained
ultrastructural integrity10 and levels of adenosine triphosphate
and total adenine nucleotides.11 However, rat pulmonary
endothelium does not function normally after circulatory
arrest. With the use of an isolated perfused rat lung model
(IPRLM), we demonstrated early changes in filtration coeffi-
cient (Kfc) in lungs retrieved from NHBD rats12 that can be
ameliorated by oxygen ventilation of the donor12 or by agents
that increase cyclic adenosine monophosphate.13-15 However,
after 2 hours of ischemia in an NHBD, Kfc was substantially
elevated above normal values, whether the donor lung was
ventilated or not. Thus, we chose to use 2-hour oxygen-
ventilated cadaver lungs in our first attempt to use a rat model
to study NHBD lung transplant.

Gas exchange is the “gold standard” of lung function
after transplantation. We wished to develop a model of lung
transplantation in a small animal that would be more eco-
nomical than a canine model. One advantage of a rat model
is that we have an IPRLM to identify strategies that affect
permeability and can test these strategies in a model that
assesses gas exchange. Another advantage is that specific
monoclonal antibodies are available against some adhesion
molecules (such as intercellular adhesion molecule–1) that
can be used to determine the importance of this signaling
molecule on gas exchange properties of transplanted lungs.
A major disadvantage of the rat lung transplant model is the
relatively small size of the left lung, which precludes per-
manent ligation of the right PA immediately after left sin-
gle lung transplantation. In preliminary experiments,
immediate occlusion of the right lung after left lung trans-
plantation was not tolerated (data not shown). It is conceiv-
able that cuff size may limit duration of clamping of the
right lung after left lung transplantation. Naka and associ-
ates16,17 have used minutes of survival after right PA liga-
tion in a rat left lung transplant model as an outcome mea-
sure of superior pulmonary function.

The inability to direct the entire cardiac output through a
transplanted left lung in a rat is transient. Wierup and col-
leagues18 have demonstrated acceptable oxygenation in
recipients of left lung allografts retrieved from NHBD rats
when subjected to right pneumonectomy 1 month after the
transplant, so presumably the early IRI is transient and
recoverable. We did not flush donor lungs because lungs
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retrieved from NHBD rats 2 hours after circulatory arrest
and flushed with modified Euro-Collins or University of
Wisconsin solution develop pulmonary edema after trans-
plantation or reperfusion with crystalloid using the IPRLM
(data not shown). Wierup and associates also did not flush
their NHBD rat lungs. Presumably, the rat pulmonary circu-
lation is more sensitive to high potassium concentrations
than the circulation in other animals.

The model we have described allows for serial measure-
ment of PaO2 after left single lung transplantation while all
of the cardiac output is directed toward the newly trans-
planted allograft. We chose to measure blood gases on two
occasions to demonstrate durability of the model; neverthe-
less, directing all of the cardiac output to the newly trans-
planted lung may be responsible for the substantial increase
in lung water we observed. Another possibility to assess gas
exchange in the transplanted lung is pulmonary vein blood
gas analysis. However, repeat puncture is not practical, and
any mechanical intervention that could increase pulmonary
venous resistance would likely cause substantial pulmonary
edema. Thus, we reasoned that intermittent brief PA occlu-
sion was the most practical way to measure PO2 solely from
the transplanted graft. Interestingly, we could not demon-
strate a significant difference in PaO2 measured 4 and 6
hours after transplantation between those rats undergoing
immediate transplantation and those undergoing transplan-
tation with lungs retrieved from an oxygen-ventilated
cadaver 2 hours after circulatory arrest.

The injury experienced by transplanted lungs after reper-
fusion is reflected in the increase in W/D ratio, as well as an
increase in markers of oxidative injury. W/D ratio was sig-
nificantly elevated in transplanted lungs assessed 6 hours
after transplantation after two 5-minute intervals of above
normal perfusion. Interestingly, W/D ratio was equivalent in
lungs transplanted immediately after donor death compared
with W/D ratio of lungs retrieved 2 hours after death from
an oxygen-ventilated cadaver, implying equivalent accumu-
lation of EVLW.

In prior canine experiments, EVLW measured by ther-
modilution increased dramatically after lung transplantation
from NHBDs, whether retrieved 2 or 4 hours after circula-
tory arrest from oxygen-ventilated cadavers.6 Serial gas
exchange is easier in a large animal model; repeated sam-
pling in rats will lead to volume depletion and anemia. We
chose to measure PO2 first 4 hours after transplantation to
minimize the potential for alveolar flooding by directing the
entire cardiac output to the small, freshly transplanted rat
left lung early after implantation. Although this is a limita-
tion of the rat lung transplant model, we believe the poten-
tial advantages cited above outweigh this drawback.

Ischemia and reperfusion cause injury that may be due to
oxygen radical–induced lipid peroxidation. We chose spec-
trophotometric measurements of CDs19 to measure the lipid

peroxidation products in transplanted lungs. Phospholipid
CDs are relatively stable fatty acids that have undergone
double-bond rearrangements from peroxidation of highly
unsaturated fatty acids because of interaction with free rad-
icals,20 providing a stable and specific marker (CD accumu-
lation) of free radical–induced damage of cell membranes.
CD levels were inexplicably lower in lungs transplanted
immediately but were only slightly higher than controls in
lungs retrieved from NHBDs, implying a similar degree of
free radical–mediated damage to these lungs.

Free radical–mediated damage may be a reflection of
influx of PMNs into the lungs after transplantation. PMN
infiltration is an important component of IRI.21 Presumably,
IRI causes up-regulation of endothelial cellular adhesion
molecules, which recruit PMNs to the area of injury.22 The
MPO assay reflects the degree of PMN infiltration. Lungs
transplanted immediately did not exhibit a significant
increase in MPO activity when compared with the explant-
ed native lung. However, there was a significant increase in
PMN infiltration in lungs transplanted from NHBDs even
though they were ventilated with oxygen, as evidenced by a
significant increase in MPO activity. This was not associat-
ed with a significant increase in CD, W/D ratio, or impaired
oxygenation, however.

This report describes a model to measure oxygenation
capability of lungs retrieved from rats at intervals after
death. This model will help to elucidate strategies to mini-
mize reperfusion injury in lungs retrieved from NHBDs. A
better understanding of IRI may facilitate clinical introduc-
tion of lung transplant from NHBDs.

We express appreciation to Betsy L. Mann for editorial assis-
tance in the preparation of the manuscript.
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