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Abstract
Background—Bronchiolitis obliterans organizing pneumonia (BOOP), a morbid condition when
associated with lung transplant and chronic lung disease, is believed to be a complication of
ischemia. Our goal was to develop a simple and reliable model of lung ischemia in the Sprague-
Dawley rat that would produce BOOP.

Methods—Unilateral ischemia without airway occlusion was produced by an occlusive slipknot
placed around the left main pulmonary artery. Studies were performed 7 days later. Relative
pulmonary and systemic flow to each lung was measured by injection of 99mTc-macroaggregated
albumin. Histological sections were examined for structure and necrosis and scored for BOOP.
Apoptosis was detected by immunohistochemistry with an antibody against cleaved caspase-3.

Results—Pulmonary artery blood flow to left lungs was <0.1% of the cardiac output, and
bronchial artery circulation was ~2% of aortic artery flow. Histological sections from ischemic left
lungs consistently showed Masson bodies, inflammation and young fibroblasts filling the distal
airways and alveoli, consistent with BOOP. Quantitative evaluation of BOOP using epithelial
changes, inflammation and fibrosis were higher in ischemic left lungs than right or sham-operated
left lungs. Apoptosis was increased in areas exhibiting histological BOOP, but there was no
histological evidence of necrosis. TLR4 expression was increased in ischemic left lungs over right.

Conclusions—An occlusive slipknot around the main left PA in rats produces BOOP, providing
direct evidence that ischemia without immunomodulation or coinfection is sufficient to initiate
this injury. It also affords an excellent model to study signaling and genetic mechanisms
underlying BOOP.
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Introduction
Bronchiolitis obliterans organizing pneumonia (BOOP) is an uncommon spontaneous cause
of respiratory failure, but often occurs in the setting of underlying respiratory disease where
it can be a therapeutic challenge with significant impact on long-term function and
mortality. BOOP is defined as an organized polypoid granulation tissue proliferation in the
distal airways extending into the alveolar ducts and alveoli. Affected lungs lack interstitial
fibrosis, honeycombing, and traction bronchiectasis.(1) The incidence of BOOP in first
world nations is 1-2 per 100,000 as established by Icelandic survey in 2006, but incidence
following adjuvant chest radiation and lung transplant has been reported as high as 2.4% and
50% respectively.(1-5) In lung transplant recipients, BOOP occurs with greatest incidence at
postoperative weeks 4-6 and may be a consequence of immunosuppression.(4) In the first
two years posttransplant, 50% of organs will biopsy positive for BOOP.(4)

Recent large retrospective surveys in lung allograft recipients have shown a direct
association of BOOP with subsequent interstitial fibrosis and bronchiolitis obliterans (BO),
increasing odds ratios of these conditions to 2.9 and 1.8, respectively.(4, 5) This is a
devastating consequence, as bronchiolitis obliterans is the leading cause of lung allograft
dysfunction following transplant, affecting 43-80% of grafts by 5 years.(6) The strong
association between BOOP and subsequent BO in lung allografts suggests an unfavorable
initial milieu, which favors the development of long term graft failure.

Studies to identify mechanisms underlying BOOP as a first step in graft salvage are limited
by imperfect and complex animal models.(7) Therefore, we sought to develop a simple and
reliable model a model of BOOP via unilateral ischemia. This was ultimately accomplished
via placement of a removable slipknot around the left main pulmonary artery. Such a
method avoided manipulation of the airway. Reports of left pulmonary artery (LPA) ligation
in animal models paint a rich history of lung pathophysiology.(8-15). The majority of these
reports examine the histologic changes with respect to angiogenesis, bronchial artery
dilation, and postobstructive pulmonary vasculopathy described as early as 1878.(16) In this
report, we build upon these foundations to describe the modified surgical procedure and
resulting pathology with respect to development of BOOP lesions. To further characterize
this model in light of recent implication of the TLR4 pathway in BOOP pathogenesis, we
sought evidence of increases in TLR4 after seven days of ischemia in our slip knot model of
injury producing BOOP.(17, 18)

Materials and Methods
Animal Model

All studies were performed under approval of the Medical College of Wisconsin
Institutional Animal Care and Use Committee review boards and in compliance with the
National Research Council’s Guide for the Care and Use of Laboratory Animals. Male
Sprague Dawley rats (200-400 gm) were used for the experiments. Anesthesia was induced
with 5% isoflurane then maintained with 1.5% to 2.5% of this anesthetic agent throughout
the experiment. Body temperature was maintained with a warming table. Rats were
intubated and ventilated with a FiO2 of 0.6 and tidal volume of 7 ml/kg at a rate of ~75
breaths per minute adjusted to maintain eucapnea. They were given atropine sulfate (0.4 mg/
kg, intraperitoneal (IP)) to prevent arrhythmias, heparin (500 units, IP; APP
Pharmaceuticals, LLC # 504011), and 0.9% sodium chloride (1.5 mL, IP every hour).

Using sterile precautions with betadine and alcohol preparation, a left anterior thoracotomy
was completed sharply at the level of the axilla. An Alms self-retaining retractor was
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inserted in the intercostal space and widened to provide exposure. The superior-most
segment of the left lung was grasped and retracted caudally. Using Dumont #7 forceps (Fine
Science Tools #11271-30), the left main pulmonary artery was identified on the superior
aspect of the left mainstem bronchus and was dissected free from the bronchus. A 7-0 PDS
suture was then passed around the left main pulmonary artery and tied with a single throw
followed by a slipknot.(9) The tail end of the slipknot was exteriorized through the
thoracotomy incision. The skin was approximated with a second 3-O Vicryl running closure.
Pneumothorax was evacuated with a temporary tube thoracostomy connected to suction. The
ribs and skin were approximated around this tube, and the tube was removed with a purse
string suture secured immediately upon removal. Isoflurane anesthesia was discontinued and
the rats were ventilated until they regained consciousness, then extubated. Intraperitoneal
carprofen (5 mg/kg) was administered postoperatively and as needed daily through
postoperative day two for analgesia.

Sham rats received identical preoperative treatment. An anterior thoracotomy was made, the
LPA mobilized, the chest wall closed, and the pneumothorax evacuated. Postoperative
treatment was the same as that of rats treated with left pulmonary artery ischemia.

Perfusion Measurements
99mTc–macroaggregated albumin (MAA) particles 10-40 microns in diameter were used as a
pulmonary perfusion marker because they lodge in perfused pulmonary capillaries in
proportion to flow. After pentobarbital anesthesia, an injection of 99mTc-MAA (1 mCi) was
made through the femoral vein to elucidate pulmonary artery flow. In order to visualize lung
perfusion, a planar image was acquired by positioning the rat supine on a Plexiglas plate
directly on the face of a parallel-hole collimator attached to a high-sensitivity modular
gamma camera.(19, 20) To assure inflation of the left lung, micro-CT of the thorax was also
performed. In a separate set of animals, 99mTc–MAA was infused in a retrograde manner via
carotid artery cannulation in order to determine the contribution of the bronchial circulation
to lung perfusion. In both cases, after images were obtained, the rat was sacrificed. To
quantify pulmonary perfusion, lungs were harvested from the thorax, separated, and counted
using an automated gamma counter. SPECT experiments were performed in rats 24, 48
hours and 7 days after surgery to determine if pulmonary flows changed over this time
frame.

Histology
After 7 days, rats were exsanguinated and the heart and lungs removed en bloc under
isoflurane anesthesia. For all studies, lungs were fixed with paraformaldehyde in the inflated
state. Four-micron thick slices of paraffin-embedded, fixed whole mount sections of left and
right lung were stained for hematoxylin and eosin. High-resolution JPEG images of the
whole mount sections were used for quantification of BOOP (see section below). Cleaved
caspase-3, a general marker of apoptosis, (Asp175)(5A1) was detected in paraffin embedded
sections using Rabbit mAb to the large fragment (17/19 kDa) of activated caspase-3
resulting from cleavage adjacent to Asp175 (Cell Signaling Technology #9661). This
antibody does not recognize full-length caspase-3 or other cleaved caspases. Sections treated
with the blocking peptide (Cell Signaling Technology #1050) served as negative controls.

BO Morphometrics
To quantify BOOP, we used a modification of a scale initially developed for quantification
of BO (19). This scale includes grading of epithelial injury, fibrosis, and inflammatory
changes (EFI), each on a zero to three scale and an estimate of the percentage area of the
lung exhibiting BOOP (Table 1).(21) Images were graded by two investigators blinded to
the treatment group.
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Western blots of TLR4
Whole lung homogenates in a buffer supplemented with protease inhibitor cocktail were
centrifuged for 10 min at 20,000 g. Western blot analysis was performed as described
previously.(22) Blots were developed with a primary antibody to TLR4 (R&D Systems, #
AF1478) and β-actin (Sigma #A2228), matched secondary antibodies conjugated to
horseradish peroxidase then visualized using ECL detection reagent (Pierce # 32106). The
relative densities of protein bands were compared in images scanned with an Alpha Image
220 Analysis System, with β-actin used to correct for protein loading.

Statistical analysis
Ratings between two observers were assessed for interobserver agreement by Pearson
Product Moment correlation. For comparisons of more than 2 groups (e.g. left lung scores
for EFI in control, sham, and operated rats) we used ANOVA with post-hoc Mann-Whitney
or Dunnett’s tests when permitted. All grouped data shown in the figures and tables are
presented as mean ± standard deviation if normally distributed or median ± 25% for non-
normally distributed data.

Results
A total of 18 rats were used for these surgeries: 14 were treated with thoracotomy and
slipknot LPA occlusion and 4 with thoracotomy alone (sham). There were no fatalities in
either group. Rats lost an average of 8.13 ± 1.9 g (n=14; ~3% body weight) in the first 24
hours after surgery, but recovered their pre-surgical weight gain pattern thereafter.

Gross appearance
Right lungs appeared grossly normal at harvest seven days after surgery (Figure 1a). Left
lungs exhibited variable appearance, ranging from near normal with minimally mottled and
pale appearing upper lobe to these abnormalities extending throughout the entire left lung.

Perfusion and CT studies
A representative planar image of labeled MAA in control and slipknot operated rats appears
in Figure 1b. Pulmonary artery flow to the left lung was quantified as the percent counts
of 99mTc-MAA in the left lung compared to total lung counts following the femoral vein
injection. In sham-operated animals left lung flow was 34 ± 1% (n=4), modestly but
statistically significantly different from that of normal controls 40 ± 2% (n=6) (Table 2). In
contrast, pulmonary artery flow to the left lungs in five rats studied 7 days after LPA
slipknot occlusion was < 0.1% of total cardiac output (p < 0.001; n=5). In five additional
rats studied at 24 or 48 hours, left pulmonary artery flow was also not detectable above
background (p<0.001%). These data confirm stability of severe ischemia over 7 days.

Systemic flow to both lungs (through the bronchial circulation) in slipknot-operated rats
upon harvest at 7 days was ~3% of aortic artery flow (n=4; Table 3), consistent with our
previous report of that in control rats.(20) Of the systemic flow to the lungs, 65% was
directed to the left, with 35% to the right. These data support a similar supply of systemic
blood to the left lung in control rats (2.5 ± 1.2%) compared to our slipknot operated rats 7
days after ischemia (1.8% ± 0.5% systemic blood supply to the left lung; p = 0.31, n.s.).(20)

Histologic changes
Representative images of BOOP lesions appear in Figure 2. Of fourteen left lungs treated
with slipknot occlusion of the LPA, all showed extensive Masson bodies and admixed
inflammatory cells filling the alveolar air spaces and terminal bronchioles when harvested at
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7 days. In some sections, the fibroblasts were confined largely to Masson bodies, but in
others they were also present in the interstitium. There was no traction bronchiectasis or
isolated interstitial fibrosis, consistent with BOOP changes following seven days of
ischemia. Mixed interstitial inflammation, was also commonly observed, sometimes
localized to the peribronchial and perivascular spaces, and often throughout the parenchyma.
Sections showed no evidence of necrosis/infarction, such as alveolar ghosts or karyorrhectic/
pyknotic nuclei. BOOP lesions were generally localized to the left upper lung zones, but
small foci with similar lesions were observed throughout the left lung in most rats.

Right lungs exhibited none of the histological abnormalities detailed above, but 4 of 8
sections examined blindly had evidence of thickened pulmonary artery walls scattered
throughout the lungs. No pulmonary vascular lesions were noted in left lungs.

Morphometric Analysis
Two independent raters including a trained pulmonary pathologist and pulmonary medicine
clinician investigator scored 10 images from sections selected to represent a range of
pathologies for EFI endpoints (a total of 30 scores). These investigators were blinded to the
source of the images and scores of the other rater. Inter-observer agreement in these scores
based upon Pearson correlation was 0.8, p < 0.001.

Whole mount images from left and right lungs of 8 rats were rated by two investigators
blinded to the source of the tissue for EFI endpoints. Percent of lung exhibiting BOOP
pathology and presence or absence of pulmonary vascular lesions consistent with pulmonary
hypertension were recorded. These data appear in Table 4. BOOP lesions covered a mean of
24% of the left lung (median 20% per table). Of rats undergoing the operation, 14 of 14
exhibited BOOP involving 10 to 50% of the left lung. Scores for epithelial, fibrotic and
inflammatory endpoints were higher in left than right lungs. In data not shown, the left lungs
of 2 rats receiving sham surgeries were grossly and histologically normal.

Caspase-3 immunostains
Apoptosis as detected by cleaved caspase-3 immunostaining was observed very infrequently
(less than 1 positive cell per 10 high power fields) in right lungs and in left lungs that were
histologically unaffected by BOOP, and both lungs of control rats. In contrast, areas in left
lung regions exhibiting BOOP consistently demonstrated increased apoptosis with 1-5+ cells
per high power field exhibiting the characteristic brown coloration of cleaved caspase-3
positivity (Figure 2e). Per trained pulmonary pathologist (author AR), the cleaved caspase-3
positive cells were epithelial in origin.

TLR4 expression
TLR4 protein was increased in homogenates of ischemic left lungs at seven days compared
to that of right lungs (p<0.05; figure 3a and 3b).

Discussion
Our data demonstrate conclusively that ischemia alone in a single lung in Sprague Dawley
rats, without manipulation of the airway or primary perturbations of the immune system,
reliably yields histopathologic lesions of BOOP. In our model, less than 0.1% of the cardiac
output is delivered to the left lung one, two, or seven days after ligation of the PA; 2% of the
systemic circulation is directed to these lungs after seven days. Our previous studies have
demonstrated that with occlusion of the left PA beyond 10 days, the bronchial artery
circulation undergoes angiogenesis (20); in fact it is almost certain that this process is
underway by seven days when our flow studies were performed. There is no evidence of
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necrosis; in contrast, caspase-3 immunostains show colocalization of apoptotic cells within
BOOP lesions, reflecting an organized remodeling of the lung parenchyma. Necrosis is not a
feature of our rodent model of ischemia, consistent with our previous report of PA ligation
in rats.(20) However ischemia secondary to pulmonary emboli in humans results in necrosis
10-15% of the time (61, 62), particularly when occluded PAs are < 3 mm in diameter. We
speculate that necrosis results in conditions of limited collateral circulation through
bronchial arteries or anastomosing pulmonary arteries and near complete and sustained
occlusion of a peripheral pulmonary artery in humans. We cannot exclude species or blood
supply differences accounting for necrosis with pulmonary emboli in humans but no
necrosis observed in our model.

Modeling BOOP is important, as early detection and treatment may prove beneficial to
avoid consequential BO.(23, 24) This is particularly true for lung transplant patients whose
greatest long-term risk of graft failure is BO. The pathogenesis of BOOP and subsequent BO
is not well understood and is limited by variable and complex animal models.(7) These
models include orthotopic and heterotopic lung transplant rodent models, a chimeric T cell
mouse model, heterotopic tracheal allografts, inhalational injury, viral infection, bone
marrow transplant, and tracheal transplant.(9, 23, 25-60) Only a few models have implicated
ischemia as a mechanism for BOOP in either via tracheal transplant, inhaled papaverine, or
interruption of circulation.(7, 48, 52) Such models have systemic influence and affect both
lungs simultaneously. Others parallel clinical BO in their evolution of disease states, but are
quite complex in evaluation of early BOOP mechanisms. For example, whole lung
orthotopic lung transplant in rats is a powerful model for studying acute rejection, but
subjects do not consistently develop BOOP pathology. Like our model, rodent lung
transplant is rarely associated with necrosis. While F344-to-WKY transplantation does
exhibit some BO, the combination has limited clinical relevance since death due to rejection
develops rapidly.(31) Viral infections including CMV can accelerate the development of BO
lesions in the setting of chronic rejection in rodent lung transplant, but neither insult alone is
sufficient. Heterotopic tracheal transplantation in mice or rats results in obliterative airway
lesions, but these tissues are not in their native environment. Orthotopic tracheal transplants
do not yield histological lesions of chronic rejection. Therefore, a rodent model consistently
reproducing BOOP is highly desirable in order to understand mechanisms underlying the
disorder, as well as to test interventions to prevent or treat it.(7).

Further implicating ischemia, alteration in nitric oxide levels and key oxidative enzyme
function (e.g. heme oxygenase, nitric oxide synthase) that regulate microvascular dilation
and participate in the oxygen burst of reperfusion injury have been shown to induce BOOP
changes.(43, 56) These reports imply that the simplest system for studying the development
of BOOP may not require alteration of the immune response, but controlled ischemia. The
ideal model would reproduce BO reliably, avoid alteration of immune tolerance, affect only
one lung, and leave the airways patent.

While EFI and ISHLT criteria have been used primarily for grading BO, in our
morphometric analysis, epithelial cell proliferation, inflammation and proliferation of young
fibroblasts (though not collagen deposition or dense fibrosis) describe well the key
pathophysiological features of the lesions in our model. Our findings underscore the
importance of gas diffusion through the alveoli and/or oxygen carried by the bronchial
circulation in maintaining tissue viability. Interestingly, only a few centers have utilized
bronchial artery revascularization in human lung transplantation. Early reports from a few
centers with small numbers of such transplants do reflect a decreased overall BO rate from
40 to 25% at 2.5 years.(63)
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Lung reperfusion following ischemia activates components of the innate immune system
including complement and Toll like receptors, particularly TLR4 (18). Engagement of TLR4
receptors activates NF-κB, phosphorylation of p38, ERK and JNK, and signaling pathways
that result in non-cardiogenic pulmonary edema and inflammation in part due to cytokine
release.(18, 22, 64). We have previously reported increased expression of TLR4 protein in
the lungs of SD rats subjected to 1 hour ischemia followed by 2 hours of reperfusion in vivo.
(22) Our new results support activation of TLR4 in a different model (ischemia alone) seven
days as opposed to hours after ischemia. The pathophysiological significance of increased
TRL4 expression in this model remains to be determined.

This selective ischemia model reproduces BOOP reliably, avoids alteration of immune
tolerance, affects only one lung, and avoids manipulation or interruption of the airways. In
addition to meeting these standards, it provides the opportunity to study carefully the time
course of ischemic injury relative to BOOP development, since the slipknot can be released
without additional surgery or anesthesia at any point after the initial operation. It offers a
unique opportunity to investigate time course, signaling pathways, and alterations in gene
expression profiles underlying the development of this disorder. Our description is meant to
afford an opportunity for further mechanistic studies elucidating BOOP pathogenesis.

Acknowledgments
The authors gratefully acknowledge the contributions of Stephanie Gruenloh, Steven T. Haworth, PhD, Jayashree
Narayanan, Sushma Kaul, MS, and Feng Gao. Ying Gao provided invaluable surgical and anesthetic contributions
to these studies as well as western blot analysis.

Source of Funding: This publication was supported by the National Center for Research Resources and the National
Center for Advancing Translational Sciences, and the Office of the Director, National Institutes of Health, through
Grant Number 8KL2TR000056 (Densmore) and 8UL1TR000055 (Clough). Its contents are solely the responsibility
of the authors and do not necessarily represent the official views of the NIH. Dr. Jacobs was supported in this work
by the National Institutes of Health [HL49294] and the Department of Veterans Affairs. Dr. Pritchard was
supported by the National Institutes of Health [HL 102996 and HL 102836].

References
1. Epler GR. Bronchiolitis Obliterans Organizing Pneumonia, 25 Years: A Variety of Causes, but

What Are the Treatment Options? Expert Rev Respir Med. 2011; 5(3):353–361. [PubMed:
21702658]

2. Gudmundsson G, Sveinsson O, Isaksson HJ, Jonsson S, Frodadottir H, Aspelund T. Epidemiology
of Organising Pneumonia in Iceland. Thorax. 2006; 61(9):805–808. [PubMed: 16809413]

3. Miwa S, Morita S, Suda T, Suzuki K, Hayakawa H, Chida K, Nakamura H. The Incidence and
Clinical Characteristics of Bronchiolitis Obliterans Organizing Pneumonia Syndrome after
Radiation Therapy for Breast Cancer. Sarcoidosis Vasc Diffuse Lung Dis. 2004; 21(3):212–218.
[PubMed: 15554078]

4. Burton CM, Iversen M, Carlsen J, Andersen CB. Interstitial Inflammatory Lesions of the Pulmonary
Allograft: A Retrospective Analysis of 2697 Transbronchial Biopsies. Transplantation. 2008; 86(6):
811–819. [PubMed: 18813106]

5. Chaparro C, Chamberlain D, Maurer J, Winton T, Dehoyos A, Kesten S. Bronchiolitis Obliterans
Organizing Pneumonia (Boop) in Lung Transplant Recipients. Chest. 1996; 110(5):1150–1154.
[PubMed: 8915212]

6. Belperio JA, Weigt SS, Fishbein MC, Lynch JP 3rd. Chronic Lung Allograft Rejection:
Mechanisms and Therapy. Proc Am Thorac Soc. 2009; 6(1):108–121. [PubMed: 19131536]

7. De Vleeschauwer S, Vanaudenaerde B, Vos R, Meers C, Wauters S, Dupont L, Van Raemdonck D,
Verleden G. The Need for a New Animal Model for Chronic Rejection after Lung Transplantation.
Transplant Proc. 2011; 43(9):3476–3485. [PubMed: 22099823]

Densmore et al. Page 7

Shock. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



8. Davis HA, Gordon WB, Hayes EW Jr, Wasley MT. Effects Upon the Lung of Varying Periods of
Temporary Occlusion of the Pulmonary Artery. AMA Arch Surg. 1952; 64(4):464–474. [PubMed:
14902247]

9. Dodd-o JM, Hristopoulos ML, Faraday N, Pearse DB. Effect of Ischemia and Reperfusion without
Airway Occlusion on Vascular Barrier Function in the in Vivo Mouse Lung. J Appl Physiol. 2003;
95(5):1971–1978. [PubMed: 12897031]

10. Ellis FH Jr, Grindlay JH, Edwards JE. The Bronchial Arteries. Iii. Structural Changes after
Division of the Rat's Left Pulmonary Artery. Am J Pathol. 1952; 28(1):89–103. [PubMed:
14885408]

11. Liebow AA, Hales MR, et al. Studies on the Lung after Ligation of the Pulmonary Artery;
Anatomical Changes. Am J Pathol. 1950; 26(2):177–195. [PubMed: 15406250]

12. Schlaepfer K. Fibrosis of the Lung Following Ligation of the Pulmonary Artery Combined with
Phrenicotomy and with Partial Occlusion of the Pulmonary Veins. Archives of Surgery. 1923;
6:358–360.

13. Schlaepfer K. Ligation of the Pulmonary Arter of One Lung with and without Resection of the
Phrenic Nerve. Archives of Surgery. 1924; 9(1):25–94.

14. Schlaepfer K. The Effect of the Ligation of the Pulmonary Artery of One Lung without and with
Resection of the Phrenic Nerve. Archives of Surgery. 1926; 13(5):623–629.

15. Weibel ER. Early Stages in the Development of Collateral Circulation to the Lung in the Rat. Circ
Res. 1960; 8:353–376. [PubMed: 13843454]

16. Michel RP, Hakim TS. Increased Resistance in Postobstructive Pulmonary Vasculopathy:
Structure-Function Relationships. J Appl Physiol. 1991; 71(2):601–610. [PubMed: 1938734]

17. Pandya CM, Soubani AO. Bronchiolitis Obliterans Following Hematopoietic Stem Cell
Transplantation: A Clinical Update. Clin Transplant. 2010; 24(3):291–306. [PubMed: 19849704]

18. Zanotti G, Casiraghi M, Abano JB, Tatreau JR, Sevala M, Berlin H, Smyth S, Funkhouser WK,
Burridge K, Randell SH, Egan TM. Novel Critical Role of Toll-Like Receptor 4 in Lung Ischemia-
Reperfusion Injury and Edema. Am J Physiol Lung Cell Mol Physiol. 2009; 297(1):L52–63.
[PubMed: 19376887]

19. Audi SH, Roerig DL, Haworth ST, Clough AV. Role of Glutathione in Lung Retention of 99mtc-
Hexamethylpropyleneamine Oxime in Two Unique Rat Models of Hyperoxic Lung Injury. J Appl
Physiol. 2012; 113(4):658–665. [PubMed: 22628374]

20. Wietholt C, Roerig DL, Gordon JB, Haworth ST, Molthen RC, Clough AV. Bronchial Circulation
Angiogenesis in the Rat Quantified with Spect and Micro-Ct. Eur J Nucl Med Mol Imaging. 2008;
35(6):1124–1132. [PubMed: 18247028]

21. Martinu T, Howell DN, Davis RD, Steele MP, Palmer SM. Pathologic Correlates of Bronchiolitis
Obliterans Syndrome in Pulmonary Retransplant Recipients. Chest. 2006; 129(4):1016–1023.
[PubMed: 16608952]

22. Ali I, Gruenloh S, Gao Y, Clough A, Falck JR, Medhora M, Jacobs ER. Protection by 20-5, 14-
Hedge against Surgically Induced Ischemia Reperfusion Lung Injury in Rats. Ann Thorac Surg.
2012; 93(1):282–288. [PubMed: 22115333]

23. Ropponen JO, Syrjala SO, Krebs R, Nykanen A, Tikkanen JM, Lemstrom KB. Innate and
Adaptive Immune Responses in Obliterative Airway Disease in Rat Tracheal Allografts. J Heart
Lung Transplant. 2011; 30(6):707–716. [PubMed: 21411341]

24. Sato M, Keshavjee S, Liu M. Translational Research: Animal Models of Obliterative Bronchiolitis
after Lung Transplantation. Am J Transplant. 2009; 9(9):1981–1987. [PubMed: 19663891]

25. Babu AN, Murakawa T, Thurman JM, Miller EJ, Henson PM, Zamora MR, Voelkel NF, Nicolls
MR. Microvascular Destruction Identifies Murine Allografts That Cannot Be Rescued from
Airway Fibrosis. J Clin Invest. 2007; 117(12):3774–3785. [PubMed: 18060031]

26. Braun RK, Martin A, Shah S, Iwashima M, Medina M, Byrne K, Sethupathi P, Wigfield CH,
Brand DD, Love RB. Inhibition of Bleomycin-Induced Pulmonary Fibrosis through Pre-Treatment
with Collagen Type V. J Heart Lung Transplant. 2010; 29(8):873–880. [PubMed: 20471860]

27. Castleman WL. Bronchiolitis Obliterans and Pneumonia Induced in Young Dogs by Experimental
Adenovirus Infection. Am J Pathol. 1985; 119(3):495–504. [PubMed: 2990219]

Densmore et al. Page 8

Shock. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



28. Chen C, Zhang YZ, Zheng H, Xu BB, Gao W. Suppression of the Obliteration Process by
Ventilation in a Mouse Orthotopic Tracheal Transplantation Model. Transplantation. 2009; 87(12):
1762–1768. [PubMed: 19543051]

29. Cheng CC, Lee YF, Lin NN, Wu CL, Tung KC, Chiu YT. Bronchiolitis Obliterans Organizing
Pneumonia in Swine Associated with Porcine Circovirus Type 2 Infection. J Biomed Biotechnol.
2011; 2011:245728. [PubMed: 20976305]

30. Darniot M, Pitoiset C, Petrella T, Aho S, Pothier P, Manoha C. Age-Associated Aggravation of
Clinical Disease after Primary Metapneumovirus Infection of Balb/C Mice. J Virol. 2009; 83(7):
3323–3332. [PubMed: 19144706]

31. Hirschburger M, Greschus S, Kuchenbuch T, Plotz C, Obert M, Traupe H, Padberg W, Grau V.
Lung Transplantation in the Fischer 344-->Wistar Kyoto Rat Strain Combination Is Not Suitable
to Study Bronchiolitis Obliterans. J Heart Lung Transplant. 2007; 26(4):390–398. [PubMed:
17403482]

32. Hirt SW, You XM, Moller F, Boeke K, Starke M, Spranger U, Wottge HU. Development of
Obliterative Bronchiolitis after Allogeneic Rat Lung Transplantation: Implication of Acute
Rejection and the Time Point of Treatment. J Heart Lung Transplant. 1999; 18(6):542–548.
[PubMed: 10395352]

33. Hyun Sung S, Warnock M, Fang KC, Hall KW, Hall TS. A Comparison of Rat Tracheal
Transplant Models: Implantation Verses Anastomotic Techniques for the Study of Airway
Rejection. Transplantation. 2002; 73(5):695–700. [PubMed: 11907413]

34. Ikonen T, Taskinen E, Uusitalo M, Aarnio P, Hayry P, Harjula AL. Chronic Vascular Changes and
Obliterative Bronchiolitis in an Experimental Porcine Lung Transplantation Model. Transplant
Proc. 1995; 27(3):2117. [PubMed: 7792903]

35. Ikonen T, Uusitalo M, Taskinen E, Korpela A, Salminen US, Morris RE, Harjula AL. Small
Airway Obliteration in a New Swine Heterotopic Lung and Bronchial Allograft Model. J Heart
Lung Transplant. 1998; 17(10):945–953. [PubMed: 9811400]

36. Jungraithmayr W, Vogt P, Inci I, Hillinger S, Arni S, Korom S, Weder W. A Model of Chronic
Lung Allograft Rejection in the Rat. Eur Respir J. 2010; 35(6):1354–1363. [PubMed: 19840961]

37. Kallio EA, Koskinen PK, Aavik E, Vaali K, Lemstom KB. Role of Nitric Oxide in Experimental
Obliterative Bronchiolitis (Chronic Rejection) in the Rat. J Clin Invest. 1997; 100(12):2984–2994.
[PubMed: 9399944]

38. King MB, Pedtke AC, Levrey-Hadden HL, Hertz MI. Obliterative Airway Disease Progresses in
Heterotopic Airway Allografts without Persistent Alloimmune Stimulus. Transplantation. 2002;
74(4):557–562. [PubMed: 12352919]

39. Kuo E, Bharat A, Dharmarajan S, Fernandez F, Patterson GA, Mohanakumar T. Animal Models
for Bronchiolitis Obliterans Syndrome Following Human Lung Transplantation. Immunol Res.
2005; 33(1):69–81. [PubMed: 16120973]

40. Kuo E, Bharat A, Goers T, Chapman W, Yan L, Street T, Lu W, Walter M, Patterson A,
Mohanakumar T. Respiratory Viral Infection in Obliterative Airway Disease after Orthotopic
Tracheal Transplantation. Ann Thorac Surg. 2006; 82(3):1043–1050. [PubMed: 16928532]

41. Kuo E, Bharat A, Shih J, Street T, Norris J, Liu W, Parks W, Walter M, Patterson GA,
Mohanakumar T. Role of Airway Epithelial Injury in Murine Orthotopic Tracheal Allograft
Rejection. Ann Thorac Surg. 2006; 82(4):1226–1233. [PubMed: 16996912]

42. Lee AG, Wagner FM, Chen MF, Serrick C, Giaid A, Shennib H. A Novel Charcoal-Induced Model
of Obliterative Bronchiolitis-Like Lesions: Implications of Chronic Nonspecific Airway
Inflammation in the Development of Posttransplantation Obliterative Bronchiolitis. J Thorac
Cardiovasc Surg. 1998; 115(4):822–827. [PubMed: 9576217]

43. Li X, Botts S, Morton D, Knickerbocker MJ, Adler R. Oleic Acid-Associated Bronchiolitis
Obliterans-Organizing Pneumonia in Beagle Dogs. Vet Pathol. 2006; 43(2):183–185. [PubMed:
16537936]

44. Maasilta P, Salminen US, Taskinen E, Hietala EM, Ikonen T, Harjula A. Obliterative Airway
Disease in a Porcine Heterotopic Bronchial Allograft Model. Transpl Int. 2000; 13(3):218–224.
[PubMed: 10935706]

Densmore et al. Page 9

Shock. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



45. Masot AJ, Gazquez A, Regodon S, Franco A, Redondo E. Lesions in Lambs Experimentally
Infected with Bovine Respiratory Syncytial Virus. Histol Histopathol. 1995; 10(1):71–77.
[PubMed: 7756746]

46. Matsumura Y, Marchevsky A, Zuo XJ, Kass RM, Matloff JM, Jordan SC. Assessment of
Pathological Changes Associated with Chronic Allograft Rejection and Tolerance in Two
Experimental Models of Rat Lung Transplantation. Transplantation. 1995; 59(11):1509–1517.
[PubMed: 7778165]

47. McDyer JF. Human and Murine Obliterative Bronchiolitis in Transplant. Proc Am Thorac Soc.
2007; 4(1):37–43. [PubMed: 17202290]

48. Minamoto K, Harada H, Lama VN, Fedarau MA, Pinsky DJ. Reciprocal Regulation of Airway
Rejection by the Inducible Gas-Forming Enzymes Heme Oxygenase and Nitric Oxide Synthase. J
Exp Med. 2005; 202(2):283–294. [PubMed: 16027238]

49. Mink SN, Coalson JJ, Whitley L, Greville H, Jadue C. Pulmonary Function Tests in the Detection
of Small Airway Obstruction in a Canine Model of Bronchiolitis Obliterans. Am Rev Respir Dis.
1984; 130(6):1125–1133. [PubMed: 6508009]

50. Okazaki M, Gelman AE, Tietjens JR, Ibricevic A, Kornfeld CG, Huang HJ, Richardson SB, Lai J,
Garbow JR, Patterson GA, Krupnick AS, Brody SL, Kreisel D. Maintenance of Airway
Epithelium in Acutely Rejected Orthotopic Vascularized Mouse Lung Transplants. Am J Respir
Cell Mol Biol. 2007; 37(6):625–630. [PubMed: 17717320]

51. Oue K, Mukaisho K, Higo T, Araki Y, Nishikawa M, Hattori T, Yamamoto G, Sugihara H.
Histological Examination of the Relationship between Respiratory Disorders and Repetitive
Microaspiration Using a Rat Gastro-Duodenal Contents Reflux Model. Exp Anim. 2011; 60(2):
141–150. [PubMed: 21512269]

52. Paivaniemi OE, Musilova P, Raivio PM, Maasilta PK, Alho HS, Rubes J, Aittomaki K, Salminen
US. Ingraft Chimerism in Lung Transplantation--a Study in a Porcine Model of Obliterative
Bronchiolitis. Respir Res. 2011; 12:56. [PubMed: 21521503]

53. Panoskaltsis-Mortari A, Tram KV, Price AP, Wendt CH, Blazar BR. A New Murine Model for
Bronchiolitis Obliterans Post-Bone Marrow Transplant. Am J Respir Crit Care Med. 2007; 176(7):
713–723. [PubMed: 17575098]

54. Reichenspurner H, Adams B, Soni V, Brazelton T, Shorthouse R, Reitz BA, Berry GJ, Morris RE.
Obliterative Airway Disease after Heterotopic Tracheal Xenotransplantation in a Concordant
Rodent Model: Pathogenesis and Treatment. Transplant Proc. 1996; 28(2):729–730. [PubMed:
8623368]

55. Reichenspurner H, Soni V, Nitschke M, Berry GJ, Brazelton TR, Shorthouse R, Huang X, Reitz
BA, Morris RE. Obliterative Airway Disease after Heterotopic Tracheal Xenotransplantation:
Pathogenesis and Prevention Using New Immunosuppressive Agents. Transplantation. 1997;
64(3):373–383. [PubMed: 9275099]

56. Schmid RA, Kwong K, Boasquevisque CH, Wick M, Patterson GA, Sundt TM 3rd. A Chronic
Large Animal Model of Lung Allograft Rejection. Transplant Proc. 1997; 29(1-2):1521. [PubMed:
9123409]

57. Svetlecic J, Molteni A, Herndon B. Bronchiolitis Obliterans Induced by Intratracheal Papaverine:
A Novel Animal Model. Lung. 2004; 182(2):119–134. [PubMed: 15136885]

58. Palmer SM, Flake GP, Kelly FL, Zhang HL, Nugent JL, Kirby PJ, Foley JF, Gwinn WM, Morgan
DL. Severe Airway Epithelial Injury, Aberrant Repair and Bronchiolitis Obliterans Develops after
Diacetyl Instillation in Rats. PLoS One. 2011; 6(3):e17644. [PubMed: 21464978]

59. von Susskind-Schwendi M, Ruemmele P, Schmid C, Hirt SW, Lehle K. Lung Transplantation in
the Fischer 344-Wistar Kyoto Strain Combination Is a Relevant Experimental Model to Study the
Development of Bronchiolitis Obliterans in the Rat. Exp Lung Res. 2012; 38(3):111–123.
[PubMed: 22394285]

60. Xue J, Zhu X, George MP, Myerburg MM, Stoner MW, Pilewski JW, Duncan SR. A Human-
Mouse Chimeric Model of Obliterative Bronchiolitis after Lung Transplantation. Am J Pathol.
2011; 179(2):745–753. [PubMed: 21801868]

Densmore et al. Page 10

Shock. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



61. Frazier AA, Galvin JR, Franks TJ, Rosado-De-Christenson ML. From the Archives of the Afip:
Pulmonary Vasculature: Hypertension and Infarction. Radiographics. 2000; 20(2):491–524. quiz
530-491, 532. [PubMed: 10715347]

62. Tsao MS, Schraufnagel D, Wang NS. Pathogenesis of Pulmonary Infarction. Am J Med. 1982;
72(4):599–606. [PubMed: 6462058]

63. Pettersson GB, Yun JJ, Norgaard MA. Bronchial Artery Revascularization in Lung
Transplantation:Techniques, Experience, and Outcomes. Current opinion in organ transplantation.
2010; 15(5):572–577. [PubMed: 20689432]

64. Shimamoto A, Pohlman TH, Shomura S, Tarukawa T, Takao M, Shimpo H. Toll-Like Receptor 4
Mediates Lung Ischemia-Reperfusion Injury. Ann Thorac Surg. 2006; 82(6):2017–2023.
[PubMed: 17126102]

65. Cooper JD, Billingham M, Egan T, Hertz MI, Higenbottam T, Lynch J, Mauer J, Paradis I,
Patterson GA, Smith C, et al. A Working Formulation for the Standardization of Nomenclature
and for Clinical Staging of Chronic Dysfunction in Lung Allografts. International Society for
Heart and Lung Transplantation. J Heart Lung Transplant. 1993; 12(5):713–716. [PubMed:
8241207]

Densmore et al. Page 11

Shock. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
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a. A representative image shows the gross appearance of lungs at harvest seven days after
ischemia. The heart, left and right lungs are labeled for orientation. The right lung appears
pink and smooth. Portions of the left lung, particularly in the lower lobes look similar to the
right lungs, though clearly more pale consistent with limited PA blood supply. The apical
portion of the left lung typically looked pale or grey/white in color relative to the right lungs
and was more firm in texture. In some cases, the majority of the left lung exhibited the
appearance of the upper lobe in the representative figure, and scattered areas on the pleural
surface of the lower lobes, which appeared similar. The left lungs of sham-operated animals
(not shown) had the gross appearance of those from control rats.
b. Representative planar SPECT images demonstrating the distribution of 99mTc-
macroaggregated albumin (MAA) (1 mCi) injected through the femoral vein of a control rat
(on the left) and a rat 7 days post operatively from a slipknot surgery (on the right). The
uptake in the left lung region is absent in the operated rat.
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Figure 2.
Representative images of the histological findings in left lungs consistent with BOOP.
(a) The cells filling the terminal airways are an admixture of fibroblasts embedded in pale,
myxoid stroma. The two arrows denote circular structures of fibroblastic foci with
extracellular matrices (Masson bodies shown with two arrows).
(b) A bronchiole exhibits intraluminal filling with stroma and fibroblasts, a bronchiolar
intraluminal polyp. The epithelia appear modestly reactive in this image.
(c) Inflammatory cells (blue in color) in the peribronchiolar and perivascular spaces are
evident in this image. There was no evidence of necrosis: alveolar ghosts, pyknotic nuclei,
debris in the intra-alveolar spaces and nuclear degeneration in histopathologic sections
examined were absent.
(d) This image from a right lung shows thickening of the walls of pulmonary arteries, in the
case of the small artery significantly limiting the luminal opening. These lesions were
present in ~50% of the right lungs examined.
(e) Representative caspase-3 immunohistology images show organizing pneumonia and
cleaved caspase-3 positive cells. Throughout the left lung unaffected by BOOP and all right
lungs as well as lungs from control rats, cleaved caspase-3 positive cells were very sparse,
with less than one per several high power fields (data not shown). In contrast, in areas
affected by BOOP, cleaved caspase-3 positive cells were frequent, with consistently more
than one and up to eight positive cells per high power field. The arrows in this image point
to cells that have brown cytoplasm. Serial sections treated with the antibody and blocking
peptide showed no cleaved caspase-3 positive cells.
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Figure 3.
(a) Representative images of western blots probed with a primary antibody to TLR4 show
increased band density in samples from ischemic left lung compared to right lungs. β-actin
bands from the same samples are shown for normalization (b) Graph depicts average
densities and standard error bars of TLR4 normalized for β-actin. Asterisks indicate p<0.05
(one-way ANOVA followed by Holm-Sidak’s post hoc test) relative to right lung of rats
receiving slip knot surgery.
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Table 1

Our injury grading scale, quantifying epithelial, fibrotic and inflammatory changes (EFI) on a 0 to 3 scale, is
shown. We modified a scale from the International Society of Heart and Lung Transplantation used to grade
BO in transplant patients and used by Martinu.(21, 65) In addition to these qualitative endpoints, the
percentage area of a whole mount slide taken through the middle of the lung exhibiting characteristic BOOP
lesions was estimated to the nearest 10%.

BO injury
grading scale

0 1 2 3

Epithelial Normal Reactive epithelium ± intermittent
disruption of epithelial layer

Markedly reactive epithelium ±
epithelial disruption

Epithelium largely denuded

Fibrosis Normal Scattered young fibroblasts Intraluminal fibromyxoid filling Dense fibrosis

Inflammation Normal Perivascular or peribronchiolar
cuffing with mixed sparse
inflammatory cells/sparse chronic
inflammation

Moderate mixed inflammatory
infiltration throughout the lungs

Severe infiltration of mixed
inflammatory cells

Percent area of whole mount rounded to nearest 10% exhibiting BO
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Table 2

This table shows flows as estimated by 99mTc-MAA counts in the left and right lungs. The differences in the 3
groups were determined by Dunnetts and appear in the upper left hand side of the table. In control rats, the
flow to the smaller left lung was 40% with the remaining 60% going to the right. In sham-operated rats, this
number was decreased to 34%, and less than 0.1% in slipknot operated hosts.

Group name (Dunnett’s between groups p<0.001) N Mean % flow through PA to the left lung STD P value

Control 6 40.1 1.9

Sham 4 34.1 1.0 0.001 vs control

Slip knot 5 0.09 1.9 0.001 vs control
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Table 3

This table shows flows to the left and right lungs through the systemic (bronchial) circulation as estimated
by 99mTc-MAA injected retrograde through the carotid arteries of rats 7 days after a slipknot was placed
around the left pulmonary artery. Of the MAA injected, 2.9 ± 0.8% (Mean ± STDV) localized to the lungs,
with 65 ± 14% of the bronchial artery flow going to the left lung with the remainder to the right. These
numbers are not statistically different than those of control rats reported by our group (2.5 ± 1.2% to the left
lung), indicating that BOOP develops in this model prior to substantial remodeling of the bronchial
circulation.(20)

Bronchial artery flow N Mean % flow through PA to the left lung STD

% systemic flow to the lung 4 2.9 0.8

% bronchial artery flow Left/Right 4 65 13.8
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Table 4

Grading of lesions from left and right lungs based upon EFI criteria as well as percent area of the whole mount
involved with BOOP lesions based upon a scale adopted from Martinu et al, 2006.(21) Images were evaluated
and scored by investigators blinded to the treatment group. No lesions consistent with BOOP were observed in
right lungs, whereas no left lung had less than 10% of the whole mount area exhibiting lesions consistent with
this histopathology. The median and 25% values as well as the range of values are given in the table. Scores
for each of the 3 endpoints (epithelial changes, fibrosis and inflammation) in left and right lungs were
compared by Mann-Whitney Rank Sum tests. Scores for 2 control rats and 2 sham-operated rats do not appear
in the table as they exhibited no lesions consistent with BOOP in left or right lungs.

BO scores: median ± 25% (range) n=8 pairs Epithelial Fibrotic Inflammatory % area

Left lung 2.0 ± 1.5 (1.5 to 2.0) 2.0 ± 1.6 (1.0 to 2.5) 2.0 ± 1.1 (1.0 to 2.5) 20 ± 11.2 (10-50)

Right lung 0 ± 0 0 ± 0 0 ± 0 0 ± 0

p value L vs R Mann Whitney <0.001 <0.001 <0.001 <0.001
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